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Heat transfer performance of structured catalytic reactors packed 
with metal foam supports: Influence of wall coupling
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Based on previous lab-scale heat transfer experiments performed in a test tube filled with metallic foams, extensive 
simulations of conjugated heat transfer were performed to systematically investigate the role of different coupling 
scenarios between the foam structure and the tube wall, using a 3D scanned foam geometry to enable the comparison of 
simulation results with experiments. The goal of this analysis is to gain insight into the prominent role of the wall 
coupling for radial heat transfer in a structured catalytic reactor packed with metal foams as catalyst supports. In the 
current numerical investigation the focus is on the characterization of the contact area between the foam and the reactor 
wall. Starting from perfect contact between the two, the contact area was decreased by selecting randomly some 
boundary spots of the foam and considering them as adiabatic. Moreover, the local distribution of the adiabatic struts 
was restricted to regions near the reactor inlet to additionally investigate the influence of the local distribution of the 
adiabatic struts at same overall contact areas. Eventually, all the contacts between the foam and the reactor wall were 
considered adiabatic as the other limiting case, wherein heat transfer at the foam/wall interface was governed solely by 
convection. The numerical analysis revealed that even if only a limited fraction of the struts have a direct contact with the 
tube wall, the heat transfer rate is significantly enhanced in comparison to the adiabatic case. In analogy with the 
previous experimental study, the numerical investigation was carried out for two different gases, nitrogen and helium, in 
order to address the influence of the thermal conductivity of the fluid phase. For further experimental verification, 
additional heat transfer measurements were performed for the case of a foam directly sintered to the tube in order to 
realize a perfect contact between foam and wall.
. Introduction meability [2–8]. Therefore, they are suitable for applications in
rticle history:

This work presents a numerical examination of heat transfer in
etallic open-cell foams in order to evaluate the potential regard-

ng their use as catalyst supports in catalytic reactors. Open-cell
oams, also called solid sponges, are irregular cellular structures

ade of various materials from metals to ceramics [1]. In our
urrent work, the focus is on metal foams for industrial applica-
ions as catalyst carriers due to their superior heat conductivity.
olid open-cell foams are very interesting because they exhibit a
nique combination of physical properties such as high rigidity,

ow specific weight, high specific surface area and high gas per-
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the automotive industries, as light weight construction materials,
silencers, flame arresters, heaters, and for electrochemical appli-
cations [9–12]. Their high thermal conductivity makes them also
an interesting candidate as catalyst supports for both, exother-
mic and endothermic processes, wherein thermal control is critical
[13]. Open-cell metal foams can minimize hot spots and reduce
thermal shock, thereby improving selectivity and preventing cata-
lyst deactivation. These promising characteristics suggest replacing
conventional packed-bed catalyst pellets with catalytically func-
tionalized (e.g. coated) metal foams. In fact, when using metal
foams as catalyst supports, higher yield and selectivity can be
achieved particularly in heat transfer limited processes due to the
improved temperature control and heat management [14,15]. In
conventional particle packed-bed reactors for strongly exother-
mic heterogeneously catalyzed reactions, a multitude of tubes of
.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
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Nomenclature

List of symbols
cp Specific heat capacity (kJ (kg K)−1)
h Enthalpy per unit mass (kJ kg−1)
I Identity matrix
k Thermal conductivity (W (m K)−1)
L Reactor length (m)
P Pressure (Pa)
ppi Number of pores per inch
R Gas constant (kJ (mol K)−1)
T Temperature (K)
Ti Area weighted average temperature (K)
T∗ Inlet temperature (K)
�u Fluid velocity (m s−1)
z Spatial position (m)

Greek symbols
ε Porosity
ϑ Non-dimensional temperature
� Density (kg m−3)
� Viscous stress tensor (kg m−1 s−2)
� Dynamic viscosity (kg (s m)−1)

Subscripts
f Fluid phase
gas Gas phase
H Hydrodynamic
tube At the tube wall
s Solid
T Total
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filled with an open-cell metal foam. Two gases with different ther-
mal conductivity are investigated, namely N2 and He. The feed
elatively small diameter is placed in parallel. While the number
f parallel tubes is determined by the required production rate,
he diameter of the tubes is chosen as to match the required heat
xchange area. This design, however, causes both, high investment
osts for the multitubular reactor (several thousand welded tubes)
s well as high operating costs due to significant pressure drop. To
inimize the pressure drop, the catalyst pellets should be large.

