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ABSTRACT

This work studies the potential of a circulatingidized
bed reactor (CFBR) one dimensional model for two
reforming processes, Sorption-Enhanced Steam Methan
Reforming (SE-SMR) and Chemical Looping Reforming
(CLR). The model solves the full governing equations,
which is an improvement from the conventional Kunii
Levenspiel type of models. Those models consider a
stagnant solid phase, clearly inadequate for tbdgsamic
processes with carryover of solid particles.

After the processes are explained and the modetites,

a few results are shown for a SE-SMR case. Thetsesul
are compared against experiments from the litezatamd
they are found to be in good agreement.

NOMENCLATURE
a Interfacial area per unit volume
cal Calciner unit, regenerator unit

Cp Specific heat capacity at constant pressure
d Unit diameter
d, Particle diameter
fo fo Friction factor with the wall
g Gravity, gas phase
h, hyeq Heat transfer coefficient
i Species
k Phase
M; Molecular weight of species i
MO Metal Oxide
oC Oxygen Carrier
p pressure, particle, solid phase
r Reaction rate
ref Reformer unit
T Temperature
D Temperature of incoming solids
t Time
v Velocity
z Axial coordinate

a Volume fraction
B Interfacial momentum transfer coefficient
A Thermal conductivity

AH, Enthalpy of reaction

Asc Volumetric sorbent to catalyst ratio

r Net mass source of solids from the other
unit

Nco2 CG, capture efficiency

W, Hef Laminar and effective viscosity
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v Stoichiometric coefficient

P Density

O Mass fraction of species i

o' Mass fraction of species i, incoming solids
INTRODUCTION

Interest in technologies that allow reducing greerde
gas emissions has surged in the last years. ThENHE-
and CLR processes can operate in CFBRs. In a CFB
reactor the solid particles used in one of thesufut the
reforming process are exchanged to the secondTuréte

the particles are regenerated and sent back tirshenit,

thus allowing continuous operation.

Both the SE-SMR and the CLR processes featurg CO
separation. These processes produce synthesisvigias,

can be used for energy production and feedstogalgup

In the SE-SMR process, the CFBR consists of a reformer
unit and a decarbonator unit. The reforming of redtgas

to hydrogen proceeds as the conventional SMR in the
reformer unit, but enhanced by using a solid,G0rbent
MO, which acts shifting the equilibrium towards mor
production of H.

Typically, the sorbent is a calcined calcium cadtersuch

as dolomite or limestone, although there is growing
research in synthetic sorbents with improved petéorce,
though with a down side being their higher costs.

The SE-SMR process consists of the following reastio

CH;+H,O — CO+3H Q)
CO +HO — CO+H, 2
CH,+2H0 — CO,+4H, 3)
MO +CO, — MCO; (4)

In addition to the sorbent, a catalyst is still aee to
lower the energy barriers of the reforming readidrto 3.
Typical hydrogen conversion yields are above 95%
expressed as a dry mole fraction. One of the main
advantages of this process is that virtually purg € be
obtained from the decarbonator unit, permitting
subsequent transport and storage in geologicaldionms
without further separation stages.

In the CLR process the CFBR is made up of an Air Unit
(AU) and a Fuel Unit (FU). In the AU, air is feddrolid
particles are oxidized as follows:

M+120 — MO (5)
Oxidized solids circulate to the FU where the failog
reactions take place:

CH;+4MO — 4M+ CQ, + 2H,0

H, +MO — H,O+M

(6)
(@)



CO +MO — CO;+M (8)
In addition to the reactions (6) to (8), reformirggctions
(1) to (3) also occur in the Fuel Unit, as longlzere is a
catalyst present such as Ni. Ni-compounds are thus
promising for the CLR process, though the catalysing
properties of oxygen carriers are poorer compavdtdse
for commercial Ni catalysts, due to different powde
preparation and consequent structural propertieshis

sense, more research is needed before CLR can be

understood in the same level as conventional SMR.

MODEL DESCRIPTION

Figure 1: Schematic drawing of the CFBR. The governing
equations are discretized in the axial coordinat&he
connexions between the units are modelled by theceo
terms in Equations (15) and (16). Cyclones at thiebaf
each unit separate gas from solids. In this woek th
cyclones are assumed to have efficiency 1.

