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Abstract

Exothermic methanation reaction from syngas to synthetic natural gas (SNG) in fixed-bed
reactor suffers from hot-spot formation caused by limited heat transfer area and relatively
poor radial heat transfer of catalyst particle packings. To address this issue, monolithic
catalyst with excellent transport and mechanical properties is under development. In this
contribution, CFD simulations of methanation reaction from syngas to SNG over three types
of 3D-printed monolithic catalysts were performed. The simulation results are in good
agreement with experimental ones. Compared with monolithic catalyst with honeycomb-
shaped straight-channel structure or tetrahedral periodic structure, bio-inspired monolithic
catalyst having the same characteristic of cancellous bone was found to be promising due to
its lower pressure drop, better heat transfer, superior mass transfer and thus higher conversion
of syngas. The mechanism and promising applications of 3D-printing bio-inspired monolithic

catalyst are discussed.

Keywords: 3D-printing, cancellous bone, CFD simulation, methanation reaction, monolithic

catalyst



1. INTRODUCTION

In chemical industry, catalysts are usually packed in reactor in the form of pellets.'
Fixed-bed reactor has excellent mass transfer property and flow pattern close to plug flow.
While the disadvantages of fixed-bed reactor are high flow resistance (pressure drop) and
thermal resistance (poor heat transfer).>® For strong exothermic reactions, such as
methanation reaction from syngas to synthetic natural gas (SNG), high flow resistance and
thermal resistance may lead to the formation of hot-spots in the fixed-bed reactor, resulting in

catalyst deactivation and formation of unexpected byproduct.*

In order to overcome the aforementioned problems, monolithic catalyst is under
development. Monolithic catalyst with honeycomb-shaped straight channels was initially
applied in catalytic oxidation of automotive exhausts.” Honeycomb-type monolithic catalyst
is prepared by extrusion method and widely applied due to the simplicity of preparation
process. Compared to pelleted catalysts in fixed-bed reactor, honeycomb-type monolithic
catalyst reduces the flow resistance effectively.” However, honeycomb-type monolithic
catalyst has similar adverse effect for exothermic reactions due to the absence of radial mass
and heat transfer.® The introduction of tortuous channels into monolithic catalyst is
considered as a solution as such pathways promote radial mass and heat transfer.”’ Therefore,
monolithic catalyst integrated with tortuous channels might be an better alternative to pelleted
catalysts.® The problem of monolithic catalysts with tortuous channels is that it is extremely

difficult to prepare by using conventional extrusion method.

Three-dimensional (3D) printing, also known as additive manufacturing, is a “bottom-

up” layer-by-layer printing technique which can be used to build complex structures that are
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difficult to prepare by using conventional extrusion method.*'*'? The preparation of
monolithic catalysts with complex structures by 3D printing has received much attention in
the past decade.”' Li et al.'® prepared monolithic catalysts with different channel
architectures by the self-sacrifice template method and found that monolithic catalyst with
tetrahedral periodic channel has the highest catalytic activity. Quintanilla et al.'” prepared Fe/
SiC monolithic catalyst by 3D printing and then evaluated its activity and stability in catalytic
wet peroxide oxidation of phenol. Li et al."® prepared a series of ZSM-5 monolithic catalysts
doped with Cr, Cu, Ga, La, Mg, Y, and Zn by 3D-printing and then tested their catalytic
performance in the methanol to olefins reaction. Azuaje et al."” employed the 3D-printing
approach to synthesize a reusable alumina monolithic catalyst, which improved the
conversion in synthesis of bioactive 3,4-dihydropyrimidin-2(1H)-one and 1,4-
dihydropyridine. In the reports mentioned above, the majority of 3D-printed monolithic
catalysts had regular periodic structures. On the contrary, monolithic catalysts with irregular

pore structures received very few attentions.

There are countless irregular pore structures in nature. Among them, cancellous bone has
received extensive attention due to its superior mechanical properties.”*** The multi-scale
porous structure of cancellous bone might be more conducive to mass and heat transfer when
used as a monolithic catalyst.”** The multi-scale porous structure and broad spectra of
curvature of pore surface may show advantages on catalytic activity and hydrodynamics.
Therefore, incorporating the structure of cancellous bone into monolithic catalyst might have

favorable effects on catalytic performance.”*’

In order to prepare a monolithic catalyst having the same characteristic of cancellous



bone, micro X-ray computed tomography (u-CT) can be used. u-CT is commonly employed
for the visualization of plant and animal tissues, which enables 3D reconstruction of irregular
pore structures.”* By combining u-CT with 3D printing, it becomes realistic to prepare a

monolithic catalyst with irregular pore structure.

