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Highly conductive “packed foams”: A new concept for the 
intensification of strongly endo- and exo-thermic catalytic 

processes in compact tubular reactors
Carlo Giorgio Visconti, Gianpiero Groppi ∗, Enrico Tronconi

Politecnico di Milano, Department of Energy, Laboratory of Catalysis and Catalytic Processes, Via La Masa 34, 20156 Milano, Italy

We report a preliminary assessment of the heat transfer properties of innovative structured tubular reactors based on the 
conductive “packed foams” concept. In such reactors the catalyst is loaded in the form of small pellets packed in the voids of a 
highly conductive open-cell foam. This enables a catalyst inventory which is significantly higher than that of reactors loaded with 
the same structured substrate washcoated with catalytic material, while still exploiting the potential of enhanced heat removal 
through a highly conductive structured skeleton. By comparing the heat transfer performances of the packed foams with those of 
conventional packed beds of pellets and with those of bare (naked) open cell-foams, we show that the presence of the conductive 
foam within the packed bed of pellets grants optimal heat transfer performances as a result of a synergy between the enhanced 
conductive heat transfer in the solid structure of the foam and the effective heat transfer at the wall-bed boundary typical of 
packed beds. The former mechanism, which is flow independent, controls the effective radial conductivity. The latter one 
enhances the wall heat transfer coefficient and contributes to increase the overall heat transfer coefficient, particularly at high 
flow rates. This opens new perspectives for the intensification of highly exothermic/endothermic catalytic processes which 
require greater catalyst inventories in the reactor than those achievable with washcoated open-cell foams.
Keywords: Packed foams, Highly conductive structured reactors, Process intensification, Heat transfer
. Introduction

It is widely recognized that spatially structured reactors are at
he very heart of process intensification [1,2] and it has been shown
hat significant enhancement of radial heat transfer rates in multi-
ubular catalytic reactors with external cooling can be achieved if
he random packings of catalyst pellets are replaced by structured
atalysts with thermally connected, highly conductive foams [3–6].
evertheless, some issues still exist that prevent the application of

his technology at the industrial scale.
For example, in the case of non-adiabatic reactors loaded with

ighly conductive washcoated open-cell foams (or sponges) or hon-
ycomb monoliths, due to the thin washcoat layer (usually less than
00 �m thick [7]), the catalyst inventory (hold-up) may be insuf-
cient, thus limiting the potential advantages associated with the
doption of conductive structured reactors. Indeed, the fact that the
verall load of catalytically active phase in washcoated substrates
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is usually much less than the amount of catalyst in a packed bed
of bulk pellets limits the productivity per reactor volume of the
reactions under total or partial kinetic control which can be met
in the process industry [1,8]. A very clear example in this sense is
offered by the highly exothermic Fischer-Tropsch synthesis, which
would definitely benefit from the adoption of highly conductive
structured substrate (such as highly conductive honeycombs), but
requires catalyst inventories much higher than those typical of
washcoated reactors in order to fully exploit the concept [9,10].
Similar results have been reported for the methanol synthesis over
highly conductive open-cell foams [7].

Also, catalyst loading and unloading in the reactor are particu-
larly critical in washcoated reactor technologies. This is due to the
fact that the methods for loading, packaging, sealing and unload-
ing structured catalysts in the synthesis reactors are different from
those well established for randomly packed catalysts, and can-
not be directly derived from the experience made in stationary
environmental installations [1]. In addition to that, the adhesion
of the active layer to the substrate is a challenging aspect, which
requires both the optimization of the preparation methods [11,12]
and the careful handling of the washcoated sample. Last but not
-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/
2016.02.060
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Nomenclature

