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Heat management poses severe constraints when designing non-adiabatic multi-tubular packed-bed reactors for
strongly exothermic or endothermic catalytic processes. The exploitation of conduction in the solid matrix of
engineered continuous internals (e.g., honeycomb monoliths, open-cell foams, periodic open-cell structures) as a
heat transfer mechanism alternative, or possibly additional, to fluid-phase convection, is a promising strategy to
relax some of these constraints, offering new opportunities for the intensification of catalytic reactors. Pre-
liminary experimental data and modelling studies show that this is particularly true for compact-scale appli-
cations, when conductive internals are packed with catalyst micro-pellets. In this work, through pilot-scale
testing, we show that overall heat transfer coefficients as high as 1300 W/m?/K can be achieved in periodic open-
cell structures (POCS) made of a highly conductive aluminium alloy, 3D printed with an external continuous skin
and packed with 300-400 pm catalyst micro-pellets. To this aim, a Fischer-Tropsch experimental campaign has
been carried out in a pilot-scale rig, using an established 20 wt% Co/Alz03 catalyst formulation and a tubular
reactor (28.80 mm I.D., 20 cm catalyst bed length) externally cooled with an isothermal diathermic oil. Thanks to
the outstanding heat transfer properties of the packed-POCS reactor, by progressively increasing the oil tem-
perature from 180 °C to 225 °C, once-through CO conversions as high as 70 % have been measured at gas hourly
space velocities exceeding 4000 cms(STP)/h/gcat, resulting in Cs+ yields in excess of 0.35 g/h/gcat, With a CHy
selectivity always below 15 %. Such performances, made possible by the intensified heat management granted by
the adopted reactor internals, are among the best ever reported for a compact-scale Fischer-Tropsch tubular
reactor.

1. Introduction intrinsically limited by slow heat removal/supply, it is not surprising

that major efforts have been devoted in the process industry to intensify

Process intensification is one of the 21st century keywords of het-
erogeneous catalysis and chemical engineering. After a century mostly
dedicated to the development of novel chemical processes, often relying
on solid catalysts to synthesize new molecules, in the last 20 years
attention has been devoted indeed to optimize existing processes in
order to substantially increase their atomic and energy efficiency, while
reducing their cost and environmental impact.

Considering that the main industrial heterogeneous catalytic re-
actions for energy conversion (e.g. steam methane reforming, hydro-
genation and dehydrogenation processes) and chemicals production (e.
g. selective oxidations) are carried out in fixed-bed tubular reactors
loaded with randomly packed catalyst pellets, whose operation is

* Corresponding author.
E-mail address: enrico.tronconi@polimi.it (E. Tronconi).

https://doi.org/10.1016/j.cej.2023.148469

catalytic reactors for non-adiabatic processes [1,2].

As pointed out in [3], after a tremendously successful commercial
application to the control of automotive and power stations emissions in
the 1980s, starting in the mid-90s’ [4], structured catalysts have been
proposed as a potential alternative to packed-bed reactors also in the
process industry [5]. In these catalysts, the active phase material was no
longer dispersed on pelletized supports, but rather washcoated onto a
spatially structured substrate pre-shaped in the form of monolithic
honeycombs [6,7]. The idea was that of exploiting the high void frac-
tions of such substrates, combined with the laminar flow prevailing in
their parallel channels, to enable substantial reduction of the pressure
drop with respect to conventional packed beds of catalyst pellets. Also,
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the large geometrical surface areas and the thin catalyst layers were
considered novel strategies to diminish mass transfer limitations.

In spite of these premises, the success of structured catalysts was
limited in the first decade of ‘00s [3] due to: (i) the modest inventory of
catalytically active phase in a washcoated catalyst, which is critical for
the reactions under kinetic control usually met in processes for chem-
icals production or energy conversion; (ii) the insulating behaviour of
the honeycomb monolith substrates available on the market, which
severely limits the control of temperature in non-adiabatic catalytic
processes.

In 2004, some of us, in collaboration with Corning [8], showed that
the thermal management issue can be solved, and even made much more
effective than in packed-beds, by using highly thermally conductive
structured substrates, such as honeycomb monoliths made of aluminium
alloys. Under these circumstances, indeed, solid phase conduction can
be even more effective than gas phase convection. Still, however,
structured reactors were strongly limited by the low catalyst inventory
in the reactor [9,10]. The situation did not significantly change when
highly-conductive open-cell foams were proposed as an alternative to
honeycombs, despite the higher specific surface granted by this inno-
vative structured substrate [11,12].

Due to the aforementioned limits of multitubular packed-bed re-
actors — pushed by the strong demand of process intensification —
alternative solutions were proposed starting from year 2000, based on
the adoption of microchannel catalytic reactors [13-15]. New com-
panies such as Velocys and CompactGTL were created to deploy such
technologies.

Things for multitubular reactors changed when the adoption of
highly conductive structured inserts, packed with catalyst micro-pellets,
was proposed for compact-scale non-adiabatic processes [16,17].
Following a decade during which washcoating was considered the only
method to exploit structured substrates in catalysis, in 2010 we claimed
in fact that packing the catalyst within highly conductive structured
honeycomb monoliths was an effective strategy to maximize both the
inventory of catalyst in the reactor and the effective thermal conduc-
tivity, while allowing, at the same time to retain: (i) the typical pellet-
ized catalyst design; (ii) the established packed configuration of tubular
reactors; and (iii) the conventional industrial procedures for catalyst
loading and unloading. According to this concept, the highly conductive
monolith is no more a substrate for the catalyst, but becomes a
conductive structured reactor internal, inside which a bed of micro-
pellets is randomly packed.

