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Abstract: For modern thermal applications, open cell porous metals provide interesting opportunities
to increase performance. Several types of cellular metals show an anisotropic morphology. Thus,
using different orientations of the structure can boost or destroy the performance in thermal
applications. Examples of such cellular anisotropic structures are lotus-type structures, expanded
sheet metal, and metal fiber structures. Lotus-type structures are made by casting and show
unidirectional pores, whereas expanded sheet metal structures and metal fiber structures are made
from loose semi-finished products that are joined by sintering and form a fully open porous
structure. Depending on the type of structure and the manufacturing process, the value of the
direction-dependent heat conductivity may differ by a factor of 2 to 25. The influence of the
measurement direction is less pronounced for the pressure drop; here, the difference varies between
a factor of 1.5 to 2.8, depending on the type of material and the flow velocity. Literature data as well
as own measurement methods and results of these properties are presented and the reasons for this
strongly anisotropic behavior are discussed. Examples of advantageous applications, for example
a latent heat storage device and a heat exchanger, where the preferential orientations are exploited in
order to gain the full capacity of the structure’s performance, are introduced.

Keywords: porous metal structure; heat conductivity; pressure drop; lotus root structure;
expanded sheet metal structure; metal fiber structure; crucible melt extraction; thermal application;
anisotropy; orthotropy

1. Introduction

In the last two decades, porous metals were tested for mechanical and thermal applications.
Especially open porous metals, like metal foam, lotus-type structures, and metal fiber structures
attracted much interest for thermal applications [1–5]. Therefore, they were experimentally tested
e.g., as heat exchanger material replacing conventional fins. Not for all applications, the anisotropy
was taken into account appropriately. Especially, metal fiber structures in heat exchangers [6,7] could
have been used in an optimized orientation. In general, the directional properties of anisotropic open
porous metal structures provide advantageous heat conduction or pressure drop in a distinct direction,
whereas they can be much worse in another direction. To challenge highly optimized conventional
solutions for nowadays-thermal applications, like high power electronics, battery cooling, and sorption
heat pumps, it is necessary to understand and respect the directional properties of heat conductivity
and pressure drop.

The anisotropy of the heat conductivity of open porous materials, like sintered metal fiber
structures [8] and lotus-type structures [9], was investigated by finite element simulations that are
based on computer tomography data and compared with experimental data. The anisotropy shown is
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of an orthotropic kind. Orthotropy is a special case of anisotropy: along three mutually orthogonal
axes or planes there is a symmetry when the structure is rotated by 180◦ around one of these axes.

In addition to short sintered metal fiber structures and lotus-type structures, the present paper also
discusses the anisotropy of metal fiber structures built up from long directional fibers, and expanded
sheet metal structures. To the best knowledge of the authors, the latter two have not been described in
literature elsewhere.

It has to be noted that open porous metal sponges exhibit anisotropic properties as well [10,11];
however, the degree of anisotropy is quite small and simply an unwanted byproduct of the
manufacturing process. Additionally, the inner structure does not reveal the anisotropy at first
glance and deliberate modification during the fabrication process is difficult.

In this paper, we focus on structures with strong orthotropy. We start with lotus-type structures
with well-defined pores and an exclusively one-directional open porosity, followed by sintered
expanded sheet metal structures with geometrically defined openings in each layer and a fully open
porosity, and lastly sintered metal fiber structures with a random pore morphology and a fully
open porosity are presented. The first section introduces their respective manufacturing techniques
as they determine the inner structure, and, thus the degree of orthotropy. Crucial properties for
thermal applications, like pressure drop and heat conductivity, are discussed in the following section.
The preferred measurement method is discussed first followed by the directional properties of each
type of structure. At last, potential applications and applications that have reached a demonstration
level will be reviewed and assessed.

2. Manufacturing Techniques

2.1. Manufacturing of Lotus-Type Structures

Lotus-type structures shows a strong structural orthotropy, which is caused by elongated
unidirectional pores, like in a lotus root. Due to their aligned pores, they are a special case of
open porous structures, with the openings only along one spatial direction. A section of a porous
lotus-type copper ingot is shown in Figure 1. The lotus-type structure was first investigated as
a metal sponge structure by Shapovalov et al. [12], earlier investigations only thought about the pores
as a casting defect. Nakajima and its collaborators refined the production method and intensified
their characterization [13–16]. Today, there are many different manufacturing methods for lotus-type
structures, which can be split in major fabrication techniques. A brief description is given below and
a detailed description can be found in [15,17].

Figure 1. Section of a lotus-type porous copper ingot. Reproduced from [2], with permission from
Elsevier, 2015.

The “high-pressurized gas method” (PGM) makes use of unidirectional solidification and the
solubility gap between a melt and its solid. A highly pressurized chamber with hydrogen or
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nitrogen gas leads to a high amount of dissolved gas in the molten metal. When the melt solidifies,
due to local cooling the solubility of the gas is lowered abruptly, leading to the formation of gas
bubbles. The elongation and alignment of the gas bubbles is enforced by unidirectional solidification.
Local heating and cooling can assist in the unidirectional solidification, and therefore the elongation of
the finally formed pores.

A more industrial approach is the formation of gas in the molten metal by the decomposition of
a metal compound, like calcium nitride or titanium hydride. The “thermal decomposition method”
(TDM) leads to pores similar to the aforementioned method of PGM.

Lotus-type materials can be made from iron, nickel, aluminum, copper, magnesium, cobalt,
tungsten, manganese, chromium, beryllium, and their alloys [15,18], but not all fabrication techniques
can be applied for each material. Depending on the gas, the gas pressure or the amount of metal
compound, a maximum porosity of approximately 55% can be reached [15,17]. The pore diameter
is a consequence of the solidification velocity. Mean pore diameters of 50 µm at 23% porosity up to
several millimeters mean pore diameter at higher porosities were reached [19].

A recent approach starting with semi-finished products for lotus-type or so called UniPore
structures was shown by Fiedler et al. [1] and Hokamoto et al. [20]. Based on explosive compaction of
a copper or an aluminum pipe filled with smaller pipes of the same material, an open porous structure
with elongated unidirectional pores can be obtained. The high pressure achieved by the detonation
leads to compaction of the outer pipe and welding between the outer and inner pipes’ surfaces.

Another approach to bond pipes is to dip them into a melt or a semi-solid base metal [21].
In contrast to UniPore structures, the resulting pores are still perfectly cylindrical.

Lotus-type structures (including UniPore) show a more or less random distribution of pores
perpendicular to the direction of the pore elongation (Figure 1). Consequently, all material properties
radial to this direction should be isotropic. Only a rotation by 180◦ around a perpendicular axis to the
direction of the pore elongation will result in the same properties. This so-called transverse isotropy
can be considered as a special case of orthotropy because of the typical 180◦ symmetries of the three
axes in orthotropic systems.