ĉp Gas specific heat (J/kg/K)
D Internal tube diameter (m)
dc Foam cell diameter (m)
dp Particle diameter (m)
hw Wall heat transfer coefficients (W/m2/K)
ke,ax Effective axial conductivity (W/m/K)
ke,r Effective radial conductivity (W/m/K)
kf Gas conductivity (W/m/K)
ks Solid conductivity (W/m/K)
L Bed length (m)
Nuw,dc = hwdc/kf Wall nusselt number, foam
Nuw,dp = hwdp/kf Wall nusselt number, packed bed
r radial coordinate (m)
Redc = �f vdc/�f Reynolds number, foam
Redp = �f vdp/�f Reynolds number, packed bed
T Temperature (K)
TTC Thermostatic chamber temperature (K)
Tw Tube wall temperature (K)
U Overall heat transfer coefficient (W/m2/K)
v Empty tube velocity (m/s)
x Axial coordinate (m)
εT Foam total porosity
εH Foam hydrodynamic porosity
εPB Packed bed porosity
� Gas viscosity (kg/m/s)
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Table 1
Geometrical and morphological properties of the investigated packings.

Sample Nominal pore density (PPI)1-�H (−)1-�T (−)dc (mm) dp (mm)
f

�f Gas density (kg/m3)

east the possibility of regenerating and replacing spent active
hase is particularly critical in washcoated reactors and requires
he development of dedicated technologies.

To overcome those issues the adoption of “packed structured”
eactors has been recently proposed by the group of Kapteijn at TU
elft (packed cross flow structures [8]) and by our group at Politec-
ico di Milano together with colleagues at Eni (packed honeycomb
onoliths [13] and packed foams [14]). In such reactors, the cata-

yst is loaded in the form of small pellets randomly packed in the
oids of structured substrates.

In the case of cross flow structures, which are particularly bene-
cial with gas-liquid processes because of the enforced radial liquid
ow, it has been shown [8] that the presence of a packing boosts
he overall heat transfer coefficient, while not sacrificing much in
atalyst inventory compared to the randomly packed bed. Also, the
ressure drop is approximately half that of the randomly packed
ed due to the voidage at the internal walls of the packed channel
etwork [8].

Herein we investigate for the first time the concept applied to
onductive open-cell metal foams in single phase tubular reactors
Fig. 1). Notably, the heat transfer mechanism within conductive
oams is totally different from that characteristic of cross flow struc-
ures. As we have shown in previous papers [2,7], indeed, while
he conductive (static) contribution of the connected solid is by
ar the controlling term determining the effective radial thermal
onductivity of metallic foam structures in tubular reactors [3], the
all heat transfer coefficient is controlled primarily by a conductive
echanism in the fluid phase [15]. The effective radial conductivity

s well approximated by the theoretical model of Lemlich [16] (Eq.
1)), which states that the ratio of the effective conductivity (ke,r)
o the bulk conductivity of the material (ks) is equal to one third of

he relative volumetric density of the foam (1-�T) [3]. The wall heat
ransfer coefficient (hw, Eq. (2)) is essentially proportional to the
as conductivity (kf) and to the reciprocal of the cell size (dc) [15].
q. 2 also shows that a positive effect associated with a convective
FeCrAlY foam10 0.060 0.051 5.09 –
Al-6101 foam40 0.055 0.055 2.00 –
Al2O3 pellets – – – – 0.3

contribution to the wall heat transfer coefficient is present at the
wall, but this is of minor importance at least for Reynolds number
(Redc) below 255.

ke,r/ks = (1 − εT ) /3 (1)

hw = kf /dc

(
7.18 + 0.029Re0.8

dc

)
4 < Redc < 255 (2)

That said, no information is available in the literature to date on
the heat transport properties of packed foams. Accordingly, in order
to elucidate what are the dominant contributions to heat transfer
in packed foams and what are the interactions between the packed
pellets and the structured substrate, in this work, for the first time,
we preliminarily compare by experiments and by modeling the
heat transfer performances of packed foams with those of packed
beds of micro-pellets and of bare open-cell foams.