Starting in the same years, other research groups proposed different
solutions, such as conductive microfibrous structures [18,19,2], knitted
wires, open-cell foams, cross flow structures [20,21] and cooling inserts
[22] as alternatives to conductive honeycomb monoliths. Some of these
solutions have been studied by our group as well. In particular, starting
from 2015, the concept of packed structured reactors was extended to
cellular materials with interconnected cavities, i.e. open-cell foams, OCF
[23], and periodic-open-cell-structures, POCS [24]. For both these
cellular structures, some of us have theoretically shown and experi-
mentally demonstrated [25,26] that the heat transfer takes advantage of
both the conduction within the 3D continuous structure, which is a heat
transfer mechanism dominating in the bulk of the bed, and the con-
vection in the catalyst bed packed in the open cells, which plays a key
role at the boundary between bed and tube wall.

POCS, proposed for the first time in 2011 [27] with the name “pe-
riodic open-cell foams” and then re-named as “periodic open-cell
structures” [28], were found particularly promising. In fact, POCS can
be engineered and tailored by Computer-Aided Design (CAD) techniques
and then fabricated by modern additive manufacturing methods such as
3D printing [29], overcoming some drawbacks associated with the OCF
manufacturing processes, which do not allow a fine control of the ge-
ometry. Among the tailored properties of POCS, the uniform strut shape,
the tuneable void fraction/relative density, the engineered morphology
(3D geometry of the unit cell, isotropy vs. anisotropy, etc.) and the

Chemical Engineering Journal 481 (2024) 148469

possibility to use many different manufacturing materials [30], are most
important.

Notably, many of the aforementioned structured reactor technolo-
gies have been developed specifically for the low-temperature Fischer-
Tropsch synthesis (FTS), a strongly exothermic catalytic reaction where
a 2/1 mixture of Hp and CO (synthesis gas) is converted into long chain
hydrocarbons (-(CHz)-) over a cobalt-based catalyst (Eq. (1)):

nCO +2nHy—~ — (CHy), — +nH,0  AHy = —167kJ /mol @
In this reaction, heat management is particularly critical since it strongly
affects the reaction rate (the kinetics has a very high activation energy
[31-33]), the reaction selectivity (which shifts towards the undesired
low molecular weight species at high temperatures [34]), as well as the
catalyst stability [21].

In 2018, using a laboratory-scale tubular reactor loaded with a
packed-foam or with a packed-bed with the same catalyst density
(catalyst mass per unit reactor volume), through comparative testing,
some of us have shown [35] that a conductive packed-OCF made of 6000
series aluminium-alloy allows to run the FTS at CO conversion levels and
heat duties which are not accessible using the a conventional randomly
packed-bed. Due to the simplicity of the adopted setup, however, no
quantitative information could be derived on the enhancement of the
overall heat transfer coefficient granted by the presence of the conduc-
tive foams in the reactor. Nevertheless, we were able to show that the
improved performances measured in the presence of the Al-foam were
not simply due to the presence of some metallic diluent in the reactor,
but were due to the continuity of the metal struts transferring heat in the
radial direction of the reactor [36].

A couple of years later, using the same laboratory plant, the perfor-
mances of the packed-OCF have been then compared to those of a
packed-POCS with a similar relative density and made of a very similar
Al-alloy [24]. Through a direct comparison, we have shown that packed-
POCS further enhances the heat transfer: this has been ascribed to the
regular and more controlled geometry of the POCS structure, which was
specifically engineered to intensify the internal thermal conductivity,
and to the improved contact of the 3D-printed structure with the reactor
wall, which governs the wall heat transfer coefficient. Again, however,
no quantitative indication on the overall heat transfer coefficient were
derived, due to limitations in the experimental setup which did not
enable an accurate control of the reactor wall temperature.

To further boost the performances of the packed-POCS, very recently
we have designed, manufactured and tested two POCS made of the same
Al-alloy and with the same geometry (cell type and size, relative den-
sity), the only difference being the presence of a continuous metal “skin”
on the outer surface of the two POCS [37]. Experiments at the lab scale
have shown that the skin results in a limited loss of catalyst inventory,
while granting a better thermal contact with the reactor walls, a greater
mechanical resistance and the possibility to load or offload the POCS
with the catalyst in the reactor tubes like a cartridge.