his, however, will decrease the catalyst effectiveness factor for
ull-bodied catalyst [14] and lead to a higher void fraction of the bed
s well as to strong oscillations in both, radial porosity as well as
adial velocity profiles [16]. All these issues that arise from the vari-
us different requirements can in principle be solved by employing
etal foams as catalyst supports. As mentioned above, metallic

oams are particularly suited for heat-transfer limited processes. In
recent study, it has been demonstrated that metal foams possess

uperior heat transfer performance due to the dominant contribu-
ion of heat conduction in the continuous solid phase [13,17]. The

ore efficient heat transfer would allow for the use of tubes of
arger diameter, thereby reducing the number of required tubes. In
ddition, the higher porosity of the foams also significantly reduces
he pressure drop.

A variety of industrial processes of potential interest can
e mentioned, e.g. highly endothermic reactions such as, e.g.,
ehydrogenation reactions (i.e. cyclohexane to benzene or ethyl
enzene to styrene) and steam reforming of methane for syngas
roduction [18]. Even more examples can be given for the class of
trongly exothermic reactions, e.g. partial oxidation of hydrocar-
ons [19], where the desired product is an intermediate and short
ontact time is required [20,21], alkylation reactions (e.g. benzene

o ethyl benzene), oxychlorination (e.g. acetic acid to vinyl acetate),
nd hydrogenation reactions, such as Fischer-Tropsch synthesis
273 (2016) 187–195

[14] and methanol synthesis [22]. All these processes can profit 
from the enhanced heat transport in the foam support structures.

Originally, foams were designed for applications in energy
absorption, filtration and noise reduction, and not necessarily
endowed with optimal structural characteristics for catalytic appli-
cations. As a result, high manufacturing costs make them today still
less competitive with more common supports in terms of both, fab-
rication material and geometry as well as catalyst hold-up [2,9,23].
Therefore, it is the current task to make the design, fabrication
and catalytic application of metal foams as competitive as possi-
ble with the state-of-the-art pellets. For this, it is at first essential
to gain a deep understanding of the underlying principles and of
the geometry-transport interactions. In this regard, one aspect is
the investigation of the heat transfer performance of a novel reac-
tor design using metal foams as catalyst support, and in particular
the investigation of the influence of the wall coupling in order to
derive guidelines for proper design.

In our previous work on heat transfer in metal foams [13,24,25],
we focused on the experimental investigation of conjugated heat
transfer between the gas phase and the metal foam and compared
the experimental results with numerical simulations. Moreover, we
analyzed the influence of the gap between metal foam and reactor
wall and provided correlations for different scenarios [25]. These
studies pointed out the resistance at the boundary between foam
and tube as a major effect to be considered in the evaluation of the
overall heat transfer performance.

The present numerical investigation was inspired by the ques-
tion for proper design and fitting of metal foams as a catalyst
support for gas phase reactions in industrial applications, where
the coupling between the foam and the reactor tube will be not
perfect due to the imperfect matching of the two or the possible
damage during loading and replacement operations. The question,
however, is whether a complete perfect fitting is necessary at all,
or whether it is sufficient to realize the perfect contact only for a
certain fraction of the struts at the tube wall. Of course, the design
questions then are: what is the required fraction of perfect strut
contact, and where in the reactor should these strut contacts are
positioned?

To answer these questions, the coupling between the reactor
tube and the open-cell metal foam loaded as a catalyst support
was simulated in detail, varying the location and the number of
connections between the two. As model geometry, a 3D scan of the
geometry of a metal foam sample from our previous experimental
analysis was considered to enable the comparison of simulation
results with experiments.

2. Materials and methods

The particularity of the metal foam materials is their struc-
ture with high specific surface area and high porosity of typically
75–95%. Those characteristics offer excellent potential for high
performance in terms of low resistance to fluid flow, high gas-
solid mass and heat transfer, and, particularly for foams made of
conductive metals, high radial and axial heat transfer efficiency.
Furthermore, in comparison to honeycomb monoliths, metal foams
allow for radial mixing thanks to the interconnected continuous
pore space and the flow turbulence produced by their irregular
spongy structure [2].