2.2. Manufacturing of Sintered Expanded Sheet Metal Structures

Expanded sheet metal structures, like in Figure 2, consist of several tens to hundreds of single
expanded metal sheet layers that are bonded to each other by sintering. Recently, structures made from
pure copper with 200 to 250 layers were investigated for thermal applications. Expanded metal sheet
is manufactured by a process of slitting and stretching of a metal foil. Fabrication of thin copper foils is
accomplished by electrodeposition on a rotating drum to reach a foil thickness of 50 µm. In a single
operation, a precision die slits and stretches the material. A set of rollers adjusts the final thickness.
Different tools generate different shapes, forms, and numbers of openings. For an expanded sheet
metal structure, an expanded metal sheet, as shown in Figure 2, was used having an open area of 75%
to 80% and narrow struts with a cross section of 50 µm by 100 µm. A single mesh has diamond shaped
openings with 1.2 mm short width and 2.5 mm long width of the diamond. Several hundred single
layers of expanded metal sheets were stacked. During the stacking process, each layer was rotated
by 90◦ around the normal vector of the expanded metal sheet in order to avoid a complete overlap of
single sheets. A heat treatment under hydrogen atmosphere at 900 ◦C for 3 h leads to sinter bonds
between the single layers. An additional weight on top of the stacked layers can be applied to adjust
the total height of the structure, and, thus its final porosity.

As can be seen in Figure 3, small sinter necks form between individual expanded sheet metal
layers. These can be many times smaller than the individual web widths of the expanded metal
sheet, but it can also form over almost the entire surface of the strut. More detailed investigations on
the formation of the sinter neck size, e.g., with µCT, are still pending and require a high resolution,
since the expanded sheet metal layers are sometimes only a few micrometers apart but are still not in
contact with each other.
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Figure 2. (a) Stereo microscopy image of expanded metal layer with open area of up to 80% and
diamond shaped mesh for (b) sintered expanded sheet metal structure.

Figure 3. Microscopy image of an expanded sheet metal structure cross section. Arrows indicate sinter
necks between single layers.

The total porosity of sintered expanded sheet metal structures ranged from 76% to 87%.
By using smaller meshes, thicker struts, and smaller open areas, lower porosities can be achieved.
Expanded metal sheets with open areas larger than 80% are available and could lead to structures with
90% total porosity.

A single sheet of expanded metal is orthotropic. The arrangement of the expanded sheet metal
layers (rotation of each layer by 90◦) creates a new symmetry along the normal vector of the expanded
metal sheet. Every 90◦ rotation of the structure around the normal vector leads to the same properties
again. Consequently, the structure shows a rotational symmetry of 180◦ for the spatial axes along
the expanded sheet metal layer. Thus, an expanded sheet metal structure shows a special form
of orthotropy.

2.3. Manufacturing of Sintered Metal Fiber Structures

Open porous metal fiber structures are made from single metal fibers. Two examples of such
structures are shown in Figure 4. With the help of a heat treatment, the fibers are bonded to each other
e.g., due to sintering or liquid-phase sintering. The metal fibers can consist of a variety of metals and
alloys, including common metals, like aluminum, copper, and stainless steel for thermal applications.
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Figure 4. Photography of (a) AlSi1 short-fiber structure made from short metal fibers and (b)
photography of copper long-fiber structure made from endless copper fibers. Arrows indicate the
normal vector of the isotropic plane.

Aluminum short-fiber structures have been made by liquid-phase sintering, using short metal
fibers made of AlZnCu [22], AlCu5, or most recently AlSi1 [6]. Crucible melt extraction (CME) has
been applied for the production of such fibers. A rotating copper wheel with circumferential edges
and a notched surface is placed over a melt pool. Wetting of the melt on the copper wheel edges
leads to extraction of small amounts of melt, which immediately solidifies on the wheel and detaches
from it due to shrinkage during solidification. The rotation of the copper wheel is fast enough for the
production of kilograms of fibers per hour. The as-formed fibers typically show a sickle or kidney
shaped cross-section with mean equivalent circle diameters in the range of 50 µm to 250 µm and
a length of 5 mm to 15 mm.

The fibers are homogeneously deposited on a substrate (graphite in case of aluminum) by the
rotating sieve drum technology [22]. During sintering, the fiber deposit is compressed in a controlled
manner by the weight of another substrate placed on top of the deposit, resulting in a preset height,
and therefore a defined total porosity of the structure.

Copper fiber structures can be made of short fibers, too, but much better is the application of long
or endless curly fibers. Shaving from wire offers the opportunity of producing semi-endless fibers.
In commercial processes, the wire is drawn through a special multi-blade cutting tool, which yields
a high productivity. The fibers are bundled in a strand and collected on reels. Strands of finite length
can be cut from the reel and stacked, with the fibers being mostly aligned in one direction. This way,
structures are obtained that exhibit a very strong directional dependency of the thermal and flow
properties. Due to a certain degree of curliness of the fibers, several contacts between fibers exist to still
form a rigid structure in the sintering process and keep the structure fully permeable in all directions.

Fibers from the shaving process usually show a mean circle equivalent diameter of 60 µm to
120 µm. Both kinds of metal fiber structures can be made with porosities that are in the range of
60% to 90%. Thus, depending on the actual mean circle equivalent diameter, a specific surface area
of 1600 m2/m3 to 26,000 m2/m3 can be obtained, depending on fiber diameter, fiber cross section,
and total porosity of the structure. For example, the metal fiber structures shown in Figure 4 provide
a specific surface area of 4600 m2/m3 and 7300 m2/m3, respectively, having the same porosity but
different fiber diameters and cross sectional shapes.

Other types of porous metal fiber structures were made from bundle-drawn fibers [23] or via
experimental manufacturing techniques, like the “cutting method” [24]. However, the chosen aluminum
short-fiber structure and the copper long-fiber structure are representative of all of these types of metal
fiber structures, therefore we will limit our discussion to the aforementioned fiber structures.

Figure 4 also shows the differences of the inner structure of both types of metal fiber structures.
The top surface shows complete fibers whereas the front faces (cut by wire cutting) show small tiny
dots (cut fiber cross sections) and in case of the short-fiber structure (Figure 4a) some longitudinally
cut fibers. Technically speaking, these structures are a special case of orthotropy, like lotus-type



Metals 2018, 8, 554 6 of 24

structures. The typical isotropic plane of the transverse isotropy is marked in Figure 4 by an arrow
representing its normal vector. Isotropic planes are generated by the way the fibers are deposited
during manufacturing. When falling out of the sieve drum, the short metal fibers tend to lie parallel to
the surface of the sintering substrate with arbitrary in-plane orientation, this way creating an isotropic
plane. In contrast, long-fiber structures that are built from aligned fiber strands have a predominant
orientation in the direction of the fiber alignment and an isotropic plane perpendicular to it.

3. Heat Conductivity

The heat conductivity of the fiber and expanded sheet metal structures was determined by own
measurements, whereas the values for lotus-type structures were taken from literature. There exist
several methods to measure the heat conductivity. For anisotropic open porous materials, a steady-state
method should be applied [15]. Several different measurement setups exist that differ in detail, but they
can suffer from different systematical errors. The measurement setup for the heat conductivity of
expanded sheet metal and metal fiber structures is explained below. The errors that can occur in this
setup are discussed and how to avoid it. Measurements that do not take these errors into account can
lead to inaccurate measurement values for the thermal conductivity of porous structures.