In the present work, methanation reaction from syngas to SNG over 3D-printed
monolithic catalysts was simulated using CFD. Performances of monolithic catalysts with
different pore structures, i.e., honeycomb-type structure with straight channels, periodic
tetrahedral structure with regular tortuous channels and the structure of cancellous bone with
irregular pores are compared. The aim is to find a porous structure with superior catalytic

activity and interpret the underneath mechanism.

2. METHODOGY

2.1 Preparation of cancellous bone from bovine humerus

Fresh bovine humerus was obtained from local market. A trephine was then used to drill
at the end of the bovine humerus to obtain a cylindrical specimen of cancellous bone with a
diameter of 4 mm and a height of 9 mm. To facilitate the subsequent x-CT scanning, the
specimen was immersed in trichloroethylene for 72 h to degrade and remove the marrow. The

as-prepared specimen of cancellous bone from bovine humerus is shown in Figure la & b.
2.2 u-CT scanning and 3D reconstruction of cancellous bone

The cylindrical specimen of cancellous bone was scanned from one end to another using
a u-CT scanner (SkyScan 1174, Bruker Corporation, Kontich, Belgium) at a voltage of 50 kV
and a current of 800 pA, resulting in a scan resolution of 12 um. A series of images were

obtained to illustrate the structure of each cross section of the specimen (Figure 1c¢ & d). The
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image stack of 701 images in BMP format was imported into Mimics (Materialise, Leuven,
Belgium) for segmentation and creation of the 3D surface geometry. During the segmentation
process, the threshold was in the range of -897 ~ -770. The reconstructed 3D digital model of
cancellous bone was then imported into Geomagic Wrap (3D Systems Corporation, Rock
Hill, South Carolina, USA) to cut a cylindrical 3D model from it. The cylindrical 3D model
initially had a diameter of 4 mm and a height of 2.46 mm. It was enlarged to a diameter of 13
mm and a height of 8§ mm, which was consistent with the size of the monolithic catalyst in
our previous work.'® After that, the enlarged 3D model was subjected to noise reduction and
surface smoothing to obtain an optimized 3D digital model of cancellous bone (marked as
BovBone) in stereolithographic (STL) format, which was used in subsequent CFD
simulations. For comparison, monolithic catalysts used in our previous work'® with
honeycomb-shaped straight-channel structure (marked as Honeycomb) and tetrahedral
periodic structure (marked as Diamond) were also simulated. The morphological parameters
of these monolithic catalysts are summarized in Table 1 and their structure are illustrated

schematically in Figure 2.
2.3 Computational domain

The computational domain and boundary conditions of monolithic catalysts are shown
in Figure 3. To minimize the influence of the boundary conditions, an upstream and a
downstream region were generated at the inlet and outlet of the catalyst respectively.®® The
upstream and downstream region were 5 mm and 15 mm in length respectively. They had the

same diameter as the catalyst, i.e. 13 mm.

The computational domains were then meshed with the commercial software ANSYS



ICEM CFD (ANSYS Inc., US). Tetrahedral grid was chosen to mesh the computational
domains. The generated meshes were imported into ANSYS FLUENT (ANSYS Inc., US) for
the subsequent simulations. To verify whether the above grids meet the calculation
requirements, mesh independent tests were performed.’’ The elements were 2,056,250,
1,668,097, and 1,255,815 for BovBone-, Honeycomb-, and Diamond-types monolithic

catalysts, respectively.
2.4 Governing equations

Full 3D governing equations were applied in all of the simulations to model the behavior
of the Newtonian fluids in this study. All simulations were carried out at steady state.
Gravitational and external body forces, thermal diffusion, and viscous heating were not taken
into consideration in this work.*? For the laminar flow, a set of equations formulated in

Cartesian coordinates with Einstein convention can be written as follows.*

Conservation of mass

where p is density, u; are the Cartesian components of the velocity vector and x; are the
Cartesian coordinates (i = 1, 2, 3).

