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for chemical looping reforming with packed bed
reactors and validation under real process
conditions
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Chemical looping reforming (CLR) is an emerging hydrogen/syngas production technology, integrated with

CO2 capture. Packed bed reactors are widely used in the hydrogen production industry as they are preferred

for high pressure operation and the mathematical modelling describing their operation is very important for

their design. In this study, a one-dimensional (1-D) and a two-dimensional (2-D) model have been

developed to describe the dynamic operation of chemical looping reforming processes in packed bed

reactors (CLR-PB). The reactor under study (L: 400 mm ID: 35 mm) contains an axially placed

thermowell (OD: 6.35 mm) to monitor the temperature across the reactor bed at 6 points and 440 g of

NiO/CaAl2O4 oxygen carrier (OC). Both models have been validated presenting very good agreement

with the experimental results. The comparison between modelling and experimental results has been

carried out in terms of thermowell temperature and the gas composition breakthroughs, with the 2-D

model capturing the thermowell temperature recordings with high accuracy, while the 1-D model

delivered results that underestimated it by 2.5%. Nonetheless, the predicted average bed temperature

presented a difference limited to 1% lower estimation of the 1-D to the 2-D model. The temperature

difference between the bed and the thermowell has achieved a value of >180 �C thus resulting also

problematic in terms of safe operation if not properly considered. with temperatures during oxidation

being higher even by 181 �C inside the bed, emphasizing the importance of the model in the proper

design and safe operation of the reactor. The 1-D model, due to the significantly lower computation

time (�21 times faster than 2-D), has been selected to be tested against a range of operating conditions

for oxidation (500–600 �C, 1–5 bar, 10–40 NLPM, 10–20% O2), reduction (600–900 �C, 1–5 bar) with

H2, syngas and CH4-rich reducing agents and dry reforming (700–900 �C, 1–5 bar), delivering results

with good agreement especially under high temperature conditions where solid conversion is high and

under conditions which resemble the expected industrial ones.
1 Introduction

Climate change policy is the main agenda of most policy-
makers, mainly due to the CO2 emissions released into the
atmosphere related to anthropogenic activities.1 Despite the
progress in renewable energy technologies, the main energy
demand nowadays is met by fossil fuel resources with 84% of
the total energy consumption.1

In order to meet the ambitious target of net zero emissions
by 2050, several technologies need to be developed and imple-
mented on a large scale including the decarbonisation of the
fossil fuel industry via carbon capture, utilisation and storage
(CCUS).2
sity of Manchester, Manchester, M13 9PL,

ac.uk; Tel: +44(0)-161-306-9339

f Chemistry 2022
There are three major technologies for carbon capture in
industry: (a) pre-combustion, where air/O2 reacts with the fuel
and steam to produce a mixture of H2, CO, H2O and CO2 where
CO2 will be separated; (b) post-combustion in which air and fuel
react to combust and CO2 exists in the mixture of the ue gas
and is separated downstream; and (c) oxyfuel combustion
where the combustion of the fuel takes place with pure O2

instead of air, eliminating the presence of N2 in the ue gases,
so that CO2 is separated by H2O condensation.3

Hydrogen is considered one of the most promising alterna-
tives to meet the energy demand as it has a high energy content
and produces zero CO2 emissions when used for combustion
processes if available as blue hydrogen (integrated with CCUS)
or green hydrogen (generated from renewables such as water
electrolysis or biomass gasication). Conventionally, hydrogen
is produced from fossil fuels andmostly employed in the energy
Sustainable Energy Fuels, 2022, 6, 2755–2770 | 2755
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Fig. 1 CLR-PB process steps. Reproduced from ref. 24 with the
permission of Elsevier.
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and chemical industry: more than 50% of hydrogen is used for
ammonia production while other main uses are oil rening and
methanol production4 with increasing demand over the coming
years as given by demand projections.5 Feedstock for hydrogen
production is mostly fossil fuel based, generating approxi-
mately 830 million tonnes of CO2 each year, surpassing the total
CO2 emissions of the United Kingdom and Indonesia
combined.6

Steam methane reforming (SMR) is the most used and
mature technology, accounting for three quarters of the total
annual production.7,8 However, the endothermic character of
the SMR reaction makes the process energy intensive with H2

manufacturing contributing to 3% of the global CO2 emissions,
making it an urgent eld of research to reduce emissions.9