To gain quantitative information on the overall heat transfer co-
efficients in packed tubular reactors loaded with highly conductive
POCS with skin, while demonstrating at higher technology readiness
level (TRL) the possibility to operate compact scale tubular reactors for
the Fischer-Tropsch synthesis based on this technology, in this work
packed-POCS with skin, loaded with Co/y-Al;O3 micropellets, have been
tested in a fully instrumented pilot-scale tubular reactor, externally
cooled with diathermic oil. We show that the adopted configuration
grants exceptional overall heat transfer coefficients, paving the way to
the development of compact multi-tubular reactors for the Fischer-
Tropsch synthesis (and for other non-adiabatic catalytic process)
which are unfeasible with the current technologies.
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2. Experimental
2.1. Structured internals

POCS with solid struts made of AlSi;pMg alloy (composition:
88.55-90.80 wt% Al, 9-11 wt% Si, 0.2-0.45 wt% Mg, bulk thermal
conductivity = 150 W/m/K), manufactured by AIDRO S.r.L. (Italy)
using a Renishaw AM250 3D printer exploiting the Selective Laser
Melting technology, were tested (Fig. 1). The customized POCS geom-
etry, engineered in our laboratories and designed with the OpenSCAD
free software by repeating the unit cell in all spatial dimensions, is
characterized by diamond cells with a nominal diameter (dc, defined as
reported in [38]) of 3.00 mm, with struts (circular cross section) 0.70
mm thick (dg), forming a cellular material with a 27.00 mm nominal
outer diameter (od). Notably, as reported in [38], once two geometrical
parameters of the POCS are defined (d¢ and ds in this case), the other
four geometrical parameters of the POCS, namely, the strut length, the
surface area, the porosity (or its complement, the relative density), and
the mean window diameter (dy), are set.

An outer metallic “skin” with a 0.90 mm nominal thickness (tos) was
printed on the periphery of the cellular structure, resulting, after pol-
ishing the 3D printed sample to increase the smoothness of the outer
surface, in cylindric “POCS with skin” samples 99 mm long (L) and with
a targeted outer diameter (OD) of 28.80 mm.

The POCS with skin samples were designed to include one axial
through hole of 3.20 mm diameter (ID) along the centerline, allowing for
the tight insertion of a stainless steel thermowell (with nominal outer
diameter of 3.20 mm) protecting a sliding E-type multipoint (5 points)
thermocouple for the measurement of the axial temperature profiles
during the Fischer-Tropsch runs (cf. Section 2.2). To facilitate the 3D
printing of the POCS with the central hole, as well as the thermowell
insertion along the centerline of the POCS, an additional “internal skin”
with a nominal thickness (tig) of 0.40 mm was printed between the
central hole and the cellular structure.

The actual sizes of the POCS sample loaded in the reactor for the FTS
runs were measured with a digital disk micrometer (Rupac model
2393050) and using images collected by a scanning electron microscope
(SEM, Carl Zeiss Evo 50 EP). The volume of the tested POCS sample
occupied by the metal struts (Vygr) was measured immersing the POCS

Fig. 1. (a) top view and (b) perspective view of the adopted POCS with skin,
after the external polishing treatment.
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sample in a cylinder filled with acetone and observing the level increase
(acetone displacement experiments).

2.2. Reactor

Two bare samples of POCS with skin (each 99.00 mm long) were
loaded in a 316L stainless steel jacketed tubular reactor with an internal
diameter (IDg) of 28.80 mm (+0.05 mm, measured by a Carl Zeiss
Accura II 3D coordinate measuring machine), obtained by reboring, a
total length of 871 mm and a jacket opening of 4.68 mm, Fig. 2(a). The
reactor, cooled with diathermic oil (Julabo Thermal H350) flowing
counter-currently with respect to the reacting mixture, was operated
downflow. Once loaded in the reactor, the POCS samples were fully
filled with the Co/Al,O3 catalyst.

As shown in Fig. 2(b), the reactor was designed so to allow the
loading of two POCS in its central part and the monitoring of the reactor
skin temperature in correspondence to the inlet (z = 0 mm), the outlet (z
= 200 mm) and along the entire length of the bed with a spatial reso-
lution of 50 mm (z = 50, 100, 150 mm). To this aim, the reactor was
equipped with 5 thermowells (1/4 in. O.D.) radially inserted in the
jacket and welded on the tube skin (Fig. 2(c)). Within each thermowell,
single point E-type thermocouples (1.00 mm O.D.) were installed, with
the hot-joint located on the tip and the tip positioned at the very end of
the thermowell. Two radial thermowells (1/4 in. O.D.) were also
installed at z = —70 mm and z = 270 mm to measure the temperature of
the diathermic oil flowing in the jacket upstream and downstream the
catalyst bed (Fig. 2(d)). To the scope, two Pt100 thermoresistors were
used.

A 316 L stainless steel thermowell (3.2 mm I.D., 0.25 mm thickness)
crosses the entire length of the reactor along its centerline, allowing a
multipoint E-type thermocouple (1.8 mm O.D.) to measure the tem-
perature in the hottest point of the reactor. The adopted thermocouple
was designed so to have the 5 hot-joints at axial positions corresponding
to the position of the 5 thermowells used to read the skin temperature of
the reactor. Through a fully-automated electrical actuator, this ther-
mocouple can be slided vertically (+75 mm) in order to record the
temperature profile of the catalytic bed with a 1 mm resolution.

The size of the reactor jacket, as well as the specification of the pump
feeding the oil into the jacket, were selected so to ensure an external heat
transfer coefficient in excess of 5 kW/m?/K. This minimizes the heat
transfer resistances between the tube wall and the coolant. Also, the
pilot-plant engineering was done to allow a maximum temperature
variation of the diathermic oil temperature below 0.5 °C, also granting a
maximum deviation of the temperature of the diathermic oil within +
0.1 °C from the setpoint value.