2. Experimental

2.1. Material and methods

2.1.1. Packed foams
In order to assess the heat transfer performances of con-

ductive packed sponges, open-foam samples made of FeCrAlY
(purchased from Porvair) and 6101 T6 aluminum (purchased from
ERG Aerospace) alloys (named samples A and E in our previ-
ous works [3,14]), representative of metallic materials with very
different thermal conductivities (about 16 Wm−1 K−1 for FeCrAlY
and 218 Wm−1 K−1 for Al-6101 alloy at room temperature), were
selected. The geometrical and morphological properties of these
materials are given in Table 1, while details on the experimen-
tal techniques used to evaluate such properties can be found
elsewhere [3]. Notably, the FeCrAlY foam has hollow struts, as
demonstrated by different values of the total (�T) and the hydro-
dynamic (�H) porosities (with �T > �H), while the Al-6101 foam has
solid struts. Nevertheless, the hydrodynamic porosity of the two
samples is very similar, which results in a similar space available
to pack the micro-pellets.

Cylindrical samples with a diameter of 28 mm (+0.01,
−0.00 mm) and a length of 25 mm (FeCrAlY sample) or 50 mm
(Al-6101 sample), precisely cut out of larger panels (as provided
by Porvair and ERG AEROSPACE, respectively) by electro-erosion,
were used in the experiments. Two axial through holes of 3.28 mm
diameter were then drilled in each sample at two different radial
positions, namely at the center-line and 9 mm from the center.
These holes allowed for the tight insertion of two stainless steel
thermowells (O.D. 1/8”) protecting sliding K-type thermocouples
for the measurement of the internal axial temperature profiles dur-
ing the heat transfer experiments (cf. Section 2.2).

Once loaded the foams in the tubular reactor and put the ther-
mowells in place, the foam bed was randomly packed with �-Al2O3
pellets with a diameter of 0.3 mm. These pellets, kept in position
by layers of quartz wool located up- and down-stream the bed,
were observed to be free-flowing in the foam matrix during both
the loading and the unloading procedures. The amount of pellets
loaded in each foam was found to be reproducible and to corre-

spond exactly to the amount of pellets in a packed-bed with the
same volume of the voids (cells) of the foam and �PB = 0.37. This
clearly indicates that, likely due to the very large dc/dp ratio, the
small pellets can uniformly fill the voids of the foam structure



Fig. 1. Bare and packed foams.
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Fig. 2. Dimensionless temperature profiles measured during experiments with the randomly packed bed of 0.3 mm Al2O3 spheres under flows of (a) N2 or (b) He, TTC = 400 ◦C.
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Fig. 3. Temperature profiles measured during experiments with the packed foams. TTC = 400 ◦C, 60 Nl/min N2: (a) FeCrAlY; (b) Al-6101.
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Fig. 4. Dimensionless temperature profiles (wall and centerline) measured with the packed-bed, Al-6101 packed foam and Al-6101 bare foam fed with N2 at (a) 15 Nl/min
and (b) 35 Nl/min. TTC = 300 ◦C.
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Fig. 5. Dimensionless temperature profiles (wall and centerline) measured with the packed-bed, FeCrAlY packed foam and FeCrAlY bare foam fed with N2 at (a) 15 Nl/min
and (b) 35 Nl/min. TTC = 300 ◦C.
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Fig. 6. Dimensionless temperature profiles (wall and centerline) measured with (a) FeCrAlY and (b) Al-6101 packed foams, both fed with N2 and He at the same flowing heat
capacity. TTC = 400 ◦C for tests with FeCrAlY packed foams and TTC = 500 ◦C for tests with Al-6101 packed foams.
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ig. 7. Estimates of ke,r for FeCrAlY and Al-6101 pack foams and comparison with
he predictions obtained with the correlation by Lemlich [16].

nd negligible effects on the packing effectiveness are given by
he presence of the solid struts of the foam. The visual inspection
f the packed foam loaded in a transparent tube with 28 mm I.D.
onfirmed these results (Fig. 1).

Notably, the weight of pellets loaded in each packed foam (about
60 kg/m3), which is very similar to that of a packed bed with
he same volume (800 kg/m3), is approximatively one order of

agnitude higher than those achievable by washcoating the same
pen-cell foams with 100 �m thick �-Al2O3 layers (calculated using
he expression given in [7]), further confirming that packed foams
re, at least in principle, a valid alternative to washcoated foams
hen the small catalyst inventory is an issue.