In order to produce H2 with CO2 capture, extra separation
steps are required in the process. In the case of SMR, the heat
required for the endothermic reactor is provided by fuel
combustion in a furnace, producing ue gas. CO2 capture only
from the syngas stream is limited to 60% of the total CO2, while
the additional CO2 capture from the furnace ue gases requires
an extra separation unit.10 The most used technique for the
separation of CO2 in hydrogen production is absorption with
the use of chemical (MEA, TEA and MDEA) or physical (Rec-
tisol®, Selexol™, and Purisol®) solvents.11–13 Nevertheless,
novel technologies have been developed for CO2 separation in
hydrogen production including cryogenic separation,14

membranes,15 sorption-enhanced hydrogen production16 and
chemical looping.17

Chemical looping reforming is one of the emerging tech-
nologies to produce H2 with near zero CO2 emissions, where
high purity CO2 separation is integrated into the fuel conversion
step.18,19 Chemical looping reforming has been proposed in
three different congurations featuring interconnected ui-
dised bed reactors,20 moving bed reactors21 and packed bed
reactors.22 Based on the state-of-the-art technologies in SMR
and ATR where reforming takes place in packed bed reactors,
Spallina et al.23 introduced the CLR concept implemented in
packed bed reactors (CLR-PB). As shown in Fig. 1, the process is
comprised of three steps. During the rst one, air is fed into
a reactor containing a metal catalyst (usually Ni, Cu, Fe, or Mn)
called the oxygen carrier (OC). The air oxidizes the OC with the
exothermic reaction increasing the temperature inside the bed
and heat is accumulated. The main product of oxidation is N2 at
high temperature which can be used for high temperature heat
production or power generation in a combined cycle. The
second step required is to reduce the OC by using a low-grade
fuel available in a chemical plant such as the off-gas of the
PSA unit,24 the venting fuel in gas-to-liquid plants (methanol,
Fischer–Tropsch synthesis) or direct reduction of iron.25 The
main gaseous products in this step are CO2 and H2O, where CO2

can be easily separated with high purity aer water condensa-
tion and sent for long term storage or used as feedstock in case
of carbon capture and utilisation (CCU). As reduction reactions
are usually close to heat neutral, most of the heat generated in
the reactor during oxidation is available in the solid material at
high temperature and it is used for the nal step, the catalytic
and endothermic methane reforming. During this step H2O
2756 | Sustainable Energy Fuels, 2022, 6, 2755–2770
and/or CO2 are fed along with natural gas into the reactor and
steam/dry reforming takes place to produce syngas.

Packed bed reactors are broadly used in the chemical
industry, with steam methane reforming being one of the most
important applications. Multi-tubular red reactors use
a furnace to provide the necessary heat (FTR) and auto-thermal
reformers (ATR) use air or oxygen, with the heat provided by the
partial oxidation of natural gas.8 The performance of packed
bed chemical reactors (e.g., conversion, yield, catalyst stability)
is strongly dependent on the temperature prole of the reactor,
therefore the understanding andmodelling of the proles (axial
and radial) is essential at the design stage. Temperature is
a crucial parameter for a safe reactor design in order to avoid
any unwanted products and potential hot spots in the reactor
leading to potential hazards, and also a very important one to
maximize process efficiency. Several approaches have been
implemented to measure temperature with thermocouples
placed in various positions inside and outside the reactors.26,27

One popular method is the use of a thermowell (large metal
casing) placed concentrically in the bed, containing thermo-
couples at different points in the axial direction.28,29 Thermo-
wells are being used in lab and pilot scale reactors30–32 and also
in industrial reactors where they are placed in selected tubes to
monitor the process conditions.33

Reactor modelling is used to simulate the reactor's perfor-
mance and provides essential foreground for reactor design and
changes in the reactor operation. The presence of the thermo-
well inside the reactor is an important parameter whichmust be
considered as it has considerable heat capacity and as it may
cover a signicant volume inside the reactor tube, affecting its
packing and operation, especially for lab scale units. A pseudo-
homogeneous model to describe the inclusion of the thermo-
well has been developed by Pirkle et al.34 while later Landon33

derived an empirical equation to describe the presence of the
thermowell in an exothermic reaction simulation. Dixon and
Wu35 studied the ow in packed beds and the effect of the
thermowell at different tube-to-particle ratios by using compu-
tational uid dynamics (CFD) simulations, while later on they
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Axial tube temperature profile when furnace temperature is set
at 900 �C.
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included exothermic reactions in their model.36 Chen et al.37

developed a 2-D model containing a thermowell to validate the
results of their pilot-plant reactor for the reaction of naphtha
hydrotreatment (overall exothermic reaction, with lumped DH0

¼ �101.1 kJ mol�1). Hamers et al.32 developed a 1-D model for
chemical looping combustion using syngas to validate the
experimental results for oxidation and reduction experiments in
a lab scale reactor containing a thermowell with 20 measure-
ment points by including the thermal inertia of the thermowell
in the energy balance of the reactor, thus predicting more
accurately the temperature change of the solid material.

