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Abstract

Aim of this work is a theoretical investigation thie catalytic methanation reactions in
externally cooled tubular reactors filled with nbweonolithic catalysts with high
thermal conductivity.

Using the general purpose modelling tool gProms™hexe developed a steady-state,
heterogeneous 1D model, representing a singlerrathe cooled reactor tube loaded
with cylindrical honeycomb catalysts with squareamhels, made of conductive
material. The model equations include mass andggrigalances for the gas and solid
phases and the momentum balance for the gas phagereactions are considered:
carbon monoxide and carbon dioxide methanation selrate equations are taken from
the literature.

By reactor simulation it is shown that the probleftemperature control typical of
fixed-bed methanation reactors can be overcome hgy rhonolith reactor herein
proposed. The effects of space velocity on conearsind temperature profiles are
discussed, with a fixed geometrical configuratiéthe monolithic reactor.

Keywords. Monolith reactors, Reactor modeling, Methanati®ymthetic Natural Gas

1. Introduction

The production of synthetic natural gas (SNG) froomal or biomass is an interesting
opportunity both for exploiting coal and biomasseddor replacing oil products for
transportation and other uses.

Natural gas is cleaner than coal and its produchias been increasing for years;
however, its price has been increasing as welthesynthesis of SNG from coal and
biomass is receiving strong interest especially WSA and China
(http://www.chinamining.org). SNG has many impottaadvantages: it can be
transported efficiently and cheaply using existivegural gas pipelines and distributing
networks, it is an easily convertible feedstockthban natural-gas combined-cycle
power plants and in petrochemical facilities, it @@unt on a high social acceptance
with respect to coal, and it can be stored undemgip enabling efficient operation
throughout the year independent of a fluctuatingaied.

Unfortunately, the commercial deployment of tecligigs for the production of SNG is
currently constrained by technical barriers, sa tmare research is required before
extensive applications at the industrial scale.ifyportant issue to be addressed is the
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strong exothermicity of the reactions, so that emional fixed-bed catalytic reactors
cannot be safely used (Sudéebal, 2009a).

The use of monolith catalyst supports offers astldawo advantages with respect to
conventional packed-bed reactors: pressure drapgraatly reduced (to less than 1%)
and the radial heat transport can be more favorabfgecially when metallic support are
used. Such monoliths have in fact the advantagéawdrable global heat-transfer
properties resulting from heat conduction in thenrmxted structure of their solid
matrix; this problem has been extensively investidatheoretically (Groppi and
Tronconi, 1996; Groppi and Tronconi, 2000). Appiica of monolith catalysts has
already been shown as technically feasible, bothsibyulation in the case of the
oxidation of methanol to formaldehyde and epoxmfatiof ethylene (Groppi and
Tronconi, 2001) and experimentally at the pilotetea scale (Groppet al, 2008;
Groppi et al, 2000; Tronconi and Groppi, 2000) in the casestodngly exothermic
gas/solid reactions, such as catalytic o-xylenectiele oxidation and CO oxidation.

In this way significantly more heat can be remowaed structured catalyst are eligible
to be used for strongly exothermic gas/solid reacti Favourable heat transfer
properties permit reducing risk of thermal runwag &atalyst deactivation. To this end,
our aim is to verify the possibility of overcomitige problem of temperature control,
typical of fixed-bed, for methanation reactions,tliey are carried out in monolith
reactors.

2. Reactor modeling

It is assumed that catalytic methanation reactmotur in an externally cooled tubular
reactors filled with novel monolithic catalysts witigh thermal conductivity.

2.1.Model equations

The behavior of the methanation reactor is modddgé dynamic 1D, heterogeneous,
single-tube model of an externally cooled multitlay fixed-bed reactor, which is
loaded with honeycomb catalysts.

The model includes the specie mass balances anghtitgy balances for the gas and
solid phases, and the momentum balance for thehgse.