3.1. Measurement Setup

The stationary plate method used here determines the thermal conductivity of open porous
material in accordance with DIN EN 12664 [25]. Similar constructions are described for other sample
thicknesses and higher thermal conductivities in the related standards [26,27]. The method makes use
of Fourier’s Law:

.̂
q =

.
Q
A

= −λ · dϑ

dx
, (1)

where
.

Q represents the heat flux, A the cross-sectional surface area, dϑ/dx describes the temperature
difference related to the thickness of the sample, and λ is the heat conductivity of the material.
The apparatus does not determine the heat flux density from a direct measurement, as described
in [25–27]. Instead, a reference sample with a known heat conductivity and thickness is used.
By measuring the temperature difference of both surfaces of the reference sample, the heat flux
can be calculated with the help of Equation (1).

The applied layer composition for the measurement stack is shown schematically in Figure 5.
The surface area of the stack measures 30 mm × 30 mm. The stack consists of several temperature
measurement plates (TMP) that are made of copper, the reference sample (grey), and the test specimen.
Heat conductive foils (HCF) are used as interface material between TMP, reference, and specimen to
minimize contact resistances. The red line above the top measurement plate represents a heater foil
as the heat source, and the blue area at the bottom is a cooling plate connected to a chiller acting as
a heat sink. The whole stack is thermally insulated and at the top of the stack, a defined pressure can
be applied for taking the compressibility of the samples into account, ensuring good contact between
the different layers.

Within the TMP, three temperatures are measured using type K thermocouples. The heat flux
through the measurement stack under steady-state conditions is constant in every layer (neglecting heat
transfer to the surroundings). Therefore, the temperature differences over the reference sample ∆TR and
the test specimen ∆TS are related to the corresponding thermal resistances Rth,R and Rth,S, respectively.
Equation (1) transforms into

.
Q =

∆TS
Rth,S

=
∆TR
Rth,R

= const. (2)

The temperature drop across a single layer corresponds to its thickness δ, surface area A,
and thermal conductivity λ.
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Figure 5. Schematic drawing of the steady-state plate method and detail of sample connection.

All of the layers between heater and cooling plate are considered as a series of thermal resistances
with a constant surface A. The measured temperature difference across the sample includes also the
thermal resistance of the heat conductive foils (HCF) as well as the half thickness of a temperature
measurement plate (TMP). Therefore, Equation (2) can be written, as follows:

.
Q
A

=
∆TS

δS
λS

+ 2 ·
(

δHCF
λCHF

+ δTMP
2·λTMP

) =
∆TR

δR
λR

+ 2 ·
(

δHCF
λCHF

+ δTMP
2·λTMP

) (3)

The index S represents the test specimen and the index R indicates the reference sample.
Equation (3) does not consider the contact resistances between the different layers because they

cannot be determined in the context of this measurement stack, and therefore are unknown. If the
contact resistances between sample and temperature measurement planes and between reference and
temperature measurement planes are equal, they can be neglected in the evaluation. Particular attention
must be paid to this when carrying out the measurement. The heat conducting foils between the
different layers are used to compensate for possible unevenness and to achieve good thermal contact
and thus minimize contact resistance. However, it is much more important that reproducible contact
resistances are provided by these heat conducting foils and that the surfaces of the sample and the
reference have a similar quality. This is especially difficult for the surface of porous materials that are
consisting of tiny struts. This surface is rough when compared to a usual reference plate made from
massive steel or glass. Schlott et al. [28] used the measurement setup at Fraunhofer IFAM Dresden.
By using differently prepared aluminum short-fiber structure samples (as-cut from wire cutting and
cut and polished samples), they showed that the measured heat conductivity can differ by 10% due
to the different surface preparation. The contact influence can increase if the porous structure is
connected to solid face sheets. The connection can be made by sintering, welding, or brazing, and it
has an influence of up to 50% on the measured heat conductivity. Consequently, a comparison between
different structures and even between similar structures with different types of face sheets needs to
consider this potential error. For example, structures of the same porosity and comparable strut size
may be compared to one another, or structures with connected face sheets of the same making can
be compared to one another. However, a cross comparison of these different types of samples is not
advisable. Therefore, for the evaluation of a structure for a certain application, it is best to join or bond
the structure to sheets of the same material with the same joining technique as will be used in the
real application.

As mentioned before, heat transfer to the surroundings is considered adiabatic. In the test
setup, this is approximated with the aid of insulation. Studies show that the type of insulation
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plays a negligible role. Thus, polystyrene balls can be used as well as cut sheets of polystyrene or
other materials. Additionally, the temperatures of the heat source and sink are selected such that the
mean temperature of the stack measured between test specimen and reference corresponds to the
ambient temperature.

Depending on the height of the stack, layers have a slightly higher or lower temperature than the
surroundings, and therefore heat flow from the stack into the insulation (stack temperature higher
than ambient temperature) or from the insulation into the stack (stack temperature lower than ambient
temperature) occurs. Both of the heat flows are very difficult to determine, but it can also be neglected
in the evaluation if they are of equal magnitude. This equality can be achieved if the temperature
differences across the test specimen and the reference are equal. This also means that the temperature
difference in relation to the environment is the same. If the thickness of the sample and the reference
are also the same, the outgoing and the incoming heat flow are balanced and both can be neglected in
the evaluation. These conditions lead to the necessity of the thermal resistance of the reference sample
being very close to the expected thermal resistance of the test specimen. This means that a sufficiently
large number of reference materials must be available in different thicknesses in order to determine
the thermal conductivity with the aid of the stationary plate apparatus.

In addition, the maximum and minimum temperatures in the stack should not deviate too
much from the mean, and thus from room temperature. At the same time, however, the temperature
differences across sample and reference must not be too small and have to be adapted to the accuracy of
the temperature sensors used in order to achieve reasonably accurate results. For type K thermocouples,
a temperature difference of 10 K across the sample and reference was found to be a reasonable value.

These problems also exist when using a heat flow measuring plate, as described in [25].
Especially when measuring poorly conductive materials, a large temperature difference is generated
across the sample depending on the imposed heat flow, which leads to heat flows from or to the
environment. These heat losses are quantified by measuring the heat flux both at the heat source and
the heat sink [29].

3.2. Heat Conductivity of Lotus-Type Structures

Due to the transverse isotropy of the structure, the heat conductivity is isotropic perpendicular to
the pores [9] and it assumes its maximum parallel to the elongation of the pores. Ogushi et al. [30]
carried out heat conductivity measurements on lotus-type copper. Different porosities and pore sizes
were tested. The heat conductivity was measured by a steady-state method comparable, but not
identical, to the aforementioned experimental setup. Experimental results are reproduced in Figure 6.
It was found that in the direction parallel to the pores, the heat conductivity λI I of the lotus-type
structure depends linearly on the porosity Φ:

λI I = (1−Φ)λs (4)

with λs = 335 W/(m K) being the heat conductivity of the base material.
For the heat conductivity perpendicular to the elongation of the pores λ⊥, Ogushi et al., state the

following relation:

λ⊥ = λs
1−Φ
1 + Φ

, (5)

derived from Behrens’ [31] analytical investigation of the effective thermal conductivity of composite
materials. The comparison of experimental data and analytical model showed good agreement.