In this paper, a one-dimensional (1-D) and a two-
dimensional (2-D) model have been developed to validate the
experimental results for a CLR packed bed reactor. The lab-scale
reactor contains a thermowell (OD 6.35 mm) placed concentri-
cally to measure the temperature at 10 points along the axial
direction while the system is heated by an external furnace. The
simulations cover a range of operating conditions for the
oxidation, reduction and reforming stages, by operating the
process at different ow rates, pressures, temperatures and
compositions very close to relevant industrial conditions.
2 Methodology
2.1 Experimental setup

The experimental setup consists of a packed bed reactor of
length 1050 mm, internal diameter 35 mm and outer diameter
60 mm in a special alloy (253 MA) as shown in Fig. 2 (le and
centre), capable of operating at 1000 �C and 20 bar built by Array
Industries B.V. (https://www.arrayindustries.com). A
thermowell of 6.35 mm diameter is inserted from the gas
inlet point (bottom side) and placed concentrically in the
tube, consisting of 10 measuring points (K-type thermocou-
ples (TCs)) with a 75 mm length interval built by Endres-
s+Hauser (https://www.uk.endress.com). An external furnace
Fig. 2 (Left) CLR packed bed reactor schematic; (center) packed bed rea
feeding system placed in FC-1.38

This journal is © The Royal Society of Chemistry 2022
capable of heating up to 1200 �C is used to regulate the
reactor's temperature while insulation material has been
placed at the bottom and top of the furnace to reduce heat
losses. As an oxygen carrier and reforming catalyst, 440 grams
of Ni supported on CaAl2O4 have been used, with a particle
size of 1.0–1.4 mm and an overall bed length of 400 mm. Six
thermocouples are therefore able to measure the reactive zone
with the rst TC being TC3 (at z ¼ 5 mm of the reactive zone)
and the last one being TC8 (at z ¼ 380 mm of the reactive
zone). Inert material (Al2O3) has been placed before and aer
the reactive zone to ensure a good gas mixing and preheating.
The ow rate and composition of feed gases are regulated by
mass ow controllers (Bronkhorst) while pressure is regulated
by a digital back pressure regulator. Aer the reactor the
gases are air-cooled, steam is condensed, and the gases are
fed to a mass spectrometer (Hiden QGA) and CO analyser
(Siemens) as shown in Fig. 2 (right).
2.2 Design of experiments

Reactor performance has been examined against a range of
operating conditions presented in Table 1. He is used as a tracer
in oxidation with air and reduction with H2 and syngas, while in
the case of reduction with CH4 and dry reforming it is used to
obtain a total ow rate of 12 NLPM.
ctor system placed in FC-2 at the University of Manchester; (right) gas

Sustainable Energy Fuels, 2022, 6, 2755–2770 | 2757
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Table 1 Operating conditions for the experiments the model has been tested against

Oxidation Reduction Dry reforming

Air H2 Syngas CH4-rich CH4 + CO2 (+inert)

Flow rate (NLPM) 10–40a 10 10 12 12
Temperature (�C) 500–600 600–900 700–900
Pressure (bar) 1–5 1–5 1–5
Composition (mol%)
N2 40.0 — 70.0 — — —
Air 50.0 90.0 — —
H2 — 20.0 10.0 — —
CO — — 10.0 — —
CO2 — — 70.0 50.0 50.0
CH4 — — — 8.3 8.3
He 10.0 10.0 10.0 41.7 41.7

a All the experiments tested at different pressures and temperatures refer to a ow rate of 10 NLPM. 40 NLPM is used only for validation at higher
ow rate at 600 �C initial bed temperature and 1 bar.
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All the experiments have been designed and performed to
operate as close as possible to realistic industrial conditions
despite the limitations associated with a laboratory scale
reactor. The experiments have been designed so that N2 (at
a ow rate of 5 NLPM) was owing through the bed and the
furnace was set to the temperature setpoint until a stable
temperature prole is reached.
Table 2 Kinetic parameters for the Ni/CaAl2O4 oxidation and
reduction

Medrano39

H2 CO O2

Cs (mol m�3) 89 960 89 960 151 200
r0 (m) 3.13 � 10�8 3.13 � 10�8 5.8 � 10�7

k0 (mol1�n m3n�2 s�1) 9.0 � 10�4 3.5 � 10�3 1.2 � 10�3

EA (kJ mol�1) 30 45 7
n 0.6 0.65 0.9
D0 (mol1�nm3n�1 s�1) 1.7 � 10�3 7.4 � 106 1
ED (kJ mol�1) 150 300 0
kx 5 15 0
b 1 1 2
q 0.75 0.85 1.05
3 Modelling