.1.2. Packed bed
The heat transfer performances of the packed foams (PF) were

ompared to those of a randomly packed bed (PB) of pellets with
verage diameter equal to 0.3 mm. In particular, the same Al2O3
ellets used to perform experiments with the “packed foam” were
sed and similar experiments were carried out (see Section 2.2).
owever, due to some limitations in our set-up, only one K-type

hermocouple sliding in a thermowell with a O.D. of 1/8” located at
he tube centerline was used in this case to measure the T-profile.

.1.3. Bare open-cell foams
The heat transfer performances of the packed foams were also

ompared to those of the same foams, tested without the packing
f micro-pellets. In the following these samples will be referred to
s bare foams (BF). Notably, results obtained with the bare foams
ave been already reported and discussed in our previous works
3,15]. Accordingly, in the following of this paper they will be only
ecalled for comparison purposes.

.2. Heat transfer set-up and experiments

Flow heat transfer runs were performed in a test rig consisting
f a horizontal tube (I.D. = 28 mm) inserted into a thermostatic oven
ith air recirculation (Mazzali Thermotest) and loaded either with

he foam samples, or the packed bed and the packed foam config-
rations. Due to the fact that the foams O.D. and the reactor I.D.
re all 28 mm, the structured substrates were loaded in the reactor
ith interference fit both in the case of experiments with PF and in

hose with BF.
The test tube was equipped with an external thermowell (also

ontaining a sliding K-type thermocouple) in tight contact so to
easure the outer skin temperature profile, and with external fins

o improve the external heat transfer. The optimal contact of the
ns with the test tube was ensured by a thin copper foil rolled

round the tube, except in the section upstream of the bed, which
as shielded for insulation. Upstream from the test samples an

dditional cylindrical FeCrAlY foam was loaded, used as a static
ixer to minimize entry length effects and to ensure uniform gas
Fig. 8. Estimates of hw for FeCrAlY and Al-6101 packed foams.

flow and temperature distribution. Both upstream and downstream
the packed (foam) bed, layers of quartz wool 10–20 mm long were
also used so to keep fixed the packed pellets.

During the experiments, carried out heating the oven at different
temperatures (between 200 and 500 ◦C), a highly conductive gas
(99.999 vol% He, kf,NTP = 0.147 Wm−1K−1) and a poorly conductive
gas (99.995 vol% N2, kf,NTP = 0.026 Wm−1K−1) at different flow rates
(10–60 Nlmin−1) were fed at atmospheric pressure to the reactor.
Steady-state axial T-profiles inside the packing and at the pipe skin
were measured with a resolution of 5 mm. Each temperature profile
was taken twice during each run to check its reproducibility, cor-
responding to a local variation of less than 1 ◦C between the two
measurements in the same point.

More details on the experimental apparatus and methods, as
well as more details on the experimental errors associated with the
temperature measurements, can be found in our previous papers
[3,15].

2.3. Mathematical analysis of the experimental data

Following the approach already presented in [3,15], a
classical steady-state non-reactive 2D two-parameters pseudo-
homogeneous model (Eqs. (3)–(5)) was used to analyse the results:

Enthalpy balance

�vĉp∂T/∂x = ke,ax∂2
T/∂x2 + ke,r

(
∂2

T/∂r2 + 1/r∂T/∂r
)

(3)

Boundary conditions

ke,ax∂T/∂x = �vĉp (T (0, r) − T−∞) @x = 0; ∂T/∂x = 0@x = L; (4)

∂T/∂r = 0@r = 0; ke,r∂T/∂r = hw (Tw (x) − T (x, R)) @r = D/2; (5)

The three model parameters, i.e. the effective axial and radial
thermal conductivities of the bed (ke,ax and ke,r) and the wall heat
transfer coefficient (hw), were estimated in each experiment by
fitting the experimental T-profiles. In order to reduce statistical
correlation between parameter estimates, based on the results of
a previous study [3], ke,r was constrained to be greater than the
contribution associated with static conduction through the solid
connected matrix. This latter was calculated according to the Lem-
lich correlation (Eq. (1)).In all the experiments, the effective axial
conductivity was found to have a minor effect on the heat trans-
fer properties. Accordingly, in the following the discussion will be
focused on the values of the effective radial conductivity and of the
wall heat transfer coefficient.