2.3. Pilot-plant configuration

The adopted pilot-plant, whose Front End Engineering Design
(FEED) has been carried out within our group at Politecnico di Milano
and the detailed Engineering, Procurement and Construction (EPC) by
Process Integral Development Eng&Tech S.L. (a Micromeritics Com-
pany), is constituted by four sections: (i) gas feed; (ii) reaction; (iii)
condensable product separation; (iv) on-line analysis of incondensable
products.

The gas feed section consists of four different gas lines which feed
nitrogen, hydrogen, carbon monoxide and a mixture of argon and oxy-
gen (for catalyst post-run passivation) to the process. On each line, the
same common elements are installed, including a filter, a pressure
regulator, a mass flow controller, two actuated valves to open/close the
feed line and isolate the mass flow controller, and a check valve. The CO
line also has a carbonyl trap (filled with a 12 wt% K/y-Al,O3 sorbent in
trilobe shape and kept at 160 °C) to reduce iron carbonyls possibly
present in CO to a concentration below 1 ppm, thus preventing the
catalyst poisoning. After the feed gas mixing, the Ho/CO/Ny mixture
goes through a molecular sieve (13X type) trap, which retains particles
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Fig. 2. (a) jacketed reactor — isometric projection; (b) location of radial thermowells with respect to the catalyst bed; (c) detail of the contact between skin ther-
mowells (a,b,c,d,e) and the reactor wall; (d) detail of the contact between oil thermowells (1 and 2) and the reactor jacket. All the sizes are expressed in mm.

and moisture and acts as a static mixer. Then, this stream goes through
an electric heater, where it is preheated to 180 °C before entering the
reactor.

The reaction products are fed to a first phase separator, heated at
120 °C, through a traced line. In this L/V separator, condensed heavy
hydrocarbons are separated from vaporized middle distillates, low mo-
lecular weight hydrocarbons and unconverted reactants. Through an
automated control loop, the waxes collected in this separator are
continuously evacuated and sent to a 10 L wax storage tank. Vaporized
compounds leaving the L/V separator are cooled down in a shell and
tube heat exchanger (flowing counter-currently to ethylene glycol at
0 °C) and reach a liquid/liquid/vapor three-phase separator, where an
aqueous phase is removed from the bottom, an organic phase from the
centre and light gases from the top. Aqueous and organic phases are
collected in their respective condensate storage tanks, while incon-
densable gases are sent to a back-pressure regulator, followed by a gas
flow meter and totalizer and then vented to the atmosphere.

Samples of the incondensable gases are periodically sent to the on-
line analysis section, where CO and Hj conversions, as well as the light
hydrocarbon selectivity are assessed by on-line gas-chromatography
using an Agilent 8890 refinery gas analyzer. To capture any possible
instability of the catalyst reactivity, the composition of the tail gases was
measured with a frequency of two analyses every hour.

2.4. Catalyst

Experiments were carried out using a 20 wt% cobalt supported
catalyst, purchased from Soluciones Cataliticas IBERCAT S.L. According
to the supplier’s specifications, the catalyst was prepared using y-AloO3
(specific surface area = 250 m2/g, average pore size = 66 A, pore vol-
ume = 0.59 mL/g, nominal particle size (dp,) in the range 300-400 pm,
packing density 650 kg/m®) as support and loading cobalt on the sup-
port in a single impregnation step.

The particle size distribution (PSD) was assessed by both laser
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granulometry using a CILAS 1180 instrument (Compagnie Industrielle
des Lasers, Orléans, France), and the ImageJ software (version 1.53)
analysing a scanning electron microscope (SEM) image taken with a Carl
Zeiss Evo 50 EP instrument. SEM images were used also for the
computation of PSD to confirm the measurements from laser gran-
ulometry analysis, thus preventing possible errors in its determination
caused by agglomeration of catalyst particles during the laser analysis.

Due to the low dp,/dw (vide infra), the catalyst was free-flowing in the
POCS. Accordingly, the reactor was loaded with the two POCS first, and
then the catalyst was poured within the structured internals.

2.5. Activity runs

The capability of the adopted POCS with skin to manage the heat
produced by the strongly exothermic Fischer-Tropsch synthesis was
assessed through experimental runs at different duties (cf. section 2.6),
measuring the axial temperature profiles along the reactor centerline, as
well as the skin temperature of the reactor.

To the scope, FTS runs were carried out at process conditions rele-
vant to industrial operation: oil temperature between 180 and 230 °C,
pressure between 15 and 25 barg, Hy/CO feed ratio of 2.1 mol/mol, 6
mol.% Ny (Sapio, 99.999 mol.%) in the feed and gas hourly space ve-
locities (GHSV) between 3500 and 6000 cm?’(STP)/h/gcat. Changes in
the oil temperature were carried out by setting temperature ramps of
0.03 °C/min so to limit excessive stresses for the catalyst. A full tem-
perature profile of the catalyst bed was collected every 4 h so to verify
the stability of the catalytic reactor.

Before admitting syngas to the reactor, the Co/Aly,O3 catalyst was

Table 1
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reduced in-situ flowing a 3/1 mol/mol mixture (400 NL/h) of H; (Sapio,
99.995 mol.%) and N3 (Sapio, 99.999 mol.%) at 350 °C (heating rate =
3 °C/min from room temperature to 250 °C and 1 °C/min from 250 to
350 °C) and atmospheric pressure for 17 h.