The case study presented in this work concerns the thermal
analysis of a cold gas passing through an externally heated tube
passes through the tube packed with a metal foam made of Al alloy
(6101-T6) and is thereby heated up by the tube.
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.1. Foam material

The Al alloy foam used in both previous experiments and simu-
ations is not composed of pure aluminum (∼98%), but is enriched

ith other elements such as Si and Mg, and artificially aged in order
o enhance the properties of the original material. Starting from a
0 ppi nominal panel, the foam sample is obtained by electro ero-
ion. This technique permits a precise cut without damaging the
tructure of the sample [26].

The open void fraction in a cellular solid is defined as the ratio
etween the accessible void volume and the total volume. From
ravimetric analysis and from previous considerations [2,11,13,14],
t is possible to identify two different porosities: the total porosity
T, which includes all kinds of void space, and the hydrodynamic
orosity �H which only considers the macroscopic accessible void
pace. The hydrodynamic porosity is the relevant parameter for
nvestigations regarding mass transfer and pressure drop of foams
sed as catalyst supports [27,28] as well as when heat transfer
ontributions by dispersive and radiative mechanisms [29] are con-
idered. On the other hand, the total porosity is relevant to assess
he conductive contribution to heat transfer. For the foam herein
nvestigated the same value �T = �H = 89.7% was obtained [13], thus
o inaccessible void space was identified.

Concerning the thermophysical properties, the density of the
etal foam is 2.70 g/cm3 [29] and the heat capacity is 903 J/(kg K)
easured at room temperature. The thermal conductivity of the
l alloy is assumed to be constant in the investigated temperature
ange at a value of 218 W/(m K). From previous work [13] the con-
ribution of radiation to the overall heat transfer for such highly
onductive foams at the considered temperatures is known to be
nsignificant, therefore, the influence of radiation is neglected in
his study.

The geometry of the investigated foam sample is a cylinder
f 50 mm in length and 28 mm in diameter. Three axial holes of
.28 mm diameter were drilled in the sample at three radial posi-
ions, centerline, 7 mm, and 9 mm from the center (Fig. 1). These
oles allowed for the insertion of three sliding thermocouples for
he measurement of internal temperature profiles.

.2. Gas properties

Two different gases, namely nitrogen and helium, were consid-
red as representative of low conductive gases such as, e.g., air, and
igh conductive gases such as, e.g., syngas (CO/H2), respectively.
he thermodynamic and transport properties of the fluid phase are
ssumed to be constant and calculated based on the average tem-
erature of the simulated run for either N2 or He, and compiled in
able 1. The properties for nitrogen are calculated at 629 K and for
elium at 679 K.

.3. Experimental setup

Simulation results are compared with the experimental ones,
ollected in a setup described in detail elsewhere [13,24]. Two con-
gurations were adopted. In the first case, the heated tube is filled
ith a loose cylinder of an Al foam of 5 cm in length. In the second

etup, in contrast, the foam is sintered directly into the heating tube
ade of aluminum by heating at 550–600 ◦C, so as to ensure con-

inuity between the foam struts and the reactor wall by diffusion
onding between the tube wall and the tip of the foam struts.

The temperature profiles were collected by sliding the ther-

ocouples from −5 mm to +50 mm with the origin of the axial

oordinate at the beginning of the foam bed. The temperature was
easured at different radial positions with the three thermocou-

les at the center, 7 mm, and 9 mm from the center for the loose
foam, and two for the sintered foam with one at the center and the
other at 9 mm from the centerline.

3. Simulation details

The mesh generator and the solver for the finite volume analy-
sis were implemented in the open source environment OpenFOAM
v2.1.1 [30], a general library of C++ classes for the numerical simula-
tion of partial differential equations mainly used for computational
fluid dynamics (CFD) simulations.

3.1. Mesh domain

The 3D mesh was generated on the basis of an X-ray micro-
computed tomography scan [31,32] of the foam cylinder utilized
in the experimental setup, with a resolution of 50 �m (see [13]).
Both, gas and solid phase were meshed, and the grid refinement was
checked until the simulation results converged to a stable solution.
The necessary resolution thereby mainly depends on the mesh in
the thinner struts of the foam. The final mesh consists of about 5.6
million elements, 90% of which are hexahedral.