In order to enable a direct comparison of the heat transfer
performances of the different packings, the overall heat transfer

coefficient, U, was also calculated as shown in Eq. (6) [17].

1/U = 1/hw + D/ (6.13ke,r) (6)
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. Results

.1. Random packed-bed

.1.1. Measured temperature profiles
In Fig. 2, some of the axial temperature profiles measured in

he packed bed center-line during experiments with He and N2
ed at different flow rates and with the thermostatic chamber set
t 400 ◦C are shown as examples. Temperatures are plotted in a
imensionless form, T*(x), calculated according to the following
xpression:

∗ (x) = (T (x) − T (0)) / (TW (x) − T (0)) (7)

hich corresponds to the normalized ratio of the actual tempera-
ure increase to the total available driving force.

Fig. 2(a) and (b) show that the higher the thermal conductivity
f the flowing gas, the faster is its heating rate and the higher its
verage temperature at a given volumetric flow rate. As a matter of
act, T* at the reactor outlet measured in the test with 15 Nl/min of
e is almost twice that measured in the test with 15 Nl/min of N2.
long similar lines, Fig. 2(a) and (b) show that the higher is the gas
ow rate, the lower is the gas heating at given flowing gas.

Notably, the different flowing heat capacities (i.e. the products
f the gas flowrates and their molar specific heats) cannot explain
he observed differences in the heating profiles of N2 and He. This is
ell evident when comparing, for example, the temperature pro-
le measured with 20 Nl/min of N2 (Fig. 2(a)) with that measured
ith 30 Nl/min of He (Fig. 2(b)). Regardless the similar flowing heat

apacities, the temperature profile on the packed bed axis dur-
ng the experiment with He is significantly above that obtained
y feeding N2. This clearly proves that the thermal conductivity of
he gas phase largely affects the heat transfer in a packed bed of

icro-pellets as already reported in the literature [18–20].

.2. Packed-foams

.2.1. Measured temperature profiles
In Fig. 3(a) and (b) the axial temperature profiles measured at

ifferent radial positions in two packed foams, obtained by loading
.3 mm Al2O3 pellets within the FeCrAlY and the Al-6101 foams,
re shown. Data refer to an experiment carried out with 60 Nl/min
f N2 and the thermostatic chamber set at 400 ◦C. Two main dif-
erences are observed when comparing the two figures. First, the
verage temperature within the bed in the experiment carried out
ith the Al-6101 foam is much higher than that measured with

he FeCrAlY foam. Second, the radial temperature profile within
he Al-6101 packed foam is flatter than that obtained within the
eCrAlY packed foam. Considering that the two foams have very
imilar void fractions and that there are no differences between the
wo packed-beds filling the foams, observed differences in terms
f temperature profiles can be attributed uniquely to the different
hermal conductivity of the structured substrate, that in the case of
he Al-6101 foam is about one order of magnitude higher than in
he case of the FeCrAlY foam. Accordingly, we can conclude that, in
ine with the results obtained with bare foams [3], the adoption of
highly conductive structured substrate can significantly improve

he radial heat transfer rate within a tubular reactor, thus making
he radial temperature profile flatter.