Each run had a duration of at least 500 h, and every condition was
tested for at least 12 h to check the system stability, especially in terms of
sensitivity to the oil temperature. The stability was verified at all the
investigated conditions, as demonstrated by the CO conversion varying
less than 1 % in 12 h on a relative basis, and by the superimposed
temperature profiles.

During the run, the reactor temperature was constantly monitored
through the five readings of the axial multipoint thermocouple, the
readings of the five skin thermocouples and the readings of the two
Pt100 thermoresistors located in the oil jacket.

2.6. Assessment of the material and thermal performances of the
structured reactor

Three Key-Performance Indicators (KPIs) were used to characterize
the FTS reactivity, namely the CO conversion (y.o, Eq. (2)), the CHy4
selectivity (ocua, Eq. (3)) and the Cs + specific yield (Y¢s, Eq. (4)).

ICOZI_F?S/F?O 2
Och4 = F%A/(Figo ’)(C()) 3
Yesi = FEd, /(Wew o L) ()]

Characteristics of the adopted catalyst, reactor, POCS and of the packed-POCS catalyst bed.

Parameter Symbol Unit Spec. Experimental or calculated Note for “Experimental or calculated value™
value
Reactor internal diameter DR mm 28.80 28.80 + 0.05 Measured with 3D coordinate measuring
machine
POCS w/skin outside diameter oD mm 28.80 28.78 £ 0.01 Measured with micrometer
POCS wy/skin inside diameter ID mm 3.20 3.33 £ 0.04 Measured from SEM images
POCS outside diameter excluding the skin od mm 27.00 27.05 £ 0.08 Measured from SEM images
POCS inside diameter including the skin id mm 4.00 3.86 + 0.06 Measured from SEM images
Outer skin thickness tos mm 0.90 0.87 = (OD —od)/2
Inner skin thickness tis mm 0.40 0.27 = (id—ID)/2
POCS length L mm 99.00 99.00 + 0.05 Measured with digital callipers
Cell diameter dc mm 3.00 3.03 + 0.06 Measured from SEM images
Strut diameter ds mm 0.70 0.69 + 0.04 Measured from SEM images
Window diameter dw mm 1.63 1.66 Calculated as reported in [39]
Average pellet diameter dp um 300-400 337 Measured from laser granulometry
POCS wy/skin solid volume VMET cm® - 20+ 2 Measured from acetone displacement
experiments
Relative density of the POCS RDpocs - - 0.31 = Vwmer/(Vop-Vin)*
Void fraction (no packing) € pocs - - 0.69 =1 —RDpocs
Void fraction (no packing) of the cellular structure €s - - 0.78 — epocs (OD2 7[D2) /(odz 7id2)
only?
Relative density of the cellular structure only® RDs - - 0.22 =1-—¢5
Mass (no packing) Mpocs g - 52.57 £ 0.01 Measured with scale
Packed catalyst mass Mcat g - 37.23 £ 0.01 Measured with scale
Packed catalyst density in empty cylinder PCATE g/cm® - 0.94 Measured from catalyst loading experiments
Packed catalyst density inside the POCS Peat g/cm® - 0.67 = Mcar/(Voa —Via)*
Packed catalyst density inside the reactor PCATR g/cm® - 0.58 = Mcar/Vp*
Catalyst pellet density Peatp g/cm® - 1.50 = pcarp/(1-0.3751)
Specific® catalyst loading Wear g/cm - 3.76 = Mcar/L
Speciﬁcb catalyst volume® Vear cm®/ 2.50 = Wear/Pearp
cm
Catalyst volume fractiond 4 - - 0.44 = VearL/(Voa —Via)*
Void fraction (with packing) € p_poCs - - 0.34 =1-RDs —¢&
Packing relative density® RD - - 0.57 = VearL/(es(Voa — Via) )*
PACKING
Packing porosity € PACKING - - 0.43 =1 —RD packing
Window to pellet ratio R - - 4.93 = dw/dp

This value refers to the volume included between the outer and the inner skins. ®per unit length. “volume or “fraction of total volume occupied by the catalyst pellets,
excluding the voids between pellets. “fraction of the void volume in the POCS occupied by the catalyst pellets. *V; (i = OD, ID, od, id, D) is defined as the volumes of the
cylinders with diameter i and length L. 10.375 is the solid fraction of an ideal packed bed of pellets, according to Eq. (10).
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In Egs. (2) to (4), F;ﬁ and F?** are the inlet and the outlet molar flows of
the i-species, respectively. In Eq. (4), W is the specific mass of catalyst
loaded in the reactor and L is the catalyst bed length (cf. Table 1).

The volumetric heat duty (Q.) released at each condition was
calculated according to Eq. (5), where AHJ is the standard reaction
enthalpy (cf. Eq. (1)) and V the volume of the structured catalytic bed.

Qui = —Fgy Yo AHR/V [W/n’] ®)

In the same way, the heat flux (Qs) was computed according to Eq. (6),
normalizing the reaction heat release by the lateral surface area of the
structured catalytic bed (Sy;)-

Q:wf = - FZ‘,() 'ZCO.AHI(;/SI‘” [W/mz} (6)

The overall radial temperature difference (AT,y), defined as the differ-
ence between the average catalyst temperature on the centerline
(Teat,avg) and the average oil temperature (Toy o), Was computed starting
from the temperature readings collected with a 1 mm resolution on the
reactor axis (Eq. (7)).