Mass balances for the gas phase are expressed by:

gaw,,g _wt oW 4 _ Km'ia[ﬁVVi'g ~

W 1
A T ) ®

whereas those for the solid phase are:

NR tanhd,
0= Zui,j : R;PM;$ + Km,ia(wl,g _Wl,s) )

i=1 j

Energy balance for the gas phase is written as:
aT, aT,
£, —2 = -Wig,—2- - ha(T, - T;) @3)

whereas that for the solid phase is:



Simulation of a structured catalytic reactor for exothermic methanation reactions
producing synthetic natural gas

NR

aT, 0°T, _ ha tanhy, 4
pscp,s(l_ E)T: = s,ax(l_ '9) GZZS +§(Tg _Ts)+ ;[_AH R,j TJJ Rj Jf‘ Ny (Ts ~Tuai )a (4)

The momentum balance is according to the follovaggation:

1 . Wt |oP Wi? 0Ty, _1Wt?
T mo (5)
Py pgP )0z pgT 0z 2 p,
Boundary conditions at reactor inlet and outletreported in Table 1.
Table 1. Boundary conditions

Reactor inlet (z=0) Reactor outlet (z=L)

Wl,g|Z:O = Wl,feed ; Tg|z:0 =Tfeed ; P|z=0 = F>feed
0Ty

~ Rsax 0z

T,
k.. Ls
) o2;

=0, [Ty -1

)

=0k, [@Tg“ -1

z=0 z=L

Initial conditions arew q (Zt=0) =W feeq Ty (2t =0) = Tegoiant: Ts(zt = 0) = Tegoiant-

The following gas-solid heat and mass transferetations for honeycomb monoliths
have been adopted to calculate Nusselt and Sherwaoters in the square celled
monoliths:

x» -0488 _ * *
Nu=3+ 6.874[&1000&Nu) e 72U where zy, =— > ©6)
degRePr
« \-0.488 _ * .
Sh=3+ 6.874[([1000@Sh) e 5722sh  \wherezl, =— % )
deqReSc

The following expression for calculation of frictiofactors in the square monolith
channels was adopted in the model:

« \-04715 5957z,
e

f Re:14.227+17.76321(noooaf ,wherez, =—2 @8)

degRe

Dimensionless numbers are defined in Table 2:
Table 2. Dimensionless numbers
_ HgCog . Re= dqut; e degh . Sq = Hy Sh = Km,ideq
K g kg PgBig PgBig

Pr

g

Thermal properties, such as specific heat and dfe@action, were estimated according
to the CHEMKIN correlations (Smitlet al, 2009), and gas properties, such as
conductivity, viscosity and diffusivity, were calated according to the correlations
reported by Sudiret al, (2009b). The system of equations was solved liyguthe
general purpose tool gProms™, adopting 200 gridtp@long the axial direction.

The reactor has a length of 1 m with an inner diamef 0.254 m. The monolith pitch
is set to 2 mm, values of the catalytic washc@pi(d of fraction of metallic support
(), are 0.2 and 0.25, respectively.
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The wall heat transfer coefficient was set to 500rf\K, according to the results of
Groppi and Tronconi, (2005) for a monolith in tigtwntact with the reaction tube,
whereas the thermal conductivity of the monolitpsort was set to 200 W/m K (Al).

2.2.Kinetic scheme

The following two reactions (CO and G@ethanation) have been considered:
CO+3H, — CH,+H,0 9)
CO+4H, - CHy4 +2H,0 (10)

The CO methanation kinetic was derived from Sughri@82, the one of CO
methanation from Weatherbee, 1982. Rate expressibnCO methanation on Ni
catalyst is:
[ 02[Kkik2 Py
rco[rr:_;’)s] = > 2 2 wcatalyst (11)
k1(1+ Kg'f pﬁf +Keo pcoj + k2(1+ Keco pcoj

wherek, ky, kio, keo depend on the temperature according to an Arrkgrower law
expression. The rate expression for,@@thanation on Ni catalyst is:

05 05
[ mol] _ 02[ALPco, Py,
2

3 |~ 2 Ebcatalyst (12)
05
Pco
[1+ B[ 2 j + C(pco2 pH2 )0'5 +m

m-s
PH, D

Constant A, B, C and D are tabulated as a funafoilemperature. In order to explore
intensified process conditionsggr and ko, were incremented by 40% in all the
simulations.

3. Results and discussion

Figure 1 shows the calculated axial profiles of gamperature (1a) and conversion of
H,, CO and CQ along the reactor (1b). Coolant temperature wasteeé73K, as
reactions start at T>>240°C (Odermatt, 2008). Alfé&0% mol H, 20% mol CO and
20% mol CQ) with a H/CO molar ratio of 3 was assumed, and the GHSV seato
15000 H', as reported by Rostrup-Nielsen, 2007, which iymical value for pilot
plants. The inlet pressure was set to 6.9 bar.