The simulated subdomain is one fourth of the experimental
tubular reactor of 28 mm diameter containing a foam bed of 50 mm
length (Fig. 1). The selection of one fourth for the simulation runs
has been chosen such that the holes for the thermocouples were
excluded, in order to obtain as a result a uniform temperature
profile, excluding the local variation of the flow due to the holes.
Therefore, the selected subdomain contains only the unavoidable
one quarter of the central hole (Fig. 1b). Details of the mesh grid
can be seen in Fig. 3b.

3.2. Equations and solving conditions

The OpenFOAM model implemented in this work is able to cou-
ple the thermal flow in the fluid phase with the heat conduction
in the solid phase. For the latter, the heat conduction equation is
solved, while mass, momentum and energy conservation equations
are solved for the fluid phase. The steady-state laminar Navier-
Stokes equations are used since the flow considered in this study is
laminar between Forchheimer and post-Forchheimer flow regime,
with the Reynolds number lower than 300, calculated based on the
cell diameter as characteristic length as obtained from tomography.
In addition, the fluid is considered as an ideal gas, thus the equation
of state P = �RT is valid.

For the fluid phase, the mass conservation equation is given by:

∇ (
��u

)
= 0

with � as the fluid density and u as the fluid velocity. Neglecting
buoyancy effects, the conservation of momentum is:

∇ (
��u�u

)
= −∇P + ∇�

where P is the pressure and � the viscous stress tensor. For a New-
tonian fluid the viscous stress tensor is defined as:

� = �
[(∇�u

)
+

(∇�u
)T

]
− 2/3�

[(∇�u
)�I

]

where � is the dynamic viscosity of the fluid. The low viscosity of
the simulated gases permits to neglect internal heat generation,
gravitational potential energy and viscous forces, so the steady-
state energy conservation equation can be written in enthalpy

form:

∇ (
�h + 1/2�|u|2

) �u = ∇ (
kf /cp∇h

)



Fig. 1. Mesh domain for the solid phase, highlighting the selected quarter and the inlet region, axial view (a) and frontal view (b) with the holes for the three thermocouples.

Fig. 2. View of the metal foam struts in contact with the reactor wall: the tube wall is colored in grey, and the end parts of the foam connected to the wall are shown in
black (a). The connected spots are extracted as independent regions and labelled with a randomization algorithm as either being in contact (colored in white) or as adiabatic
(orange). Figure (b) shows exemplarily a fraction of 30% connected strut area with the wall. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 3. Position of fifty slices used for the calculation of the area aver

here kf is the thermal conductivity of the fluid, cp the specific heat
apacity at constant pressure and h the enthalpy per unit mass.

The energy equation for the solid phase, without heat genera-
ion, is:

(kS∇T) = 0

here kS is the thermal conductivity of the solid and T the temper-
ture.

Since the simulation results shall be compared with experimen-
al data, the simulation boundary conditions are fixed in order to
eproduce in a realistic way the experimental configuration. As
escribed in a previous paper [13], a 30 Nl/min flow rate of gas,
2 or He, is heated up from the nominal inlet temperature of 500 K.

hermodynamic properties are assumed constant for both solid and
as phase, calculated at the average temperature of the simulated
un for either N2 or He in the case of perfect contact between foam
nd reactor wall. From this previous study [13] it can also be con-

able 1
hermophysical properties used in the simulation of the two gases.

Reference temperature [K] Thermal conductivity [W/(m K)] Molar weigh

Nitrogen 629 0.046 28
Helium 679 0.278 4
as temperature profile (a). Details of the mesh grid for one slice (b).

cluded that the contribution of radiation to the overall heat transfer
for the considered Al alloy foam at the given temperature range can
be neglected.

As described above (Fig. 1), only one fourth of the whole cylin-
drical tube is reconstructed. Symmetric boundary conditions are
applied for the state variables at the cut faces parallel to the tube
axis. In this work, each end of the foam branches in contact with
the tube wall was extracted as an independent region (Fig. 2).
With a randomization algorithm that selects a fraction of the whole
contact area, some strut/wall connections were set to adiabatic in
order to impose the absence of conduction on that part of the foam
(Fig. 2b).

The tube wall temperature boundary condition was adopted
from measurements with the experimental setup and could be

described by a 3rd order polynomial in dependence of the axial
coordinate (Fig. 5).