Conventional models for gas-solid multiphase reactiv
flows in fluidized systems like the Kunii-Levensptaree
phase model and the Davidson-Harrison or the Van
Deemter two-phase models assume a stagnant digiribu
of solids. This assumption is not valid in a CFBR sitlee
solids are exchanged between the units, and thiis so
mass fluxes need to be calculated. Furthermoreardin
calculations imply changing properties such as isgec
composition and density. Therefore the governing
equations need to be solved without the stagnalid so
assumption in order to model the physical problemai
realistic manner. Figure 1 shows a schematic digweiin
the CFBR modelled.

Governing Equations

The Reynolds-averaged 1D governing equations of
momentum, mass, energy and species mass fractiens a
discretized over a staggered grid arrangement ttieh
Finite Volume Method (Jakobsen, 2008). The diszeeti
equations are solved in Matlab. The governing ggos

for gas phase are the following:

Gas phase mass balance
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Gas phase species mass fractions
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The governing equations for the solid phase are the
following:

Solid phase mass balance

F] ]
ﬁ(appij'E(apppvpj=r+%rii§pvi,JMi (13)
Solid phase momentum balance
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Solid phase species mass fractions

P P 3 aw
E(Gppp“’i) +E(Gp”p"p‘”i] - E[“#)pD puTzlj svimr+ g, (16)

Closures employed in this model are the ideal gasda
gas density and the constant particle viscosity endar

the stresses. A list of constitutive relationshepsployed
can be found in previous work (Sanchez et al. 2012)
Properties with interfacial coupling, i.e. velocignd
temperature, are solved together using the Partial
Elimination Algorithm and a coupled solver. The $FIME
algorithm for single phase flows is employed taculdte a
pressure correction, modified to include the cduuitiibn

of both phases.

The implementation of the coupling between unitddse

via source terms in the mass, energy and speciss ma
fractions for the solid phase, i.e. the terms idig " in
(15) and (16).

Boundary and Initial conditions

On each unit Dirichlet boundary conditions are isgub
for all variables except pressure at the inlet,levhressure

is specified at the outlet. Neumann boundary camuit
are specified for those variables that require eorse
boundary condition, e.g. velocities, temperatute, e

The initial condition corresponds with minimum
fluidization conditions. For most variables the tiadi
condition is equal to the inlet boundary conditiery. for
species mass fractions and temperatures. The linitia
condition for pressure is given by the hydrostatic
distribution. The voidage at minimum fluidizatioarc be
found tabulated in the literature. The correspogdin
minimum fluidization velocity can then be calcukhte
extrapolating the Ergun equation for pressure droa
fixed bed.

In the SE-SMR simulations, the reformer is allowed t
lose heat to the surroundings with a zero-dimeradion
model of a reactor wall made of stainless stead fEactor
wall transfers heat to the surroundings via natural
convection and radiation. The wall of the regermranit



is heated at a constant temperature 50 °C aboveitiad
temperature for the regenerator.

Numerical algorithm

An overview of the solution algorithm is outline@low
for the first of the units. The second unit is cédted after
the first one, but without calculating the solidupting
source terms and solid mass fluxes, since they haea
already determined for the current time step. Thke n
values of velocity, species mass fractions, tempszaand
void fraction will be used in the next time step the
solid coupling source terms.

I.  Update of inlet gas velocity and composition.

Il.  Reaction rates calculation.

Ill.  Coupling source terms calculation.

IV. Gas phase species mass fractions.

V. Gas phase density update to account for changes in
the gas composition.

VI. Temperature: lteration loop comprising the
calculation of all the temperature-dependent
parameters, including Cp, viscosity and heat transfe
coefficients. Inside the loop is also the calcolatof
the wall temperature.

VII. Gas phase density update to account for changes in
the gas phase temperature.

VIII. An iteration loop comprising the following three
iteration loops:

a. Loop comprising void fraction and recalculation
of the solids coupling source terms.

b. Loop comprising velocities, viscosity, drag and
friction factors.

c. Loop comprising the solid phase species mass
fractions, the recalculation of the solids coupling
source terms and the solid density.