The analytical behavior seems to be reasonable since, in the parallel direction, the elongated
pores are no obstacles for the heat flow and only reduce the effective heat conducting cross section.
In perpendicular direction, pores act as obstacles for the heat flow, forcing the heat flow to meander
around the pores. Thus, the heat conductivity deviates from linearity.
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According to the analytical models, the factor between the heat conductivities in the two directions
is (1 + Φ). At the currently highest technically possible porosity of approx. 55%, the factor between the
different directions of the heat conductivity is 1.55. The theoretical maximum value of 2 is approached
for very high porosities. Especially, in demanding thermal applications, this should be considered.
Unfortunately, whenever a fluid flows along the pores of lotus-type structures, the heat exchange
perpendicular to the direction of flow occurs in the direction of the lowest heat conductivity, which by
nature is disadvantageous for such an application.

Figure 6. Heat conductivity of lotus-type structures in parallel and perpendicular direction of the
pores [17].

3.3. Heat Conductivity of Expanded Sheet Metal Structures

The thermal conductivity of two different expanded sheet metal structures with varying porosity
was determined along two orientations (Figure 2b). The first direction was perpendicular to the plane
of the expanded sheet metal layers. Samples 30 mm × 30 mm were cut via electric discharge wire
cutting from different structures with a height of 9.8 mm and 12 mm. The second direction was parallel
to the plane of the expanded sheet metal layers. This requires heat transport that is parallel to the
long and the short width of the diamond, due to the 90◦ rotation of each layer. The measurements
were carried out on samples cut via electric discharge wire cutting from the same structures as for the
perpendicular direction. Each sample was made from several smaller samples to build a sample with
the base area of 30 mm × 30 mm and a height of 10 mm (porosity 78%) and 15 mm (87% porosity),
respectively. The measurement setup used was already described in Section 3.1. The porosity of
the samples was calculated with the known density of the metal ρ0 and the density of the sample ρ,
as calculated from its volume and mass (Equation (6)):

Φ =

[
1− ρ

ρ0

]
·100%, (6)

Figure 7 shows the thermal conductivity of the structures in dependence of the porosity.
At a porosity of 87%, the heat conductivity along the expanded metal sheet is 18.5 W/(m K) and
28.0 W/(m K) at the lower porosity of 78%. This is to be expected since it is well known that porous
structures tend to have decreasing heat conductivity with increasing porosity as for instance stated
by the scaling laws that are derived in [32]. Along the expanded sheet metal layers, the thermal
conductivity is up to 25 times higher than across the expanded sheet metal layers.
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The heat conductivity along different orientations of the structures is highly different due to
their internal structure. Along the expanded metal sheets, the heat is always flowing along the
expanded metal struts. Perpendicular to the plane of the sheets, the heat is flowing transversely to
the individual layers through the sinter necks, which are much smaller than the cross section of the
struts (see Figure 3). Thus, the smaller cross section for heat transport in the form of sinter contacts act
as bottle-necks for the heat transport. In addition, the distance the heat has to travel is considerably
longer, as many detours have to be taken.

Figure 7 shows a line representing the linear regression of the heat conductivity, assuming a value
of 390 W/(m K) for the heat conductivity of solid electro deposited copper. Despite the high degree of
orientation and ideal heat conduction along the expanded metals, there is no linear dependence of the
thermal conductivity on porosity (Figure 7). The deviation from linear behavior is caused by the not
ideally straight heat transport along the struts of the expanded metal sheets. Thus, the detours need to
be considered, and additionally other causes for the deviation, such as the contact conditions of the
sample in the measuring stand. The importance of the latter was already discussed in the measurement
section of this paper.

Figure 7. Heat conductivity along two different directions of an expanded sheet metal structure.
The grey dotted line indicates a theoretical linear dependency of the heat conductivity on the porosity.

3.4. Heat Conductivity of Metal Fiber Structures

Metal fiber structures for heat conductivity measurements are prepared as expanded sheet metal
structure via wire cutting from short or long-fiber structures with different porosities. The anisotropy
of heat conductivity in metal fiber structures made from AlCu5 short fibers was measured first
at Fraunhofer IFAM Dresden and then calculated based on reconstructed computer tomography
data by Veyhl et al. [8]. They showed that in the isotropic plane of the structure the highest heat
conductivity occurs, whereas the heat conductivity drops when rotating the direction of heat flow
to the perpendicular direction. Heat conductivity differs by a factor of three to four. In case of AlSi1
short-fiber structures, where higher porosities of up to 87% have been reached, the factor increased to
eight (Figure 8). Within the investigated range of porosities, the absolute difference in heat conductivity
remains roughly constant at 8 to 9 W/(m K), independent of the porosity of the structure. However,
for obvious physical reasons the absolute difference between the two directions should vanish towards
very low and very high porosities. For reasons of comparison, the heat conductivity of a commercial
20 ppi (the unit ppi denotes pores per inch, corresponding to a pore diameter of roughly 2.0 mm
to 3.5 mm) aluminum sponge that is made by casting (m.pore GmbH, Lindenberg, Germany) and
measured in the same setup has been included in Figure 8.

Figure 8 shows also heat conductivity values for copper long-fiber structures made from endless
fibers for a structure of 89% porosity. Along the fibers, the heat conductivity is 15.6 W/(m K).
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When compared to the perpendicular isotropic plane, this is a 25 times higher heat conductivity.
The copper long-fiber structure has in the good heat conducting orientation a 1.6 times higher heat
conductivity than a AlSi1 short-fiber structure of nearly the same porosity (87%). However, the heat
conductivity is less than half of that of the AlSi1 structure in the low heat conductivity orientation.

Figure 8. Heat conductivity of metal fiber structures in the two major directions (parallel and
perpendicular to isotropic plane) and heat conductivity of an aluminum foam.

An explanation for the higher heat conductivity parallel to the isotropic plane of an AlSi1
short-fiber structure could be the shorter distance for heat transport in the isotropic plane of the
fibers. It is very likely that much more detours across the sinter bonds have to be taken perpendicular
to the isotropic plane, than in the direction along the fibers. In case of copper long-fiber structures, it is
the other way round; the heat conduction is best perpendicular to the isotropic plane, which in this
case corresponds to the direction along the fibers. Thus, the symmetry of the metal fiber structures is
different, but heat conductivity is better along the fibers in both cases.