Conservation of momentum
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where p is pressure, 7; is the stress tensor and is written as
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where 1 is dynamic viscosity and J; the Kronecker delta, which is unity for i =, else zero.*

Conservation of species i

a<pqui)+aji,j:
6xj axj

fori=1,2,...,N, 4)

where Y; is the mass fraction of species i in the mixture, N, is the number of gas phase species

and j;; is the mass flux of the species i in the direction j calculated as

Y. 0X,

1

=g, Piny, )

where X; represents the molar fraction of species i, D;,, is the diffusion coefficient of species i

in the mixture, which is calculated as mass average of the binary diffusion coefficients

. fori=1,2,...,N, (6)

The binary diffusion coefficient D;; are calculated using kinetic theory.** The molar fraction

X; can be written as

1 Y,
Xi= —
Z M (7
where M, is the molar weight of species i.
Conservation of energy
0 (P ujh) 0 6 T
— h, i5—=0 8
ox, 9x,ax Tox Z iy )

where 4 is the thermal conductivity of the gas, T is temperature of the gas, / is the enthalpy of

the gas and is calculated using the mass average of the enthalpy of each species 4, via
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where #; is calculated as

T
ref)+.[ Cp,idT (10)

T

h=h(T

1

where T is reference temperature (298 K). The specific heat capacity at constant pressure of
each species ¢,, is computed from piecewise-polynomial functions.’’ Additionally, viscosity,
thermal conductivity, and the specific heat of the gas mixture are calculated via mixing-law,

which depends on the local composition and temperature.®
The density of the gas mixture p is computed using the ideal gas law to close the

governing equations:

pRT

Né?
> XM, (0
i=1

where R is universal gas constant (8.314 J-mol'-K™).

All the governing equations are solved with the finite-volume commercial software
ANSYS FLUENT.* A second order upwind scheme was applied for the calculation of flow
and energy.’” The coupled scheme was applied for the pressure-velocity coupling. The
simulations were considered complete when the absolute value of residuals for continuity,

energy and the momentum equation all falls below 10,
2.5 Reaction kinetics model

Methanation reaction from syngas to SNG is accompanied by several side reactions, and

the most dominant reaction is*®



CO+3H,=CH,+H,0 A Hg=—206.28 KJ -mol " (12)

For the sake of simplicity, only the aforementioned dominant reaction was taken into
consideration, reaction kinetics of which has been investigated in detail by Kopyscinski et

al.®

0.5

0.5
r:k'Kc '.p.co'PH2 (13)
66

where 7 is reaction rate of syngas methanation, k is reaction rate constant, K is adsorption
constant. The determination of reaction kinetics was carried out over Ni/Al,Os-type catalyst,
which was consistent with the catalyst used in our previous experiments.'® In addition, the
reaction of syngas methanation was performed at temperature ranging from 553 to 633 K,
which were close to the temperature of our previous work (648 K).'® Thus the reaction

kinetics, i.e. Eq. (13) was adopted to simulate syngas methanation in this work.

To describe the diffusion in catalysts, we adopted a pseudo-phase approach by
employing effective transport coefficients.”® The effective transport coefficient depends
mainly on the diffusion resistance within the porous washcoat, and can be expressed by the

effectiveness factor 7
n=tanh (6%) 6 (14)

where @ represents the Thiele modulus.**° For a first order reaction, the Thiele modulus is

calculated as

k
=R/ — 15
¢ D., (15)

where R is the geometric size defined as the volume divided by the surface area of the
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catalyst, k is the reaction rate constant and D is the effective diffusion coefficient in the

washcoat.*!

The chemical reactions at the surface of catalyst are coupled with the species fields via
boundary conditions in Eq. (5).* Under steady-state conditions, the diffusion mass flux of
species i at the interface of gas and washcoat must equal to the consumption or production

rate of such species®!

n-j=R™=npF_ M3 (16)

i cat/ geo i

where

n 1s the outward-pointing unit vector normal to the surface, ; is the diffusion mass

flux in Eq. (6), R is the reaction rate expressed in terms of the mass fraction of species i at

the catalytic surface, §; is the molar net consumption/production rate of species i and Flaygeo 1S

the ratio of active Ni surface area 4., to the geometric surface area A, of the catalyst