——Tgas =—=Tmonolith
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Figure 1. Axial profiles of temperatures and cosiats

It is interesting to show that with only one mottuli reactor a high conversion of
hydrogen and carbon monoxide can be obtained (988896, respectively), with a
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moderate and acceptable increase of temperatung at@ reactor, avoiding catalyst
deactivation with respect to existing methanatioocpsses. Here at least three reactors
and a recycle of a part of the products are reduigaidiroet al, 2009a, Topsge, 2009):
recycle is needed for controlling the temperatuseng products as inert and three
reactors are required to achieve high conversion.

For comparison, if the same gas flow rate were &eanh equilibrium adiabatic reactor
the output temperature would be higher (about 100@kth a CO conversion of 81%,
similar to that obtained with the monolith reactbut with the consequence of a total
deactivation of the catalyst.

3.1.Sensitivity analysis

The effect of a progressive increase of the flote ralue was investigated in order to
improve the productivity (see Figure 2). A highasdlow rate, and correspondingly a
greater value of GHSV, results in the shift of tiw-spot towards the bed exit (in this
conditions the reactions tend to the extinction)fdct, the increase of gas flow rate
results in an enhanced convective heat removalthab the temperature increment
generated by the reaction heat is lower, whicluin slows down the reaction rate.

As a result, at increasing space velocity a deereb€0 conversion can be observed.
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Figure 2. Gas temperature (a) and CO conversioaxih) profiles at four different GHSV

4, Final remarks

In this work the possibility of using monolithic agtors carrying out exothermic
methanation reactions from syngas was investigayeprocess simulation. A model of
a dynamic 1D, heterogeneous, single-channel mddeh @xternally cooled fixed-bed

reactor, loaded with honeycomb catalysts, was dgeel and solved, using gProms™
as process simulator.

It was shown that synthetic natural gas can beymed in a single pass monolithic
catalyst reactor, with acceptable conversion val@e®l temperature hot spots
compatible with the catalyst stability. This systémproves the presently adopted
process configurations, as it overcomes the proldénemperature control typical of

fixed-bed methanation reactors.

The use of monolith reactors is also useful in vagdwrocess intensification: we have
verified that the GHSV can be increased up to 208H0vith minimal pressure drops,

increasing the cooling temperature correspondingithout the risk of reactor runway.

Further improvements might be obtained by adoptiege active catalyst formulations.

Nomenclature

a = specific area (1/mp=4¢/deq tw = actitve l\/vas?r(]:c()at) conductivity (1.2 W/m K)
= reactor length (m

¢, = mass specific heat (J/kg K), m = monolith pitch (m) (2 mm)
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(c,,s=865 kJ/kg) Nu = Nusselt number
D = diffusivity (m?/s) P = pressure (P&);= partial pressure
d = monolith (or reactor) diameter (m) PM; = molecular weight of the specie i (kg/kmol)
deq = hydraulic diameter of the monolithPr = Prandtl number
- Re = Reynolds number
channel (m)deq e R, = j reaction rate (kmol/frs)
= universal gas constant (8314 J/kmol K)
%q Schmidt number
Sh = Sherwood number

f = friction factor
h = gas-solid heat transfer coefficient in th
monolith channel (W/fK)
hyar = wall _heat transfer qo_efficient T = temperature (K)
k = gas mixture conductivity (W/m K) t = time (s)

= gas-solid mass transfer coefficient in, = gas velocity (m/s)

the monolith channel (kg/%m). _ = weight fraction of the specie i
ks ax= effective axial conductivity (W/mK), Wt = specific mass flow rate (kgfrs)
e o=k 2+ {kﬂ Vytot = mass flow rate (kg/ s)
SECTTS ks Z ;= axial coordinate for friction factor
ks = support conductivity (Al=200 W/m K) z ' nu = axial coordinate for Nusselt number
7' = axial coordinate for Sherwood number
Greek Letters

8y = thickness washcoat (m), u = viscosity (kg/m s)
‘/7\/_ & = volume fraction of active phase (0.2)
:[ £+¢- 5] AHg ;= heat of reaction (J/kmol)
¢ = bed void fraction (0.7) 8 = Thiele modulus

p = density (kg/r), ps=3800 kg/m, p,,=900 kg/ni
o = Stefan-Boltzmann constant (5.67°My/n? K*)
v = stoichiometric coefficient

&s = emissivity of solid phase (0.7 for Al)
A = volume fraction of inert support (0.25)

Subscripts and Superscripts

ax = axial w = active washcoat or catalytic phase
g = gas phase wall = reactor wall

s = solid phase
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