IX. Pressure correction

X. Velocities correction

Xl. Gas phase density update due to a change in peessur

Cold flow validation

The hydrodynamics have been validated in previooikw
(Sanchez et al. 2012), where the expansion of duedb
solids was compared at different gas velocitiesragaata
from the literature measured using a radioactiaeking
technique. The model and the data from the expaisne
were found to be in good agreement.

Reaction kinetics

The reforming reactions for commercial catalyststaken
from the work of Xu and Froment (1989). The CO2
sorption kinetics are taken from Sun et al. (2008
provide data for both dolomite and limestone.
Decarbonation kinetics from Okunev et al. (2008% ar
employed.

Chemical Looping Combustion kinetics have been
investigated by various authors (Zafar et al. 208¥anez
et al. 2012, Dueso et al. 2012), but the kinetiesgnted
only consider the reduction of the oxygen carriaighout
any analysis of the reforming that takes place uthe
catalysing activity of the reduced oxygen carri@nly
recently this phenomenon has been investigateatg|kt
al. 2010, Ortiz et al. 2012). Kinetics from Ortiz . are
employed in this model.
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RESULTS AND DISCUSSION

Arstad et al. (2012) conducted SE-SMR experimenis in
CFBR during 8 hours of continuous operation and studie
the dependence of the process upon the volumettiest

to catalyst ratid\s, conducting experiments for, =1:1
and 1:4. In the present work it is aimed to repoedtheir
system and compare results fgf=1:1, 1:2 and 1:4. The
main parameters of this case are shown in Table 1.
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Figure 2a: Solid stream leaving the reformer and entering
into the calciner. The bottom figure shows in moegail
the different\s

Target mass stream between units 3.6 ml/min
Particle diameter 15

CaO purity 51.5%
Bulk density fresh sorbent 830 kgim
Bulk density catalyst 1040 kg
Initial temperature reformer 575[°C

Initial temperature regenerator
Steam-to-carbon molar ratio
Internal diameter of both units 0.0 m
Reactor volume 182 mL
Mole fraction N in the reformer
Mole fraction N in the regenerator

Table 1: Parameters of the SE-SMR case studied.

Results for the solid streams exchanged betweeunrtie
are shown in Figure 2. Arstad et al. diverted thie<lux
into a measuring vial and reported that the sdiidasns
between units were between 5 and 15 mL/min, bug the
acknowledge that it could have been as low as 3/6nin
based on ulterior calculations. In the simulatiotise
target solid stream was set to 3.6 mL/min and it wa
imposed via a control loop for the gas phase wéddcity,
which is shown in Figure 3. The corresponding targe



solid stream is thus ~5.5x%0kg/s, depending slightly
upon solid composition.
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Figure 2b: Solid stream leaving the calciner and entering
into the reformer. The bottom figure shows in mdesail
the different\.
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Figure 3: Gas phase inlet velocity. Full lines represest th
reformer while dashed lines represent the calciner.

Inlet velocities from Figure 3 are higher for thases with
particles having a larger catalyst fraction. This i
consistent with the fact that particles with lardensities
need higher gas velocities to provide enough dvagefto
fluidize them. The catalyst has a larger densigntfresh
sorbent, as shown in Table 1.
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Figure 4: Temperature on the reformer. Full lines
represent the average temperature of the solidie Wie
dashed lines represent the temperature at the wall.

The average temperature of the solids in the reforis
shown in Figure 4, along with the temperature o th
reformer wall, plotted with a dashed curve.

The temperature rises due to the incoming solidis fihe
calciner. In the same manner, the average temperatu
the calciner drops due to the colder solids corfrioign the
reformer, shown in Figure 5.