F :Acat/Ageo (17)

cat/ geo

The parameter Fieo Was determined experimentally by using CO temperature-programmed
desorption, as reported by Boll et al.** The Feyeeo = 0.18 was used to mimic the 3D-printed

monolithic catalysts used in our previous work.'
2.6 Boundary conditions

The boundary conditions were set as closely as possible to the experimental conditions
in our previous work'® to facilitate a direct comparison between numerical and experimental
results. The composition of syngas at the inlet was H,:CO:N, = 3:1:1 (molar fraction), with

gas flow velocities ranging from 0.00444 to 0.0533 m/s. Due to the relatively slow flow
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velocities, small Reynolds number (R (10) were obtained, indicating a laminar flow. At the
outlet of the computational domain, an outlet pressure condition p,, =1 atm was used. In
addition, no-slip boundary conditions were set at the walls, and the species were set to have

no diffusive flux at the walls.

Heat transfer between the catalysts and the fluid was carried out by forced convection.
The heat transfer coefficient was set to 70 W-m™2-K"', which was a typical value for forced
convection heat transfer.* The temperatures at inlet and outlet of the computational domains
as well as the temperature of the wall which was not involved in the reaction were set to 648
K. The discrete ordinates model was applied to simulate the thermal radiation on the catalyst
surface. The emissivity value in the simulations was assumed to be constant at a value of 0.9.
This assumption simplifies the fact that the emissivity is dependent on the surface condition

and wavelength.*

4. RESULTS AND DISCUSSION

4.1 Model validation

Simulations of methanation from syngas to SNG were carried out over the 3D-printed
monolithic catalysts and the results were compared with experimental ones reported in our
previous work.'® As shown in Table 2, the difference between the simulation and
experimental results of honeycomb-type monolithic catalyst is small in terms of temperature
difference between the inlet and outlet of the catalysts. For diamond-type monolithic catalyst,
however, the simulation results deviate slightly from the experimental results. In terms of the
conversion of CO, the simulation results are found to be in good agreement with the

experimental ones for both monolithic catalysts with periodic structure. Take both the
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temperature difference and conversion of CO into consideration, the simulation results are in

line with the experimental results, indicating that the simulation is reasonable.
4.2 Velocity profiles within 3D-printed monolithic catalysts

The flow fields of gas across three monolithic catalysts are shown in Figure 4. For
honeycomb-type monolithic catalyst, the flow field is very homogeneous due to the uniform
distribution of the straight channels. Similar to that of honeycomb-type monolithic catalyst,
the gas flow within diamond-type one is also homogenous due to its regular structure.
However, the gas velocity within diamond-type monolithic catalyst is much higher when
compared to honeycomb-type one. One of the reasons is that the temperature of gas inside
diamond-type monolithic catalyst is greater than honeycomb-type one, which will be
discussed later. The difference in porosity is another reason for the large difference in

velocity profiles.

The gas velocity along the axial direction tends to increase first and then decrease within
the two monolithic catalyst with periodic structure. The reason is that the temperature rises
gradually as the reaction proceeds at the inlet, causing the flow velocity to increase. Since
syngas methanation is a reaction in which the total volume decreases, the flow velocity will
decrease as a result of reaction, which indicates that the flow velocity has a strong interaction

with the chemical reaction and the temperature distribution.

Compared to monolithic catalyst with periodic structure, the gas flow is very
inhomogeneous within bio-inspired monolithic catalyst due to the irregularity of its structure.
The gas velocity in some regions is higher than that in monolithic catalyst with periodic

structure. While in other regions the gas velocity is very low and led to stagnation, which is
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rarely seen in the case of monolithic catalyst with periodic structure. As can be seen from
Figure 4, the bio-inspired monolithic catalyst shows strong vortexes no matter it is inside the
catalyst or at the inlet and outlet. The vortex within bio-inspired monolithic catalyst might

intensify the radial mixing of reactants, resulting in more complete reaction.
4.3 Temperature profiles

The temperature fields within three monolithic catalysts are shown in Figure 5. For bio-
inspired monolithic catalyst, the temperature within the catalyst is uneven. While for
monolithic catalysts with periodic structure, i.e., honeycomb-type and diamond-type

monolithic catalysts, the temperatures are homogeneous just like their velocity profiles.