For long copper fibers, commercially pure copper with an estimated heat conductivity of
335 W/(m K) was used. In comparison, AlSi1 has a heat conductivity of 195 W/(m K) (measured
with Netzsch LFA447 Nanoflash on ingot material prior to fiber production). Regarding the used base
material, copper has approximately 1.7 times higher heat conductivity as compared to AlSi1. This is
fairly the same ratio as between AlSi1 short-fiber structures and copper long-fiber structures in the
good heat conducting orientation. For the samples investigated here, the alignment of the copper
long fibers in one direction obviously does not result in an additional increase of the heat conductivity
of the structure. However, in the low heat conducting orientation, the orientation of the fibers may
be a reason for the two times lower heat conductivity of the copper long-fiber structure. However,
it seems more likely that the differences in fiber-to-fiber bonding cause this difference. Liquid phase
sintering of AlSi1 fibers leads to much larger fiber-to-fiber bonds with sinter necks of roughly the half
diameter of the fiber (Figure 9a) when compared to solid-state sintering of the copper fibers with sinter
necks of 10 µm to 20 µm (Figure 9b). Thus, for copper long-fiber structures a bottleneck effect exists
for the heat flow in the isotropic plane (perpendicular to the fibers), which is caused by the point-like
sinter bonds.

In comparison to casted isotropic open porous metal sponge of the same porosity, transversely
isotropic metal fiber structures show higher heat conductivity in the preferred direction. In the
literature, higher values for the heat conductivity of aluminum foams can be found [33], but also lower
heat conductivities were published [34]. However, due to the above stated requirements for measuring
heat conductivity correctly, it stands to reason that a direct comparison of different measurement
setups even using the same measurement principle should be avoided in the first place. Thus, the heat
conductivity of a metal sponge with 20 ppi and 87% porosity was measured with the same setup,
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as was used for the fiber structures. According to our measurements, the heat conductivity of a cast
aluminum sponge of 2.6 W/(m K) is better than the heat conductivity of fiber structures in the low
heat conducting direction, but four times less than in the highly heat conducting direction of the metal
fiber structures. With decreasing porosity, the relative difference should become smaller; however,
making sponges with much lower porosities requires a thickening treatment for the struts and is, thus,
technically limited.

Figure 9. Cross section of (a) an AlSi1 short-fiber structure and (b) copper long-fiber structure.
Arrows indicate selected fiber-to-fiber bonds.

4. Pressure Drop

4.1. Measurement Setup

There are multiple test facilities for the measurement of the pressure drop of cylindrical and
prismatic samples at Fraunhofer IFAM Dresden. All of the flow channels share the same basic open
flow channel setup, as shown in Figure 10. Most measurements are conducted with pressurized air but
other gases may be used as well. To maintain a constant mass flow within the measurement area of the
channel independent of the supply’s pressure, a mass flow controller is used. The temperature of the
gas is measured in order to calculate the flow velocity at the sample entrance. The pressure difference
across the sample is measured by a differential pressure sensor and is referred to the free stream
velocity, which is obtained by measuring the gas flow’s temperature at the inlet of the sample area.

Figure 10. Schematic diagram of the test facility.

The measurements are carried out at ambient temperature; however, the gas supply can be
combined with a heat source or sink in order to adjust the gas temperature. As the air outlet is
directly connected to the environment, the system’s outlet pressure is nearly identical with the ambient
pressure. Upstream of the sample, the pressure mostly corresponds to the pressure difference.
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Figure 11 shows a cylindrical flow channel with its corresponding placement of pressure
measurement locations. In this picture, the mass flow controller and pressure sensors have been
omitted for the sake of a clearer view of the measurement setup. Each pressure measurement spot
consists of four holes that are evenly distributed across the circumference of the stainless steel tube.
These holes are connected to each other and to the pressure sensor by smaller tubes. Therefore,
a uniform static pressure is measured.

Figure 11. Construction of the cylindrical flow channel.

One general remark should be made with regard to the presentation of the results of pressure drop
measurements. It is common practice that the measured absolute pressure drop values are divided
by the sample thickness in order to calculate a pressure drop per unit length (linear pressure drop).
Strictly speaking, this can only be done if the sample thickness is large when compared to the entry
length after which the velocity profile in the structure becomes stationary. We assume that this is
generally the case when the sample thickness is large as compared to the mean pore size. However, for
a certain application, it is advisable to measure samples of the same thickness in order to be on the
safe side.

4.2. Pressure Drop of Lotus-Type Structures

Here, a through-flow is possible only in the direction of the pores; therefore, it is impossible
to optimize the heat transfer in applications requiring a fluid flow by changing the orientation of
the lotus-type structure. The flow of a fluid in the direction of the pores was experimentally tested
and compared to analytical model predictions by Chiba et al. [13]. They tested the pressure drop
of lotus-type structures, which were cut perpendicular to the elongation of the pores into plates of
different thickness. Three of such plates were put in a row (Figure 12) and the pressure drop was
measured. Chiba et al., found a 19.3 times higher pressure drop for a lotus structure when compared
to a fin oriented in flow direction and with the same length as the row of lotus-type structure plates.
It has to be noted that the porosity of the porous structure is much lower than the free area of an array
of 1 mm thick fins with a distance of 3 mm to the next fin. Thus, a higher pressure drop had to be
expected due to the lower open area of a lotus-type structure plate.

However, Chiba et al., found good agreement of the measured pressure drop (±10%) and the
calculated values of the analytical model. Their analytical model considers pores as tubes with constant
diameter. Due to a pore size distribution from less than 0.1 mm pore diameter to 1 mm, they needed to
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consider that the total flow rate through the lotus-type structure is the sum of several individual flow
rates, depending on the pore diameter. For a detailed derivation the reader is referred to [13].

Figure 12. Schematic drawing of lotus-type structure samples for pressure drop measurement.
Reproduced from [13], with permission from The Japan Society of Mechanical Engineers and The Heat
Transfer Society of Japan, 2010.

4.3. Pressure Drop of Expanded Sheet Metal Structures

Pressure drop was measured on a sample with dimension 100 mm × 10 mm × 10 mm. Thus,
the sample can be rotated by 90◦ without changing the flow path length of 10 mm through the
structure. This way, the influence of the sample orientation (flow direction perpendicular or parallel
to the expanded sheet metal layer) could be measured in the same setup. The measurements were
carried out with air at an ambient pressure and temperature.

The internal structure of expanded sheet metal structures (Figure 13) consists of thin layers and
wide mesh openings, which are likely to produce a different pressure drop in the two major orientations
(perpendicular and parallel to the layer) of the structure. Figure 14 shows the pressure drop per unit
length of a structure with 77% porosity parallel and perpendicular to the expanded sheet metal layer.
In accordance with the above comment on linear pressure drop, these values are tentative, as we did
not systematically check whether the sample thickness was sufficient to produce a stationary velocity
profile. However, since the size of the openings is in the order of tenth of millimeters and the sample
thickness measures 10 mm, there is a high probability that the entrance length is much smaller than
the sample thickness.

Figure 13. Micrograph of an expanded sheet metal structure cross section with 77% porosity.
Arrows indicate flow directions (arrow colors correspond to arrows in Figure 2b).