ATexl = Lcatavg — Loilavg (7)
To this aim, the average temperature on the centerline was computed as
mean average of the temperature measurements collected at axial co-
ordinates (z) between 0 (catalyst bed inlet) and 200 mm (catalyst bed
outlet), while the average oil temperature was computed as the mean
average of the temperature measurements collected in the oil jacket,

upstream (z = —75 mm) and downstream (z = 275 mm) the catalyst bed.
3. Results and discussion
3.1. Catalyst characterization

The particle size distributions (PSD) of the adopted catalyst,
measured by laser granulometry and by software analysis of SEM im-
ages, are shown in Fig. 3(a and b), respectively. According to the laser
granulometry measurement, apart from a minor fraction of particles,
accounting for less than 3 vol% (5 wt%) of the catalyst loaded in the
reactor, which have a diameter centered around 100 pm, particles have
a monomodal PSD centered at a diameter of 337 pm (dp). In particular,

100 40
L35
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L 30
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5 209
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© 401
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more than 84 vol% of the pellets have a diameter between 300 and 400
pm. The PSD obtained from the software analysis of the SEM image
confirms the results from the previous analysis.

3.2. Packed POCS characterization

Table 1 lists the geometrical characteristics of the adopted POCS.
Notably, experimentally measured OD, ID, od, id, tos, tis, L, dc, ds and
dw values are in good agreement with the nominal specifications, con-
firming the flexibility of the 3D printing technology based on selective
laser melting to manufacture engineered structured internals for tubular
reactors.

One of the key-parameters for the POCS is its outside diameter (OD).
This value, in fact, together with the radial effective conductivity, con-
trols the efficiency of the heat transfer between the POCS and the reactor
wall. The average gap between the reactor wall and the POCS, deter-
mined as half of the difference between the reactor inside diameter (IDg)
and the POCS OD, is 10 pm at room temperature. This allowed an easy
loading of the bare POCS with the skin in the reactor. Nevertheless, due
to the differential thermal expansion coefficient of the aluminium alloy
used to manufacture the POCS and the stainless steel used to manufac-
ture the reactor, this gap is likely to be closed at the FTS process con-
ditions, contributing to maximize the heat transfer between the
structured internals and the reactor wall.

The cell and the strut diameters, equal to 3.03 and 0.69 mm
respectively, resulted in the expected value of the void fraction (e pocs,
theor) Of 0.77, computed according to Eq. (8) [39]:

sl 6Y))

3\ 4ds 2 \3° 2
V3
16(@;)

3 2

Such a value well matches the value of 0.78 computed when the POCS
skins are not considered, as shown in Table 1. The corresponding rela-
tive density of the adopted POCS with skin samples (RDpocs) is 0.31.

To completely fill the structured bed, containing 2 POCS, each one
99 mm long, 74.5 g of catalyst are used, corresponding to a catalyst
volume fraction (£) of 0.44 and a residual void fraction (e p.pocs) of 0.34.

In a recent work by some of us [26], it has been shown that the
packing density (e packing) of POCS (without the skin and without a hole
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Fig. 3. Particle size distribution of the adopted catalyst, measured by (a) laser granulometry and (b) software analysis of SEM images. Left y-axis: cumulative volume

distribution; right y-axis: differential number distribution.
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on the centerline), is a function of the ratio (R) between the POCS
window (dw), computed with Eq. (9) starting from the POCS cell (d¢)
and strut (ds) diameters [39], and the catalyst pellet diameter (d,), as
summarized by Eq. (10).

6v3\" (dev3  ds\/3
dy = (22 - ©
b4 4 3
2
e =0.375+0.018 . +0.607 b (10)
PACKING — Y- . dW . dW

For R >5, the porosity data are essentially superimposed to the
asymptotic porosity in packed bed reactors (i.e. 0.375), indicating that
the presence of the POCS does not affect the catalyst packing. On
decreasing R, until reaching the physical limit of R = 1 (below this limit,
no catalyst can be packed in the POCS because the particles are bigger
than the windows), the packing porosity progressively increases ac-
cording to Eq. (10), indicating that some cavities in the POCS remain
partially unfilled.

Using Eq. (10), a packing porosity of 0.41 is estimated in our case,
which is 5 % lower than the value computed experimentally (0.43) and
slightly higher than the asymptotic porosity in packed bed reactors.
Such a value still indicates a very effective packing of the catalyst in the
structured substrate, despite: (a) the additional packing obstacles rep-
resented by the presence of the outer and internal skins in the adopted
POCS samples; (b) the value of R, which in our case is 4.9, i.e., only
slightly below the threshold limit not to be affected by the effect of
packing pellets [26]; (c) the PSD of the adopted catalyst micropellets,
which may bring to packing efficiency somehow different from beds of
pellets with uniform diameter.

3.3. Fischer-Tropsch runs

Fig. 4(a) shows, as a function of the Time-on-Stream (T.o0.S.), the CO
conversion and the CHjy selectivity measured by progressively increasing
the oil temperature from 180 °C to 225 °C, at 25 barg, GHSV = 4000
em3(STP)/h/gcar and Hy/CO = 2.1 mol/mol.