Figure 6 shows the axial area-averaged temperature profiles of the gas phase in the three
monolithic catalysts obtained by simulations. As mentioned above, methanation of syngas
releases a lot of heat, so the temperature of the gas phase rises rapidly during the reaction.
Before entering the catalyst (z < 5 mm), the temperature of the gas phase increases slightly
due to the thermal radiation of the reaction region. When the gas gets contact with the
catalyst, temperature rises abruptly and reaches a maximum at about z = 7 mm. The reason
for fast increase in temperature is that the concentration of the reactants is high at the inlet,
resulting in a high rate of reaction, which in turn further accelerates the progress of reaction.
Subsequently, as the reactants are consumed, the reaction rate gradually decreases. Due to the
heat exchange between the gas phase and external environment, the temperature of the gas

phase decreased gradually.

Comparison among the three monolithic catalysts found that the temperature of the gas

phase within diamond-type monolithic catalyst is the highest, while the temperature of the
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gas phase within honeycomb-type monolithic catalyst is the lowest. The channels of
honeycomb-type monolithic catalyst are straight, it is easier for the gas to carry the heat
released by the reaction out, so the temperature within is the lowest. While the channels of
diamond-type and bio-inspired monolithic catalysts are tortuous, the mixing of the reactants
and the contact of them with the catalysts are more sufficient. As a result, the methanation of
syngas within these monolithic catalysts are more thorough and releases more heat. Due to
the excellent heat transfer performance of the bio-inspired monolithic catalyst, it is easier to
transfer heat away when compared with diamond-type one. For exothermic reactions, poor
heat transfer might lead to the formation of hot-spots, causing catalyst deactivation.

Therefore, bio-inspired monolithic catalyst is preferable in terms of heat transfer.
4.4 Concentration profiles

Figure 7 shows the concentration fields of CO, H,, and CH, in the three types of
monolithic catalyst. For monolithic catalysts with periodic structures, the concentration
profiles of reactants within the catalysts are very smooth, but this is not the case for bio-

inspired monolithic catalyst, which again validates the irregularity of its structure.

Figure 8 shows the corresponding axial area-averaged molar fraction of CO, H,, and
CH.. The concentration of reactants decreases even before the gas get contact with catalyst (z
<5 mm) due to molecular diffusion. During the methanation reaction, the reactants within the
catalyst are consumed rapidly, resulting in a large concentration difference at both sides of the
catalyst, which allows the reactants enter the catalyst by molecular diffusion. This is also the
reason why the concentration of the product increases before entering the catalyst. It is worth

noting that after the gas flows out of the catalyst (z > 13 mm), the concentration of the
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various substances in monolithic catalysts with periodic structures are substantially constant.
While in bio-inspired monolithic catalyst, the concentration of H, and CH4 changes slightly.
As mentioned above, due to the structural irregularities of bio-inspired monolithic catalyst,
the velocity, temperature, and concentration fields in the downstream region are
inhomogeneous, resulting in changes in their concentration even after H, and CH, leave the
catalytic region. The vortex at the outlet of bio-inspired monolithic catalyst is also the cause
of the change in the concentration of H, and CH..

By comparing the conversion of CO over the three different monolithic catalysts, it is
found that the conversion of CO over diamond-type monolithic catalyst is the highest (88%),
followed by the one over bio-inspired monolithic catalyst (82%). The conversion of CO over
honeycomb-type monolithic catalyst is only 58%. As shown in Table 1, the porosity of the
monolithic catalyst varies greatly. In order to eliminate the influence of porosity on the
reaction, the ability of the catalysts to convert CO per unit time and mass is also determined.
In the case of same mass of catalyst, the amount of CO converted over bio-inspired
monolithic catalyst is about 30% more than that converted over diamond-type one, which is
about twice of that over honeycomb-type one. The result indicates that bio-inspired
monolithic is more conducive for the reaction to proceed.