In order to better evidence the contributions of the packing to
he radial heat transfer of packed foams, in Fig. 4(a),(b) dimen-
ionless temperature profiles measured at the centerline with the
l-6101 packed foam at different N2 flowrates (15 and 35 Nl/min)

re compared with those obtained at equal flowrates with the same
oam loaded in the reactor without the packing (BF: bare foam) and
ith the packed bed (PB). It is evident that the use of the conduc-

ive internal significantly improves the heating rate of the flowing
gas. Actually also the bare foam exhibits superior heat transfer per-
formances than the packed bed and a synergy is evident when
combining foam and particles, the packed foam showing the maxi-
mum heating rate. On the other hand when using poorly conductive
FeCrAlY foams, the heat transfer performances of the bare foam are
comparable to those of the packed bed (Fig. 5(a),(b)). However also
in this case the packed foam exhibits a synergetic effect, the gas
heating rate being significantly higher than that observed for both
BF and PB.

Fig. 6(a) shows the results of heat transfer experiments carried
out with the FeCrAlY packed foam fed with He and N2 at flow rates
modulated so as to have a constant flowing heat capacity. A similar
plot is presented in Fig. 6(b) for the Al-6101 packed foam. These
results evidence that, for both low conductive and highly conduc-
tive foams, the higher is the fluid thermal conductivity, the more
effective is the radial heat transfer. Indeed, experiments carried out
with He grant a faster increase of dimensionless temperature at the
tube centerline.

It is worth noticing in this regard that the fluid thermal con-
ductivity is known to affect the wall heat transfer coefficient in the
case of bare foams [15,21], as well as the radial effective conduc-
tivity and the wall heat transfer coefficient in the case of packed
beds [18–20]. Accordingly a quantitative analysis of the experi-
mental data with the heat transfer model is needed to distinguish
which of the kf-dependent parameters are controlling the overall
heat transfer rates in the packed foam.

3.2.2. Estimates of heat transfer parameters
3.2.2.1. Effective radial conductivity. In Fig. 7, the estimates of the
effective radial conductivity obtained by regression of tempera-
ture profiles measured in each experiment carried out with packed
FeCrAlY and Al-6101 foams are plotted as a function of the Reynolds
number, Redp, defined using the particle diameter (dp) as the
characteristic length. The contribution to the radial effective con-
ductivity given by the conduction within the structured substrate,
estimated according to the Lemlich equation (Eq. (1)), is also plotted
for comparison purposes.

The ke,r estimates shown in Fig. 7 clearly evidence that the effec-
tive radial conductivity of packed foams strongly depends on the
thermal conductivity of the solid phase, the values of ke,r obtained
for the highly conductive Al-6101 foam being one order of magni-
tude higher than those estimated for the less conductive FeCrAlY
foam, when tests are performed with N2 flowing gas. On the con-
trary, regardless the thermal conductivity of the foam substrate,
the effective radial conductivity of packed foams does not signifi-
cantly depend on flow rate, at least in the investigated range of low
Reynolds number (Redp = 0-25). Along similar lines, a high thermal
conductivity of the fluid phase does not bring appreciable bene-
fits to the effective radial conductivity of packed foams made with
highly conductive substrates. In fact, the estimates of ke,r in the
tests with He are indeed substantially undistinguishable from the
estimates in the tests with N2 in the case of the highly conduc-
tive Al-6101 foam. This is not the case of packed foams with a less
conductive substrate. Estimates of the effective radial conductivity
deriving from tests with the packed FeCrAlY foam, indeed, show
that the adoption of a highly conductive gas (He) can double the
effective radial conductivity with respect to those obtained in tests
with a low conductive gas (N2).

Interestingly, ke,r predicted by the Lemlich law (Eq. (1)) are
well in line with the estimates of ke,r for the highly conductive Al-
6101 packed foam and the less conductive FeCrAlY packed foam
fed with a low conductive gas. These results unequivocally demon-

strate that, exactly like in bare open-cell foams [3], solid conduction
within the structured substrate controls the effective radial con-
ductivity of highly conductive packed-foams. Solid conduction is
also the dominant contribution to effective radial conductivity in



and theoretical predictions with the equation for packed beds proposed in Ref. [19].
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Fig. 9. Nuw, vs. Redp for packed foams. Comparison between estimated values

he case of low conductive foams, fed with a low conductive fluid
s N2. In this case, however, the adoption of a highly conductive
uid can give an appreciable additional contribution to the effec-
ive radial conductivity, possibly via mechanisms associated with
he flow through the packed particles.