At the solid-fluid boundary a no-slip condition is set for the
velocity field. A zero gradient condition for the pressure field is

t [kg/kmol] Specific heat [J/(kg K)] Dynamic viscosity [Pa s] Density [kg/m3]

1081 2.99 10−5 1.159
5193 3.50 10−5 0.0702



Fig. 4. Temperature distribution for different contact fraction between foam bed and reactor wall for the case of 30 Nl/min flow rate of nitrogen through an aluminum foam.
From the left: foam bed (solid) temperature, gas phase temperature, and four slices equidistantly spaced along the axial coordinate (clockwise) illustrating the cross-sectional
distribution of the gas phase temperature at four different axial positions. The arrow represents the inlet, flow direction, and the axial coordinate. The presented cases are
100% fraction of contact area (a), 20% (b), 10% (c), 5% (d), and 0% (e).
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ig. 5. Calculated axial profiles of average gas temperature for different fraction of
ontact between foam and tube wall.

sed at the outlet, while at the inlet a combination of Dirichlet and
eumann boundary condition for pressure and velocity is set. The
uid velocity at the inlet is set to constant; this assumption seems

ustified by the flow distributor that was placed in front of the foam
ed in the experimental configuration.

The gas inlet temperature is set to a radial distribution described
y a 2nd order polynomial fitted from experimental data. The effec-
ive area averaged inlet temperature value is 505.5 K. The gas is
eated up passing through the tube filled with the foam bed due
o the heat coming from the solid wall, which represents the heat
ource. This leads to a higher gas temperature at the outlet com-
ared to the inlet, depending on the quantity of heat transferred
rom the tube wall to the foam and to the gas by conductive and
onvective heat transport. The simulation runs were carried out in
arallel mode on the “Lima” cluster at the High Performance Com-
uting Center (Regionales RechenZentrum Erlangen, RRZE) of the
riedrich-Alexander-Universität Erlangen-Nürnberg, with 3 × 103

terations and a residual error of 10−9.

.3. Methods of analysis

To examine the temperature distribution, one possibility is to
xtract the values for the gas phase averaged over an area. For this
urpose, the gas phase temperature from the simulation results
as “measured” on fifty slices (cross sections) that are equally

paced normal to the axial coordinate, starting from −1 mm up to
0 mm with the origin of the axial coordinate at the beginning of
he foam bed (Fig. 3), and averaging the variable on the area of each
lice. A single slice average was calculated because each of the slices
as a different passage area due to the non-homogeneous porosity
f the foam. Another method of visualization is a circle with four
lices normal to the axial coordinate of the foam, equally spaced at
he coordinate of −1 mm, 15.33 mm, 31.66 mm and 48 mm in the
ame coordinate system above (Fig. 4, right hand side). This con-
guration illustrates the cross-sectional temperature distribution

n the gas phase and in clockwise direction its evolution along the
ow path.

. Results and discussion

.1. Wall coupling

In the present case study the gas is heated up passing through
he reactor tube filled with the foam. The tube wall shares 12% of its
rea with the foam. The starting point of the conjugated heat trans-
er analysis is the ideal case of perfect contact between the terminal

truts of the foam and the wall, so the whole 12% area fraction can
e used to conduct heat from the wall into the solid foam matrix.
rogressively, some contact points were randomly selected and set
o adiabatic in order to simulate the consequences of lack of con-
tact in some parts of the foam. The variation was carried out from a
percentage of 100% of shared area in contact down to 0%, i.e. no con-
tact between foam and wall, thereby passing through intermediate
fractions.

4.1.1. Effect of the contact fraction on the temperature profile
The results of the first investigation are shown in Fig. 4 for the

cases of perfect contact, 20% of contact, 10%, 5%, and no contact
between the foam and the tube wall for 30 Nl/min nitrogen flow
rate in the Al foam. The results are also plotted in Fig. 5 as axial
trends of the average gas temperature in the 50 slices sketched in
Fig. 3. The average gas temperature features an increase of more
than 200 K in the case of perfect contact. Even though less foam
struts are connected to the reactor wall for the case of 20% contact
area fraction, the average gas temperature at the outlet still shows
an increase slightly lower but close to the one obtained for the per-
fect contact case. In the case of even less contact area, e.g. 5%, almost
200 K difference of inlet and outlet temperature are still observed.
In fact, if the direct foam/tube wall contact is totally removed, the
gas temperature rises only about 100 K from the inlet to the outlet,
resulting in an outlet value of 600 K. A small region of warm gas
near the wall can be seen in Fig. 4e, clearly indicating heating only
from the tube wall and not by the foam.