In the literature, the temperature on each unieported
to remain close to initial values, but being uniaturing
the first hour of operation.
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Figure 5: Temperature on the regenerator (calciner). Full
lines represent the average temperature of thdssalihile
the dashed lines represent the temperature at #ie w
which is constant and has the same value for aliza

The present model does not consider the thermaloisp
of the reactor components other than the refornad \mn
practise, the reactor components act as increasatl h
capacity and increased surface area for heat egehaith
the surroundings, thus modifying the heat capaaitg



thermal inertia of the system. These phenomenadcoeil
included in the numerical model by adding an ekizat
capacity in parallel to the solids heat capacityceothese
effects are empirically quantified.
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Figure 6: Hydrogen yield.
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Figure 7: Instantaneous C{apture efficiency.

The H yield (the hydrogen mode fraction after subtragtin
nitrogen and steam) is plot in Figure 6, the instaaous
CO, capture efficiency is shown in Figure 7 and the,CH
conversion is presented in Figure 8. These vawhte
defined in (17), (18) and (19) as

sz
YVHy = (17)
1-y -y
H20 N2 | o utiet
Yco
2
nCOZ —1- outlet (18)
y -y
CHalinier ~ “Haloutet
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Figure 8: CH, conversion.
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Figure 9: Sorbent conversion on each unit. Full lines

represent the reformer while dashed lines repreent
calciner.

Values reported in the literature are above 94%Her
yield and methane conversion, and between 60-90% fo
CO, capture efficiency.

Sorbent conversion X is plotted in Figure 9. It dam
defined as the fraction of calcium-containing spsci
which are present in the form of calcium carbon&@ce
all the A, cases studied have a similar L£@apture
efficiency, the sorbent conversion X in the reformaust
increase faster for the cases with larger catalgstent,
because there is less sorbent present in the sdllus
conversion in the calciner remains close to zemoalb
cases.
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Figure 10: CaO to CH molar ratio fed to the reformer.
There is a peak off scale on the first secondstdutae
peak in Figure 2b.

Figure 10 shows the ratio between the moles of QaD a
the moles of Chlentering the reformer unit. Values above
unity would ensure that there is enough sorberdgreto
capture all CQ@ produced, provided that the sorbent
capacity is close to unity, i.e. the sorbent islirdt can be
seen from the figure that all cases have enoudbestto
capture the maximum amount of gfbssible to create.

CONCLUSION

A CFBR model for the SE-SMR and the CLR processes is
presented. The governing equations are solved d¢n b
phases, unlike the Kunii-Levenspiel type of modiiat
assume stagnant solids. This is key to calculat& so
streams exchanged between units of a CFBR.

Three cases with differentds, were reproduced
numerically, and all three cases produced simésults
for a time span analysed of ~200 s. Temperatu@i s
mass streams, hydrogen yield, sorbent conversion, CH
conversion and CPQcapture efficiency are plotted as a
function of time.

Temperature profiles in the reformer are within &Gl
900 K, which is an optimal temperature range for SE
SMR. The reforming reactions are unfavoured belagé¢h
temperatures, but still remaining below the equiiliim
temperature for carbonation-decarbonation.

The results are in good agreement with the cadelwit .,
from the literature. The case willy, 1., exhibited slightly
higher hydrogen yield and smaller sorbent convarsio
with these differences increasing towards the enthe
simulations. This would suggest that the case gth.sis
preferable, since it features a higherlitld and requires
less catalyst, more expensive than calcium carlesnat
However, Arstad et al. obtained unexpectedly low
hydrogen yields with. 1., between 80% and 10%, much
smaller than foris. 1.2 A possible cause is catalyst
deactivation, not taken into account in the presenk.
Longer simulation times are in any case needeéluftiner
studying the process and its dependence agomas well

as the addition of a simple model to account fdalgat
deactivation. That would permit analysing long-term
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effects, such as the influence of sorbent deaaivadn
the selection of an optimal value fog.

It is noted that in all cases simulated the CaO tq ko
was well above unity. As a consequence, all cases
presented high CQcapture efficiency and Hyield. It is
then predicted that othér. values with less content of
catalyst would still have produced high, Mields. It is
therefore suggested that when calculating the @bptim
parameters for a given reforming system, all thgethe
CaO to CH ratio and the solid streams should be
considered together, since they influence mutually.
Finally, the model presented is deemed useful fér S
SMR and future CLR simulations.
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