CO conversion varies from less than 3 to over 70 %, quickly reacting
to changes in the oil temperature and remaining stable in the entire
investigated range. The same is true for methane selectivity, which
grows from about 5 % to 10 % in the first 50 h, most probably due to the
well-known catalyst reconstruction (or self-organization) when syngas is
admitted to the reduced Co-catalyst [40-42], and then progressively
grows from 10 % to 15 % upon increasing the oil temperature as typical
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of Co-based FTS catalysts.

The structured reactor quickly reacts also to changes in the GHSV
(Fig. 4(b)), showing the expected decrease of the CO conversion and the
expected minor increase of CHy selectivity upon increasing the space
velocity. Again, the collected data demonstrate the excellent stability of
the catalyst at CO conversions below 75 %, with the CO conversion
starting to decrease with time only at GHSV = 3518 cm®(STP)/h/gcat,
when CO conversions around 80 % were measured. This behaviour can
be justified considering the very high Pys0/Py2 reached at the reactor
outlet [43], which is known to promote the oxidation of the Co? active
sites to inactive CoO or Co3Oj4 species [44,45] and/or to the formation of
FTS inactive cobalt-support mixed spinels [46,47].

Considering the outstanding catalyst stability, which is a first indi-
rect indication of the efficient temperature control in the reactor, and
the temperature sensitivity of the reactant conversion rate (the FTS has
high activation energy, between 90 and 100 kJ/mol [32]) and of the
product distribution [48], the average CO conversion and the average
CH4 and Cs + selectivities in each condition, plotted in Fig. 5 against the
oil temperature, will be used as such and to assess the quality of the heat
transfer.

100
—® Yoo [%]
904 —u— CH, sel [%]
wl v v Cssel [%]
_ V——v—v—Vv  v_
X 70+ ’ MR
>
5 60 :
& 501 4
O 40
- .
3 304 /
8 /
X J
20 - o
o — =
,"r _ 74.7/,,,I"'.
10 -
| ] e L4
0 — T T T T T T T T !

T
175 180 185 190 195 200 205 210 215 220 225 230
Oil Temperature Setpoint [°C]

Fig. 5. CO conversion, CH4 and Cs, selectivity as a function of the oil tem-
perature at GHSV = 4000 cm3(STP)/h/gcat, P = 25 barg, H,/CO = 2.1 mol/mol.
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Fig. 4. CO conversion and CH, selectivity as a function of Time-on-Stream upon varying (a) the oil temperature at GHSV = 4000 cm®(STP)/h/g,; and (b) the GHSV

at Toil = 225 °C. Other process conditions: P = 25 barg, H,/CO = 2.1 mol/mol.
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Notably, while the CO conversion increases exponentially with the
temperature in the whole investigated temperature range, the CHy
selectivity grows linearly up to 215 °C, showing only a weak dependence
on temperature, and then grows slightly more rapidly at higher tem-
perature. The Cs, selectivity mirrors the methane selectivity. As a
consequence, the Cs + yield increases exponentially with temperature
(data not shown), exceeding 0.35 g/h/gcar when the temperature of the
oil was 225 °C. These data follow the trends typically observed during
FTS kinetic measurements, in lab-scale reactors designed to be
isothermal [49].

Fig. 6 shows the temperature profiles measured along the POCS axis
during experiments at To; = 180, 200, 215 and 225 °C, along with the oil
temperature upstream and downstream the catalyst bed and the five skin
temperatures measured at different axial coordinates. Three profiles
collected at each condition in a time span of 4 h are displayed, con-
firming that the catalyst was stable at each investigated conditions.

At each condition, the oil temperatures upstream and downstream
the catalyst bed are coincident, and the wall temperatures measured
along the axial coordinate only slightly deviate from the oil temperature.
These data prove that the heat-transfer on the coolant side is highly
efficient and has a minor impact on the observed temperature profiles in
the catalyst bed. Notably, however, the temperature profiles measured
along the catalyst-bed centerline are flat only at 180 °C (when CO
conversion is about 3 %), but then evolve showing a hot-spot in the
initial part of the catalyst bed.

To investigate this aspect further, Fig. 7(a) shows the effect of
increasing the oil temperature (i.e., increasing CO conversion and heat
duty, Fig. 7(b)) on the relative temperature increase in the reactor (AT

Chemical Engineering Journal 481 (2024) 148469

= Tear — Toilavg), defined at each axial coordinate as the difference be-
tween the catalyst temperature on the reactor centerline and the average
oil temperature.

A modest increase of temperature (<2 °C) is observed in the first 25
mm of the structured catalyst bed when the coolant temperature is
below or equal to 200 °C (CO conversion <10 %), which grows at 215 °C
(CO conversion = 35 %), finally resulting in a marked hot-spot, located
at z = 30 mm, at 225 °C (CO conversion = 70 %). This is due to the
strong exothermicity of the FTS, which results in reaction duties in
excess of 1 MW/m? at the highest investigated CO conversion level.

The shape of the profiles shown in Fig. 7(a) depends on a complex
interplay between the reaction kinetics and the heat-transfer perfor-
mance of the structured reactor. On one hand, in fact, all the profiles, are
characterized by a sudden temperature increase at the catalyst bed inlet,
a hot-spot in the first part of the bed, and then a progressive temperature
decrease along the catalyst bed, which is typical of externally cooled
packed-bed reactors with overall positive order kinetics with respect to
the reactants: this is the case of the FTS [50-52]. Also, the fact that
temperature profiles do not go back to the wall temperature at the
reactor outlet is typical of the FTS kinetics, as the reaction rate is still
significant even at CO conversion levels as high at 70 % (Fig. 8).