Obviously, the pressure drop is higher when the air flows along the perpendicular direction.
At lower incident flow velocities, the difference in pressure loss is smaller, but the ratio increases
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nearly linearly, as shown in Figure 14. Originally, it was expected that the large mesh openings of the
individual expanded sheet metal layers should lead to a good permeability of the structure. However,
in perpendicular direction to the mesh plane, the fluid must flow around many individual obstacles
(as illustrated by the cross section in Figure 13) with an unfavorable orientation posed by 200 layers of
expanded sheet metal. Thus, it turns out that the pressure drop is in fact larger along this direction.

The difference between the two directions is quite pronounced and rises with increasing flow
velocity. At 1 m/s the pressure drop perpendicular to the structure is higher by a factor of 2.1 than in
the parallel direction, and this factor rises to 2.8 at an incident flow velocity of 4 m/s. The most likely
explanation for this behavior can be seen in an increasingly turbulent flow around the square-edged
struts at higher flow velocities.

Figure 14. Pressure drop of an expanded sheet metal structure parallel and perpendicular to the layers
and the ratio of the pressure drop in different directions.

4.4. Pressure Drop of Fiber Structures

Before the first fiber structures for thermal applications were developed, the pressure drop of
sintered fiber structures was already investigated in conjunction with filtration applications. Andersen
et al., have shown a clear directional dependence of pressure drop on flow orientation in FeCrAl
short-fiber structures [3], and they also identified an analytical model with a good fit when the fluid
flow is perpendicular to the isotropic plane [35]. Huang et al. [36] calculated the pressure drop
based on a length-weighted orientation model. However, the simulation results were not validated
appropriately by experimental results.

For the current measurements of AlSi1 short-fiber structures with different porosities,
again samples with dimension 100 mm × 30 mm × 10 mm were used. The measurements were
carried out with air at ambient pressure and temperature. Figure 15 shows the pressure drop of
two different short-fiber structures with porosity 71% and 85% for two orientations. In accordance
with the above comment on linear pressure drop, these values are tentative, as we did not check
systematically whether the sample thickness was sufficient to produce a stationary velocity profile.
However, since the size of the pores is in the order of tenth of millimeters and the sample thickness
measures 10 mm, there is a high probability that the entrance length is much smaller than the sample
thickness. Again, the direction of airflow was parallel and perpendicular to the isotropic plane. It is
obvious that a lower pressure drop was measured parallel to the isotropic plane. Depending on the
orientation, at an inflow velocity of 4 m/s, the pressure drop in the same short-fiber structure but with
a different orientation differs by a factor of 1.5 (85% porosity) and 1.9 (71% porosity), respectively.

The reason for this difference is the same, as in the case of the expanded sheet metal structures.
The fibers are statistically oriented in the isotropic plane or only slightly inclined towards this plane.
Therefore, depending on the direction of flow, they are flowed around either preferentially laterally or
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transversely (Figure 16). The fibers are in a more unfavorable orientation with a high drag coefficient
when the airflow is perpendicular to the isotropic plane. Each transverse fiber acts as a strong obstacle
to the flow leading to a high-pressure drop. Parallel to the isotropic plane, the fibers are on the average
more often oriented in parallel to the flow direction, and it therefore generates less drag. Additionally,
the number of forced flow detours is lower along this direction. Overall, this leads to a lower pressure
drop parallel to the isotropic plane.

Since the fibers are more rounded than the struts of the sheet metal structure, they should create
less turbulence. In fact, the trend of a drifting pressure drop is not very pronounced. In the case of
the less porous structure, at 0.6 m/s the pressure drop perpendicular to the structure is by a factor of
1.7 higher than in the parallel direction and this factor rises to 1.9 at an incident flow velocity of 4 m/s.
Hence, the spread is much lower than observed in the sheet metal structure.

However, expanded sheet metal structures create a lower pressure drop than fiber structures.
When comparing the low pressure drop orientation at 1 m/s flow velocity, an expanded sheet metal
structure of 77% porosity shows a pressure drop of 17.5 kPa, whereas a fiber structure of higher
porosity of 85% creates a pressure drop of 20 kPa. This difference is even more pronounced at higher
flow velocities. At 4 m/s the expanded sheet metal structure shows a pressure drop of 100 kPa and the
fiber structure has a pressure drop of 140 kPa.

Figure 15. Pressure drop of two different aluminum short-fiber structures with fluid flow parallel and
perpendicular to the isotropic plane.

Figure 16. Cross section of an AlSi1 short-fiber structure with a single fiber cut lengthwise (red arrow) and
arrows indicating the direction of airflow (the orange arrow corresponds to the orange arrow in Figure 4a).
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5. Applications

In the case of orthotropic structures, their special direction-dependent properties must always be
taken into account when thinking about new applications. Some applications under research or in the
demonstration stage are given below with emphasis on the orientation of the structure.

5.1. Application of Lotus-Type Structures

Lotus-type structures can be possible solutions for cooling i.e., as heat sinks [1,2]. As shown in
Figure 17, for this application a copper plate is joined parallel to the pores on a lotus-type structure.
A fluid flows through the elongated pores. Due to the enlarged inner surface of the structures, a good
heat exchange between the porous structure and the fluid exists. Since the heat flow is usually through
the joined copper plate, it is perpendicular to the pore. Thus, the poorer structural orientation for heat
conduction is used. Since the loss in heat conducting performance is at its maximum 35%, the heat
transfer from the fluid to the structure is probably the primary limiting factor for the performance.

Figure 17. Lotus-type copper heat sink. Fluid flows through the pores and heat flows from the bottom
into the structure. Reproduced from [2], with permission from Elsevier, 2015.

The recently developed UniPore structures have already been tested as heat capacitors [1].
Buffering and storing of large amounts of heat is possible by the application of wax that is used as
phase change material (PCM), which is filled into the pores of the structure (Figure 18). The phase
transition of the PCM from solid to liquid requires large amounts of energy, which is used here to store the
heat at constant temperature. The UniPore structure acts as container and it enhances the heat transfer
into the PCM, which itself has itself a very poor heat conductivity. The heat flow was oriented parallel
to the pores so that the optimal thermal conductivity of the structure was used. Heating was carried out
with a power of 50 W and 100 W and the temperature of the heat source was determined. Results show
that that the temperature of the heat source rises much more slowly when applying the heat capacitor.
For example, at an energy input of 50 W, after 100 s of heating time the temperature increased only by 20 K
when using the structures as a heat buffer, whereas without it, the temperature increased by 50 K.

Figure 18. UniPore structure with 46.7% porosity filled with phase change material (PCM).
Reproduced from [1], with permission from Elsevier, 2015.
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5.2. Application of Metal Fiber Structures

Sintered short-fiber structures have already shown their advantageous properties in various
applications. Whether used as a regenerator in Stirling engines [37], as a heat distributor for fast
latent heat accumulators/capacitors [38], thermal conditioning devices for solar panels [4], or as a fin
replacement in heat exchangers for sorption heat pumps or sorption cooling [6], there has always been
an improvement in performance.