.2.2.2. Wall heat transfer coefficient. In Fig. 8, the estimates of
he wall heat transfer coefficient are plotted against the particle
eynolds number, Redp. No significant effect of the foam type is
bserved. On the contrary, a major effect of the gas type is evi-
ent, the hw values obtained in tests with He being close to 1000
m−2K−1, i.e. much higher than those obtained in N2 tests, which

re always below 400 Wm−2K−1, despite Redp for N2 is higher than
edp for He. This is expected since it has been reported that the
all heat transfer coefficient strongly depends on the gas fluid con-
uctivity kf, for both packed beds [18,19] and bare foams [15,21].
stimates of hw from He tests are quite dispersed, possibly due
o the relatively low sensitivity of the overall heat transfer resis-
ance on the wall coefficient when using He as flowing gas. On the
ther hand estimates from N2 data show a positive trend on increas-
ng Redp suggesting a possible role of the convective contribution
haracteristics of packed beds.

To better clarify this point Nusselt numbers, Nuw,dp, defined
ith the particle size diameter as the characteristic length, have

een calculated from hw estimates and compared with the predic-
ions of the correlation proposed by Specchia and coworkers for
acked bed of pellets [19]:

Nuw,dp = hwdp/kf = 2εPB + (1 − εPB) /

(
0.0024

(
D/dp

)1.58
+ kf /3ks

)
+0.0835Re0.91

dp
(8)

As shown in Fig. 9 our estimates well match the predictions of
he literature correlation, in fact most of our points deviate less than
35% from the latter. This suggests that packed foams behave as
acked bed of pellets at the bed-wall boundary, taking advantage
f the contribution of local convective mixing to reduce the heat
ransfer resistance at the wall.

Such a result may have a dramatic impact on the design of con-
uctive foams as internals for catalytic reactors, because it suggests
hat the heat transfer in packed foams would not be limited by the
ack of intimate contact or the close proximity of the foam with the
ube wall, which on the contrary has been shown to have a major
ffect on the performances of bare foams [21–23].

The above results can be summarized by the simplified scheme
n Fig. 10 depicting the heat transfer in packed foams according
o an electrical analogy. Here, the overall resistance between the

enterline and the wall is schematically represented as an in series
ombination of in parallel resistances, namely the internal resis-
ance of the bare foam in parallel with the bulk resistance of the
acked bed (RBF

bulk
and RPB

bulk
), followed by the wall resistance of
Fig. 10. Circuit of equivalent resistances used to describe the heat transfer mecha-
nisms within packed foams.

the bare foam in parallel with that of the packed bed (RBF
wall

and
RPB

wall
). Of course, the real situation is more complex, as each one of

such resistances actually summarizes a number of contributions
from different transport mechanisms, including e.g. convective
heat transfer, conduction through the contact between particles
and between particles and foam struts, and radiation in the case of
RBF

bulk
. As previously discussed, at the low Reynolds numbers (Redp

and Redc) herein investigated highly conductive foam internals pro-
vide a preferential path to radial heat dissipation via the connected
solid structure of the foam

(
RBF

bulk
� RPB

bulk

)
. On the other hand, at

the boundary between bed and tube the local convective mixing
and the distributed contact associated with the small packed parti-
cles may guarantee a low-resistance heat transport path even in the
presence of a loose contact between foam and tube

(
RPB

wall
� RBF

wall

)
.

3.3. Comparison of heat transfer in packed-foams, packed-beds
and open-cell foams

To complete the assessment of the heat transfer performances
of packed-foams we have compared the performances of this pack-
ing with those of more conventional packed-beds and open-cell
foams. To this scope the overall heat transfer coefficients, U, were
calculated for each bed configuration using Eq. (6), considering both
FeCrAlY and Al-6101 foams, and estimates of ke,r and hw obtained
with both N2 and He flows. Results are reported in Fig. 11(a) and
(b), where lines connect groups of points obtained at different flow
rates and oven temperatures with the three packing configura-
tions (PB, BF and PF) in the case of FeCrAlY (Fig. 11(a)) and Al-6101
(Fig. 11(b)) internals.