This study proves that even a small connection between the
foam and the tube wall is sufficient to contribute significantly to
the heat up of the gas phase.

4.1.2. Effect of the randomization of the contact area
In order to check the sensitivity of the heat transfer behavior

to the specific contact topology, the contact regions between foam
and wall were selected with a randomizing algorithm, fixing the
fraction of contact area and changing the local distribution of the
selected contact points. An investigation of the influence of the
position of the contact region for the cases of 10% and 5% of con-
tact area was carried out. As shown in Fig. 6, for the 10% case the
influence of the location of the contacting struts (randomly chosen
for cases A, B and C) is weak, in fact less than 5 K difference for the
gas temperature at the outlet for the three different distributions of
contact points. For lower contact area, i.e. the 5% case, the influence
of the randomly selected position of contacting struts for case A and
B is slightly more important. Here, a different choice of the contact
points results in more pronounced temperature differences, at least
in some parts of the foam bed. Of course, such differences are still a
minor effect when compared to the temperature increase obtained
upon increasing the percentage of contact area which is the major
influence.

4.1.3. Effect of the local distribution of the contact area
In industrial reactor applications the inlet zone is the region

where the heat exchange requirements are more stringent. It is also
usually the upper part of the reactor, so during the reactor loading
process with the foam packing segments it is the last part that is
filled. Accordingly, as a design rationale, special attention has to be
paid with regard to the contact between the foam and the reactor
wall at the top. This could, e.g., be realized by using foam packing
segments which come very close to the tube diameter, avoiding
the typical clearance that is otherwise necessary in order to avoid
that the foam packing segments get stuck during the loading pro-
cess. In order to analyze this in detail, the foam/wall contact was
confined to the first third of the foam bed (Fig. 7a) and the contact
efficiency was randomly decreased in order to analyze the influ-

ence of the wall coupling on the final gas temperature profile. As
shown in Fig. 7b, the temperature profile shows a strong increase
in the first part, and even with low contact area (e.g. 5% contact
in the first third) the temperature at the outlet was approximately



Fig. 6. Calculated axial profiles of average gas temperature for 30 Nl/min flow rate
of nitrogen through an Al foam showing the effect of the randomization of the con-
tact area for 10% (a) and 5% (b) contact fraction between foam and wall on the gas
temperature profile along the axial coordinate.

Fig. 7. Local distribution of the connected area in the case of contact in the first third
of the reactor (i.e. at the inlet region), (a). Axial average gas temperature profiles for
30 Nl/min flow rate of nitrogen through an Al foam (b) starting with perfect contact
between the foam bed and the reactor wall in the first third of the reactor, and then
decreasing the area connected to the tube wall in the inlet region until the total
absence of contact. The temperature values for perfect contact of the entire foam
are shown for comparison.

Fig. 8. Axial gas temperature profile for 30 Nl/min flow rate of helium through an Al

foam starting with perfect contact between the foam bed and the reactor wall and
decreasing the area connected to the tube wall to 10%, 5%, and to the total absence
of contact.

50 K higher compared to the adiabatic case without any effective
wall contact.

4.2. Influence of the gas type

Simulations and experiments with the foams were additionally
carried out for 30 Nl/min flow rate of helium through an aluminum
foam at the nominal gas inlet temperature of 500 K to investigate
the influence of the gas type. For this, He was studied as a gas
with significantly higher thermal conductivity (six times higher)
compared to the previous case (values and reference temperatures
are given in Table 1). The same simulation procedure as described
above was carried out for this gas as well; starting from a perfect
contact between the foam and the wall, the fraction of connected
area was decreased until the complete absence of contact. In this
case, the wall coupling had less influence on the gas temperature
profile. In fact, helium requires less heat to increase its temperature
compared to nitrogen (see Section 2.2). Besides, the higher conduc-
tivity of He enhances the heat transfer at the boundary between
foam and wall via the indirect wall-gas-solid foam pathway, result-
ing in a lower impact of such boundary resistance on the overall
heat transfer performance. The difference of the outlet gas tem-
peratures between the perfect contact and the complete absence
of contact case is about 20 K only (Fig. 8), while for nitrogen the
difference is more than 100 K.