Sorption heating and cooling makes use of the chemical adsorption i.e., of water in zeolites and
the condensation and evaporation of the working fluid (i.e., water). However, zeolite has low heat
conductivity, leading to poor power densities in commercial sorption driven heating and cooling
devices. A way out is fiber structures that are coated with zeolite. Due to the large surface area of the
fiber structure, large amounts of zeolite can be coated onto the fibers and the high heat conductivity of
the fiber structure enhances the heat transfer into the zeolite. Additionally, uncoated fiber structures can
enhance evaporation and condensation, which are processes in a sorption heat pump or cooling, too.

In order to test fiber structures for sorption driven heating and cooling, heat exchangers with
aluminum short-fiber structures instead of the typical fin structure were manufactured (Figure 19).
The sorption module for experiments had four heat exchangers, each with a total volume of 10 L
and a surface area of 60 m2. Of these, two heat exchangers were coated with zeolite and acted
as adsorber/desorber, and two were used in the uncoated state as water evaporators/condensers.
The sorption module applying aluminum short-fiber structures showed a three- to four-fold increase
in power density when compared to fin type modules.

However, for ease of manufacturing, the short-fiber structures were not used in the ideal
orientation. The heat had to flow perpendicular to the good heat conducting isotropic plane to
and from the flat tubes carrying the water flow. Consequently, further improvements of the sorption
module performance should be possible by the using a correct alignment of the short-fiber structure.
Recently, such a heat exchanger has been manufactured where the heat flow is parallel to the isotropic
plane. Testing of this heat exchanger is underway.

Figure 19. (a) Assembly of a heat exchanger with AlSi1 short-fiber structures by stacking flat tubes and
AlSi1 short-fiber structures. (b) Finished heat exchanger with AlSi1 short-fiber structure, total fiber
structure volume 6.7 L, core dimensions 600 mm × 316 mm × 45 mm.

Heat exchangers that are made from copper could be used as carriers for metal-organic
frameworks. For this purpose, copper long-fiber structures or expanded sheet metal structures
could replace the copper fins of ordinary fin-type heat exchangers.

A fast latent heat storage device was developed at Fraunhofer IFAM Dresden [38,39]. AlCu5 short
fiber structures were used as a heat transfer structure to enhance the heat transport into the PCM
in order to accelerate the melting of the PCM and thus to shorten the charging/discharging time of
latent heat storage devices. This device could be used to buffer intermittent waste heat from industrial
processes, which could be transferred to the buffer via a heat carrying fluid. Tubes bearing the fluid are
connected to the short-fiber structure (Figure 20). In this case, it was possible to utilize the good heat
conducting properties of the isotropic plane, as it is oriented perpendicular to the tube. Consequently,
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the heat transport into the PCM, which is contained in the pores of the short-fiber structure, was greatly
enhanced. This leads to a dramatic shortening of the charging time i.e., of an eight-liter volume of
PCM from over one hour down to 11 min. The maximum storage capacity was 0.4 kWh, however,
the cycling tests were carried out between 10% and 90% charging level. For these boundary conditions,
the thermal peak power reached 12 kW and was on the average 2 kW. In the case under investigation,
the reduction of the charging time by a factor of six brings about only a small loss of storage capacity
of 20% due to the built-in short-fiber structure. Depending on the fluid temperature, the applied
PCM, the porosity of the structure, and several other parameters, like the tube spacing and fluid
flow rate, the charging and discharging times can be tailored according to the requirements of the
specific application.

Figure 20. Photography of latent heat storage (without housing) before filling with PCM. Total fiber
structure volume 8 L, dimensions of the fiber structure 200 mm × 200 mm × 200 mm.

The same favorable approach can be transferred to related applications. Recently, Klemm et al. [4]
showed a modular heat capacitor for the passive cooling of photovoltaic (PV) panels. The device allows for
thermal management that absorbs heat from the solar panel by day (20 K lower maximum temperature)
and releases the heat to the module during night (preventing condensation of water on the PV panel).
Especially, in hot areas like the Middle East, this can enhance the performance and service life time of PV
power plants due to a higher efficiency of the solar panel, and due to prevention of soiling.

A similar passive cooling approach was tested for the thermal management of batteries used
in electric cars. Since an active cooling system of the battery in an electric car consumes valuable
electric energy and therefore decreases the attainable range, thus a passive solution is desirable.
Figure 21 shows a concept drawing of passive cooling with AlSi1 short-fiber structures and PCM.
A representative test setup was evaluated under laboratory conditions. The AlSi1 short-fiber structure
was joined to a fluid-cooled metal plate. The isotropic plane of the short-fiber structure was
perpendicular to the plate. The structure had a porosity of 80% and it was filled with a PCM with
a slightly lower melting point than the optimum working temperature of the battery cells. In this
application, heat transfer is required in two directions: during driving, heat has to be transferred
from the battery cell to the PCM and during fast charging from the battery to the cooling plate that
is actively cooled (Figure 21). Therefore, an orientation of the short-fiber structure was chosen such
that the well-conducting direction pointed towards the cooling plate. However, the heat conductivity
perpendicular to the isotropic plane was still high enough to significantly enhance the heat transfer
from the battery cell into the PCM. Consequently, the heat that was generated by the battery cells
was transferred into the whole PCM volume by the fiber structure and was stored at the melting
temperature of approximately 35 ◦C.

The New European Driving Cycle was used to determine the generation of heat for city and
highway driving conditions of large prismatic or pouch cells that are similar to the cells used in a BMW
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i3. Additionally, fast charging was modelled as a high-power condition. Battery dummy cells with
properties similar to original battery cells were used for a realistic evaluation of the thermal results.
Several thermocouples measured the temperature distribution in these cells. Due to the passive cooling
and the constant temperature at the melting point of the PCM, the temperature distribution was
close to homogenous throughout the whole cell and it differed only by 1 K, even under high-power
conditions. The temperature of the battery within the simulation of driving could be kept below 35 ◦C
at all times (Figure 22). After driving, the charging of the battery made use of the active cooling by the
cooling plate. Since the fibers were oriented towards the cooling plate in the highly heat-conducting
direction, heat transfer reached an optimum, cooling and re-solidifying the PCM for the next driving
cycle. When fast charging is applied, the lateral cooling of the battery cell leads to a temperature of only
40 ◦C, starting from room temperature. Since the vehicle is connected to the electric grid during fast
charging, the power for the active cooling system does not have to be taken from the vehicle battery.

Besides the thermal management of the battery during driving and charging, the PCM constitutes
a passive thermal protection for the battery. If a short-circuit or malfunction of the battery occurs,
then the PCM stores the released heat from the battery and prevents a temperature increase
(“thermal runaway”). An active system would have to be activated to cool the battery, whereas the
PCM cooling is available at all times.

Figure 21. Schematic drawing of a battery with single battery cells stacked with PCM filled fiber
structures. An orange arrow marks the heat flow direction during active cooling during fast charging.

Figure 22. Temperature of individual battery cells during fast charging (active cooling) and
two different driving situations (passive cooling).