At the relatively low flow rates herein investigated, which cor-
respond to very low Redp due to the small size of the particles

used for packing purposes, heat transfer in packed beds is rather
poor with overall heat transfer coefficients of about 50 Wm−2 K−1

and 100 Wm−2 K−1 obtained when using N2 and He, respectively.
Insertion of the poorly conductive FeCrAlY foam (Fig. 11(a)), which
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ig. 11. Heat transfer performances of different packings: packed foams vs bare fo
een calculated starting from data reported in Refs. [3,15].

n the bare configuration is characterized by U values compara-
le with those of packed bed, results in a small improvement in
he packed foam configuration. On the other hand the use of highly
onductive Al-6101 foam internals greatly enhances the heat trans-
er rate (Fig. 11(b)). Just by using the Al bare foams overall heat
ransfer coefficients of about 100 Wm−2 K−1 and 400 Wm−2 K−1 are
btained when flowing N2 and He, respectively. The packed foam
onfiguration allows for a further improvement, especially when
sing the low conductive gas (N2). In this case the dominant resis-
ance is at the foam-wall interface, and it is markedly reduced by the
resence of the packed particles resulting in an overall heat trans-
er coefficient of 200 Wm−2 K−1. A smaller but significant effect is
lso evident when using He. In this case the wall heat transfer coef-
cient is still increased by using the packed foam configuration,
ut its impact on the overall heat transfer coefficient is lower due
o the high conductivity of He, which guarantees low resistance at
he wall also in the case of bare foams.

. Conclusions

Highly conductive packed-foams have been recently claimed by
ur group as an innovative solution to increase the catalyst inven-
ory in structured tubular reactors, while granting at the same time
nhanced heat transfer performances within the reactor. This is
f particular interest in view of intensifying non-adiabatic reac-
ors running reactions under total or partial kinetic control, which
ften require catalyst inventories much higher than those feasi-
le with washcoated open-cell foams. Indeed the catalyst amount
hich can be packed in an open-cell foam is much greater than

he amount which can be loaded by washcoating the same foam.
n addition, the adoption of packed-foams instead of washcoated
oams would intrinsically solve major issues related to catalyst
oading and unloading in the reactor, as well as the replacement
f the spent active phase. Last but not least, when adopted as
etrofitting technology, packed foams would allow to exploit the
ame pelletized catalysts already operating (possibly modified in
heir size), which are often the result of long and costly develop-

ent work, and which have properties well-tailored to the specific

rocess needs.

In this work we have preliminarily assessed the heat transfer
roperties of conductive packed-foams loaded with micro-pellets
ith the appropriate size. By comparing the performances of
s packed bed. (a) FeCrAlY foam, (b) Al-6101 foam. Values of U for bare foams have

packed-foams with those of the corresponding bare foams and the
corresponding packed-bed tested at the same process conditions,
we have demonstrated that packed-foams can synergically com-
bine the different heat transfer mechanisms of packed bed of pellets
and highly conductive open cell foams. This allows to exploit the
most effective heat transfer mechanism available, i.e. conduction
within the highly conductive structured substrate in the bulk of the
bed and local convective mixing of the packed bed at the boundary
between bed and tube wall. According to this rationale, the overall
heat transfer coefficients largely exceeding those reported in this
work can be achieved by an optimized design of the packed bed
and metallic foam system, including e.g. the adoption of conductive
foam matrices with greater relative densities and their operation
at higher Reynolds numbers.

Notably, the presence of small pellets packed into a struc-
tured foam results in increased pressure drops, which may become
unsustainable in the case of long reactor tubes. This can be partic-
ularly critical if fouling or carbon deposition occur under reaction
conditions. For this reason, packed foam reactors are particularly
interesting for compact scale applications (i.e. short tubes) where
process intensification means finding the best trade-off between
catalyst hold-up, heat transfer and pressure drop.
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