4.2.1. Comparison with experiments
Fig. 9 compares the axial gas phase temperature profiles calcu-

lated in the simulation with an average on 50 slices along the axial
direction as illustrated in Fig. 3 and those measured in 10 points
every 5 mm in the heat transfer experiments. Two setups are con-
sidered; a cylindrical foam only touching the tube wall in some
points and another foam sintered to the tube wall (see Section 2.3).
The foam in this latter case is directly connected to the wall (perfect
contact), while in the first case the contact between the foam and
the tube wall is loose.

The temperature profile at the tube wall, i.e. the heat source,
exhibited small differences in these two experimental configura-
tions. In order to minimize the impact of such differences on the
comparison, a dimensionless temperature profile is used, defined
as follows:

ϑ (z) =
(

Ti,gas (z) − T∗
gas (z = 0)

)
/(T(z = L)tube − T∗

gas (z = 0))
where Ti is an area weighted average of the three measurements at
different radii, while the difference between Ttube at the outlet and
T∗

gas at the inlet represents the maximum possible temperature
difference.



Fig. 9. Dimensionless axial gas temperature profile for 30 Nl/min flow rate of nitro-
gen (a) and helium flow (b) through an Al foam showing the comparison between
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imulation and experimental results. Two experimental profiles are presented: a
oam sintered to the tube wall, and a foam loosely inserted into the same tube.

The data collected for the sintered foam follow the trend of the
imulated cases for good foam/wall contact, and closely approach
he 20% contact simulated temperature profiles. On the other hand,
he data measured over the loose foam are close to the simulated
ase of no contact for both the investigated gases. The 20% contact
rofile is presented in Fig. 9 only for nitrogen, while it is omitted
or helium due to the proximity with the 100% contact case. The
ifferences between measured and simulated temperature profiles
ear the inlet for the helium case can partly be attributed to the
sage of a constant thermal conductivity calculated for an average
as phase temperature. For the region near the inlet at relatively
ow temperatures, the real thermal conductivity will be lower than
hat calculated for the average temperature. This in turn results
n an overestimation of the heat transfer in that region, predicting
igher temperature values in the simulations. Additionally, the gas

nlet conditions are more ideal in the simulation.
As main finding, the comparison between simulation and exper-

ment confirms that wall coupling plays a key role in the heat
ransfer performance of open-cell foam structured reactors and
hat a strong improvement is obtained by securing a perfect con-
act between the tip of the foam struts and the tube wall, e.g. by
iffusion bonding.

. Conclusions

The aim of this work was to study numerically the conjugated
eat transfer between a gaseous stream and metal foams inserted

nto a heated tube, in view of their use as structured catalyst sup-
orts in tubular reactors with heat exchange. The study is highly
elevant for applications in the chemical process industry, where
etailed knowledge is important in order to intensify the heat
ransfer in optimized reactors for strongly exo- or endothermic

eactions.

For this purpose, several cases of a tube filled with metal foam
upports were analyzed in detailed numerical studies, in analogy
o heat transfer experiments carried out in a previous work [13].
In the heating runs, a foam geometry based on a 3D scan of a
real metal foam sample made of aluminum alloy was investigated,
considering a volumetric gas flow rate of 30 Nl/min. Two different
gases, nitrogen and helium, were investigated in order to represent
a process gas of low and of high thermal conductivity, respectively.

Initially, the case of perfect contact between foam and reactor
wall was analyzed. Then, this case was manipulated in order to
change the distribution and the percentage of contact area between
the tube wall and the foam along the test tube. The study was
repeated for a scenario wherein only the first third of the foam
bed was in contact with the tube wall while the rest of the foam
was regarded as thermally insulated at the wall. Finally, adiabatic
conditions were set at the foam/wall interface in order to investi-
gate the limiting case of complete absence of conduction between
the foam and the reactor wall.

The results from this study show a strong dependence on the
foam/wall coupling, which is a factor that decisively influences the
temperature profiles. As a result of high practical relevance, it was
demonstrated, and also validated with experimental heat trans-
fer data, that already a quite low fraction of contact area (around
10. . .20%) is sufficient to significantly enhance the foam/wall heat
transfer in the reactor, while a further increase of contact area will
only result in a relatively small improvement.
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