6. Conclusions and Outlook

Apart from the well-investigated open porous metallic sponges, there exists anisotropic structures
with pronounced directional dependencies of the heat and fluid flow properties. Correctly applied,
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these features can be used to achieve considerable improvements in thermal applications. The relevant
properties that are discussed in this paper are the heat conductivity and the pressure drop. Both are
crucial for thermal applications, however, the anisotropy also holds for mechanical or electrical
properties, too.

Depending on the type of structure and the manufacturing process, the value of the
direction-dependent heat conductivity may differ by a factor of 2 to 25. The influence of the
measurement direction is less pronounced for the pressure drop; here, the difference varies between
a factor of 1.5 to 2.8. The reason for the large variation of the heat conductivity is on the one hand
the morphology, on the other hand, the type of bonding between the fibers or expanded metal sheet
structures. Solid-phase sintering provides only small sinter necks that constitute a bottleneck for the
heat flow, whereas liquid-phase sintering provides much large sinter bonds, which are beneficial for
the heat transport. Therefore, the lowest heat conductivities are always observed for structures that
were solid-phase sintered.

The nature of the sinter bonds is less decisive for the pressure drop as they do not create
a significant amount of drag when compared to the rest of the structure. Therefore, the directional
differences in pressure drop are mainly dominated by the orientation of the fibers or expanded sheet
metals towards the fluid flow direction.

The presented structures constitute a special case of orthotropy. Lotus-type structures as well
as fiber structures show a transverse isotropy with a single isotropic plane. Expanded sheet metal
structures feature an orthotropy that is characterized by a rotational symmetry of 90◦ for one spatial axis
only, instead of 180◦ for all the orthogonal spatial axes. These directional anisotropies lead to different
properties depending on the orientation of the structure and with regard to the formal description of
the properties. Due to this special orthotropic symmetry, for all structures, only two orientations of the
material are of interest.

Special attention has to be paid to the validity of the applied measurement techniques. For the
measurement of the heat conductivity, a steady-state plate method is preferred. Here, the contact
conditions and the applied reference materials are of utmost importance. Without knowing the
respective measurement conditions in detail, it is hardly possible to compare the results taken from
literature. In any case, it is advisable to use the same contact conditions as those that are encountered
in the real application.

The investigated structures feature quite different properties. Lotus-type structures show
unidirectional pores, resulting in only one direction that permits the through-flow of fluids.
Consequently, their properties can be altered only by changing the pore diameter and the total
porosity. Here, the heat conductivity depends mainly on the total porosity, therefore only the pressure
drop can be tuned by changing the pore size. However, lotus-type structures represent the only
open-porous structure with a linear dependence of the heat conductivity on porosity and show
the smallest difference of the heat conductivity in the two main directions. This leads to the best
heat conductivity, but unfortunately, the porosity is limited to approximately 60% in conventional
manufacturing. Additive manufacturing would certainly be capable of producing structures with
much higher porosities. The elongated pores lead to a low pressure drop, predominantly due to
laminar flow conditions. Due to the regular structure, analytical models can be adapted to lotus-type
structures and lead to good agreement between experiment and calculations.

The high heat conductivity, low pressure drop and their predictability make lotus-type structures
suitable for fast heat capacitors and heat sinks with a flowing cooling agent. On the other hand,
the unidirectional low open porosity restricts the range of potential applications.

Among the reviewed structures, fiber structures are the most versatile option regarding thermal
applications. Their properties can be influenced in a wide range i.e., by using short or long fibers,
different fiber diameters and cross-sectional shapes, different degrees of fiber alignment, and applying
either solid-state or liquid-phase sintering for the bonding of individual fibers. These manufacturing
options allow for the tailoring of several parameters, like total porosity, specific surface area, degree
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of directional dependence of heat conductivity, and pressure drop. Thus, it is difficult to derive
an analytical model or a general law for the properties of fiber structures that fits all possibilities.
Despite their poor predictability, they have shown experimentally improved power density in several
applications, ranging from heat exchangers and thermal storage devices all the way to adsorbers and
evaporators. Although dramatic improvements could be demonstrated in practical tests, in some
cases, it remains an open question whether the optimum configuration has been already achieved.
For further optimization, it is necessary to conduct extensive parameter studies of structures, holding
constant certain parameters that are important for the application, i.e., a certain pore size or a constant
heat conductivity and porosity. Although fiber structures are often compared to sponges, they are
especially different in terms of the attainable porosity (60% to 90%) and pore size. Depending on the
fiber diameter and the total porosity, the pore size is usually considerably smaller than that of sponges
and ranges from some µm to some hundred µm. Additionally, the heat conductivity is better in the
highly heat-conducting orientation.

Expanded sheet metal structures provide a smaller freedom of design than fiber structures, but
a higher one than lotus-type structures. In particular, the possibility to change the heat conductivity
perpendicular to the expanded sheet metal layers is quite restricted. It can only be increased by
providing larger sinter necks, i.e., by using liquid phase sintering, which is not possible for every metal.
Another option would be to use brazing instead of sintering. In the direction of the expanded sheet
metal layer, changing the mesh size, mesh shape and strut or layer thickness is technically possible
and would change the properties along the layer. Thus, the difference in properties becomes tunable to
a certain extent. Due to the regularity of a single layer, it should be possible to derive an analytical
model for the prediction of the different properties for thermal applications. Further research should
therefore focus on such a model and its validation in order to facilitate the design of new or improved
thermal devices. Especially, heat exchangers and latent heat storage devices may benefit from small
pore sizes, high heat conductivity, and, when compared to fiber structures, a lower pressure drop.
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39. Andersen, O.; Enders, T.; Fieback, K.; Lindenberg, G.; Meinert, J.; Schubert, V. Latent heat storage element
comprises housing that is closed in a fluid tight manner and includes tubular conduit for temperature
medium, metallic open-pore structure in space within housing and tubular conduit, and phase change
medium. Patent No. DE102012005359 A1, 13 March 2012.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11242-014-0281-z
http://dx.doi.org/10.1063/1.1691188
http://dx.doi.org/10.1177/002199836800200101
http://dx.doi.org/10.1016/j.applthermaleng.2015.09.094
http://dx.doi.org/10.1002/mawe.201100787
http://dx.doi.org/10.4028/www.scientific.net/MSF.638-642.1884
http://dx.doi.org/10.1007/s00366-017-0511-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Manufacturing Techniques 
	Manufacturing of Lotus-Type Structures 
	Manufacturing of Sintered Expanded Sheet Metal Structures 
	Manufacturing of Sintered Metal Fiber Structures 

	Heat Conductivity 
	Measurement Setup 
	Heat Conductivity of Lotus-Type Structures 
	Heat Conductivity of Expanded Sheet Metal Structures 
	Heat Conductivity of Metal Fiber Structures 

	Pressure Drop 
	Measurement Setup 
	Pressure Drop of Lotus-Type Structures 
	Pressure Drop of Expanded Sheet Metal Structures 
	Pressure Drop of Fiber Structures 

	Applications 
	Application of Lotus-Type Structures 
	Application of Metal Fiber Structures 

	Conclusions and Outlook 
	References