4.5 Influence of the inlet velocity on methanation of syngas

In order to explore the influence of inlet gas velocity, the methanation reaction of syngas
is further simulated at five different velocities. Figure 9 shows the temperature difference
between the inlet and outlet of the monolithic catalysts and the maximum temperature of the

gas phase as functions of the inlet gas velocity. For honeycomb-type and bio-inspired
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monolithic catalysts, the temperature difference decreases as the inlet velocity increases. This
is because when the inlet gas velocity is low, the reaction proceeds more thoroughly.
Therefore, the reactants are completely consumed at the inlet of the catalysts and a large
amount of released heat accumulates, resulting in a large temperature difference between the
inlet and outlet of the catalysts. As the inlet gas velocity increases, the reaction occurs
throughout the catalysts, allowing the released heat to distribute along the catalyst, resulting
in lower temperature difference between inlet and outlet of the catalyst. For diamond-type
monolithic catalyst, the temperature difference exhibits a similar trend at inlet gas velocities
above 0.0178 m/s. However, when the inlet velocities are below 0.0178 m/s, the temperature
difference is observed to increase as the inlet gas velocity increases. This is attributed to the

high conversion of CO over diamond-type monolithic catalyst as discussed in Section 4.4.

In contrast to the trend of the temperature difference across the three monolithic
catalysts, the maximum temperature of the gas phase increases with increasing inlet gas
velocity. This can be explained by a positive correlation between the reaction rate and the
concentration of reactants. Moreover, the maximum temperature in diamond-type monolithic
catalyst increases much higher at same inlet velocity when compared with other types of
monolithic catalysts, which further demonstrates that diamond-type monolithic catalyst is not

conducive to heat transfer.
4.6 Comparison among different monolithic catalyst in terms of catalytic performance

Figure 10a plots the conversion of CO as a function of the inlet gas velocity over
different monolithic catalysts. At an inlet gas velocity of 0.00444 m/s, the conversion of CO

over the three monolithic catalysts are all close to 100%. As the inlet velocity gas increases,
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the conversion of CO decreases to various degrees, among which honeycomb-type
monolithic catalyst decreases the most. As the inlet gas velocity increases, the contact of
reactants with the active sites of the catalysts decreases, which leads to the reactants flow out
before conversion to CH,. Honeycomb-type monolithic catalyst has a straight-channel
structure, the reactants flow more easily. While the tortuous channels of diamond-type and
bio-inspired monolithic catalysts allow the reactants to contact with active sites more
frequently. Thus, the conversion of CO over diamond-type and bio-inspired monolithic

catalysts decrease less when the inlet gas velocity increases.

In chemical industry, the catalytic capacity per unit mass of catalyst is a key factor to
evaluate the performance of catalysts. As shown in Figure 10b, with increasing the inlet gas
velocity, the amount of CO that can be catalytically converted per unit mass increased
gradually. Bio-inspired monolithic catalyst shows higher capacity than monolithic catalysts
with periodic structures at the same catalyst mass, further verifying that the cancellous bone

is advantageous as a structure of monolithic catalysts.

To further interpret the superior catalytic activity of bio-inspired monolithic catalyst, the
velocity, temperature, and concentration fields on cross sections of different positions on the
catalyst are investigated. As shown in Figure 11, gas flow exists at different positions in bio-
inspired monolithic catalyst, which proves the superior connectivity of the structure of
cancellous bone. In addition, large vortexes appear at different positions in bio-inspired
monolithic catalyst, and the temperature of gas phase and concentration of CO both have
large differences even at the same axial position, which is rarely observed in the catalyst with

periodic structure. The existence of vortices can aggravate the mixing between different
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species and increase the residence time of the reactants, so that they can be converted more

effectively.®

S. CONCLUSIONS

In this contribution, methanation reaction from syngas to SNG over 3D-printed
monolithic catalyst was simulated using CFD. The deviation of simulation results from
experimental ones is within 15%, suggesting that the models employed in simulation are
reasonable. The results show that the ability of bio-inspired monolithic catalyst to convert
syngas into SNG is superior when compared with that of monolithic catalyst with periodic
structure. Turbulent flow resulted from the irregular structure of bio-inspired monolithic
catalyst affects the transport scheme of mass flow, diffusion and temperature, which should

be responsible for the promoted catalytic performance.

NOMENCLATURE

Latin letters

A surface area, m’

Cp specific heat capacity, J-kg™'-K!

D, diffusion coefficient of species i in the mixture, m-s™
Dy binary diffusion coefficient, m-s?

D effective diffusion coefficient, m*-s!