On the other hand, however, these profiles — characterized by a
maximum temperature increase (ATp,x) below 12 °C even at volumetric
heat duties (Qyo1) in excess of 1 MW/m? Fig. 7(b)) — are due to the
excellent heat transfer performances of the aluminium POCS with skin,
which, thanks to the high effective radial conductivity and the tight
contact with the tube wall, efficiently transfers the reaction heat from
the catalyst bed to the reactor wall and then to the cooling oil.
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Fig. 6. Temperature profiles, skin temperature and oil temperature measured with an oil temperature set at (a) 180 °C; (b) 200 °C; (c) 215 °C; (d) 225 °C. Other
process conditions: GHSV = 4000 cm®(STP)/h/ga, P = 25 barg, H,/CO = 2.1 mol/mol.
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Fig. 9 shows the correlation between the heat flux (Qgyf, €g. (6)) and
the difference between the average catalyst temperature on the center-
line and the average oil temperature (AT, €q. (7)) in each tested
condition. Even if data have been collected almost doubling the gas
velocity in the reactor between the low GHSV experiments and the high
GHSV test, the experimental points are aligned along a single straight
line. This confirms that the overall heat transfer coefficient is dominated
by a flow-independent heat transfer mechanism, e.g. the static contri-
bution to heat transfer from the pellets to the POCS solid lattice, the
conduction within the thermally-connected solid matrix of the POCS
and/or the contact resistance at the POCS skin-tube wall interface.

The slope of the straight line through the origin fitting the data-
points in Fig. 9 provides a conservative estimate of the overall heat
transfer coefficient [24], as it refers to the maximum radial temperature
difference: an outstanding value of ~1300 W/m?%/K is found for the
tested configuration, which is far higher than typical overall heat
transfer coefficients measured in very short packed-bed reactors (20 cm
length).

The outstanding coefficient well explains the ability of the adopted
reactor to manage the FTS with single-pass CO conversions in excess of
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Fig. 9. Estimate of the overall heat transfer coefficient at different GHSV
values. Experimental data collected at P = 25 bar and H,/CO = 2.1 mol/mol,
with the coolant kept at T,y = 180-225 °C.

70 %, while granting an excellent control of the T-sensitive methane
selectivity (always below 15 %) and exceptional catalyst stability even
with a volumetric heat release exceeding 1 MW,/m?.

4. Conclusions

Aiming at maximising the atomic and energy efficiency of chemical
processes, increasing catalyst stability and lifetime, reducing the envi-
ronmental impact and the process footprint and improving the eco-
nomics, one of the most relevant today’s challenges of chemical reaction
and process engineering is the intensification of heat transfer within
catalytic reactors.

In this context, much interest lies in the optimization of compact
non-adiabatic processes limited by the slow heat transfer from/to the
catalyst. The convective mechanism dominating the heat-transfer in
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large-scale tubular packed-bed reactors, in fact, becomes insufficient at
the small scale (i.e. with short reactor tubes and small flowrates per
tube), when the fluid velocities in the reactor are strongly decreased.
Solid-phase heat conduction, in this case, can become game-changing.

In this paper, through Fischer-Tropsch runs carried out in a tailored
pilot-scale plant installed in our labs, we have shown that a very efficient
solution to intensify the heat-transfer in compact multi-tubular reactors
is packing catalyst micro-pellets within highly conductive periodic-
open-cellular-structures with skin. This solution mimics the highly
conductive packed open-cell-foams we have been investigating during
the last few years, but introduces the possibility to optimize the design of
the cellular material, which is now manufactured by 3D printing,
starting from a custom-made engineered model with almost no re-
strictions in terms of design.

In particular, we have demonstrated that exceptional overall heat
transfer coefficients in excess of 1300 W/m?/K can be achieved using a
packed-POCS with skin, allowing to manage the strong exothermicity
and the high temperature sensitivity of the Fischer-Tropsch synthesis,
even in a very short reactor. CO conversion levels in excess of 70 %, with
CHy4 selectivity always below 15 % and Cs specific yields in excess of
0.35 g/h/gcat have been achieved keeping the hotspot temperature rise
below +12 °C from the coolant temperature, thus attenuating the strong
temperature sensitivity typical of fixed-bed FT reactors.

These outstanding performances, among the best ever reported for a
compact scale Fischer-Tropsch tubular reactor to our knowledge, are
granted exclusively by the design of the adopted periodic open cellular
structures, which are made of a highly-conductive aluminium alloy and
are equipped with an external skin to maximise the contact at the
interface between the POCS and the reactor.

The present results pave the way for the development of intensified
multitubular fixed-bed reactor technologies for non-adiabatic applica-
tions at small scale, which are unfeasible today, while providing an
alternative solution to micro-channel reactors which still relies on a
well-established and proven reactor design.

Ongoing work is dedicated to investigating the role of the reactor and
process design parameters in controlling the overall heat transfer per-
formances of FTS tubular reactors. In particular, the relative contribu-
tions of the effective radial conductivity and of the wall heat transfer
coefficient will be assessed, so to optimize the geometry of the POCS,
minimizing its metal content while maximizing the catalyst inventory
and the reactor yield.
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