Faueeo  ratio of catalytic active area to geometric area, dimensionless
g gravity acceleration, m-s™

h specific enthalpy, J-kg™'
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AH Gibbs free energy, kJ-mol”

Jij mass flux of species i in the direction j, kg'm?-s™
}i diffusion mass flux, kg-m?-s

k reaction rate constant, mol-kg.,"'-s”

K adsorption constant

M; molar weight of species i, kg-mol

N, number of gas phase species, dimensionless

p pressure, Pa or atm

r reaction rate of syngas methanation, mol-kg.'s™
Re Reynolds number, dimensionless

R ratio of catalyst volume to surface area, m; universal gas constant, 8.314 J-mol"-K!
R production rate of species i, kg'm?-s™

S; molar net consumption/production rate of species i, mol-m?-s’!
T temperature, K

Ter reference temperature, taken to be 298 K

u; velocity components, m-s™

X; coordinate in i direction, m

X; molar fraction of species i, dimensionless

Y; mass fraction of the species i, dimensionless
Greek letters

p density, kg-m™

T stress tensor, N

u dynamic viscosity, Pa‘s

Oy Kronecker delta, dimensionless
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A thermal conductivity, W-m™ -k

n effectiveness factor, dimensionless
i Thiele modulus, dimensionless
Abbreviations

CFD computational fluid dynamics

CT computer tomography
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Figure captions

FIGURE 1. Side (a) and top (b) views of the cancellous bone specimen from bovine
humerus; (c) and (d) are two typical images of the cross section of the specimen obtained by

1-CT scanning.

FIGURE 2. 3D digital models simulated (top), 3D-printed monolithic catalysts (middle), and

their corresponding cross sections (bottom).

FIGURE 3. Sketch of the computational domain and boundary conditions for CFD

simulations of methanation from syngas to SNG.

FIGURE 4. The simulated flow fields (top) and velocity vectors (bottom) in three monolithic

catalysts at inlet gas velocity of 0.0533 m/s.

FIGURE 5. The simulated temperature fields in three monolithic catalysts at inlet velocity of

0.0533 m/s.

FIGURE 6. The axial area-averaged temperature profiles of the three monolithic catalysts at

inlet gas velocity of 0.0533 m/s.

FIGURE 7. The simulated concentration fields of CO (top), H, (middle) and CH, (bottom) in

three monolithic catalysts at inlet air velocity of 0.0533 m/s.

FIGURE 8. The concentration profiles of CO, H, and CH4 along the axial coordinate of the

three monolithic catalysts at inlet gas velocity of 0.0533 m/s.

FIGURE 9. Temperature difference between the inlet and outlet of monolithic catalysts as

well as the maximum temperature within the catalysts against the inlet gas velocity.

FIGURE 10. Conversion (a) and consumption rate of CO (b) against the inlet gas velocity

over different monolithic catalysts.
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FIGURE 11. Translational cut plane plots of the velocity vector (top), temperature (middle)
and mass fraction of CO (bottom) through bio-inspired monolithic catalyst at inlet gas

velocity of 0.0533 m/s.
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Table captions

Table 1. Morphological parameters of 3D-printed monolithic catalysts

Table 2. Comparison between experimental and simulation results in terms of the
temperature difference and CO conversion over monolithic catalysts with periodic structure at

an inlet gas velocity of 0.0533 m/s.
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FIGURE 2
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FIGURE 3

Feed gas Tiniet = 648 K
(H,/COIN,=3:1:1)| Uijpiet = 0.00444 m/s ~ 0.0533 m/s

T 13 mm |

-
«

\ 4

__» Front thermocouple

Upstream, h,=5 mm 1
4+ |\m@Eamawm_— No-slip walls

h,, =70 wim2.K

Catalyst, H=8 mm

Downstream, h,=15 mm|

v B ——— E———

. ~ Rear thermocouple
Tube/ P

Pout=1atm

32



FIGURE 4

BovBone Honeycomb Diamond
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FIGURE 5

BovBone Honeycomb Diamond
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FIGURE 6
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FIGURE 7
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FIGURE 8
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FIGURE 9
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FIGURE 10
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FIGURE 11
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Table 1.

Porosity Specific surface area Hydraulic diameter
Catalyst type
% mm’’ mm
Honeycomb 27.1 2.1 0.18
Diamond 21.2 1.4 0.19
BovBone 42.7 1.6 0.47
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Table 2.

AT (K) CO Conversion (%)
Catalyst type
CFD simulation Experiment CFD simulation Experiment
Honeycomb 26.4 35 58 57.4
Diamond 137.6 98 88 90.1
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