Two models have been developed and compared against
experimental results. The rst model is a 1-D pseudo-
homogeneous axially dispersed model; the second is a 2-D
pseudo-homogeneous axially and radially dispersed model. In
both models, the pressure drop has been neglected given that it
was never higher than 0.1 bar, and thus not relevant for the
purpose of this work. The thermowell has been modelled in
both cases. In the 1-D model, an energy balance is used for the
thermowell as shown in eqn (4) where the heat exchange
between the thermowell and the bed is included. In the energy
balance for the bed (eqn (3)) both the heat exchanges for the
thermowell and the reactor wall are included. For the 2-D
model, a heat balance (eqn (8)) is applied from the center of the
tube (r ¼ 0) up to the thermowell's radius to ensure that the
boundary condition is enforced at the correct radial length.
From the thermowell (R ¼ Rtw) up to the reactor's wall (R ¼ Rt),
eqn (7) is applied for the reactor bed. Heat losses occur through
the reactor wall as well as at the extremities of the reactor which
are located outside the furnace. The implementation of these
axial heat losses would signicantly increase the complexity of
the model and the computation time especially for the 2-D
model as the dispersion effects for the inert material needed to
be accounted for. The stainless steel material of the reactor wall
has a high thermal conductivity (>26 W m�1 K�1) which results
in a negligible difference between the inside and outside
temperatures of the reactor wall with the resistance to heat
transfer accounting for approximately 3.4% of the total resis-
tance, as also demonstrated by Chen et al.37 A typical axial
2758 | Sustainable Energy Fuels, 2022, 6, 2755–2770
temperature prole across the whole tube (with furnace set-
point at 900 �C) is presented in Fig. 3: the catalytic beds at the
inlet (le side) and outlet (right side) are at lower temperature
due to heat losses in the axial direction with amore pronounced
effect at the inlet where the N2 is owing. Temperature at TC8 –

the last thermocouple inside the reactor bed – is balanced at
882.8 �C aer sufficient time, 20 �C lower than the furnace set
temperature. In the case that a temperature of 900 �C is selected
for the reactor wall across the reactor bed, TC8 (8th TC from the
le in Fig. 3) would eventually balance out at 900 �C instead of
882.8 �C. As heat dispersion from the inert material has been
neglected, a compromising solution is to set the wall tempera-
ture at TC8 at 882.8 �C, thus minimizing the deviation from the
actual heat behaviour. The temperature of the feed gases is
initially ambient (25 �C) and is gradually preheated up to
817.1 �C where the rst thermocouple (TC3) is located at the
beginning of the reactor bed. The ow rates used in the exper-
iments are always larger (10–40 NLPM) than the ones used for
setting the initial bed temperature (5 NLPM) which results in
further cooling of the rst part of the bed. TC2 – located in the
inert material before the bed and measuring 723.5 �C, approx-
imately 100 �C lower than TC3 – is used as an indicator of the
temperature drop so that the inlet gas temperature in the
This journal is © The Royal Society of Chemistry 2022
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reactor is calculated from the TC2 temperature readings
increased by 100 �C.

The PDEs for the mass and energy balance are presented in
eqn (1)–(4) for the 1-D model and in eqn (5)–(8) for the 2-D
model.

1-D gas phase mass balance:

3grg
vug;i

vt
¼ �rgus

vug;i

vz
þ v

vz

�
rgDez

vug;i

vz

�
þ 3s

X
N

rNMMi (1)

1-D solid phase mass balance:

3srsuact;0

vus;i

vt
¼ 3s

X
N

rNMMj (2)

1-D combined gas–solid energy balance:

�
3grgcp;g þ 3srscp;s

� vTb

vt
¼ �rguscp;g

vTb

vz
þ v

vz

�
lez

vTb

vz

�

þ 3s
X
k

rk
��DHT

k

��UwAw;bðTb � TwÞ

�Utw;oAb;twðTb � TtwÞ
(3)

with:

Aw;b ¼ 4
dt

dt
2 � dtw

2
; Ab;tw ¼ 4

dtw

dt
2 � dtw

2

1-D thermowell energy balance:

rsteel cp;steel
vTtw

vt
¼ v

vz

�
lsteel

vTtw

vz

�
�Utw;i

4

dtw
ðTtw � TbÞ (4)

Axial boundary conditions:

z ¼ 0 : Ttw ¼ Ttw;0

vug;i

vz
¼ us;0

Dez

�
ug;i � ug;i;0

�

vTb

vz
¼ rgus;0cp;g

lez
ðTb � Tb;0Þ

z ¼ L :
vTtw

vz
¼ 0

vug;i

vz
¼ 0

vTb

vz
¼ 0

2-D gas phase mass balance:

3grg
vug;i

vt
¼ �rgus

vug;i

vz
þ v

vz

�
rgDez

vug;i

vz

�
þ 1

r

v

vr

�
rrgDer

vug;i

vr

�

þ 3s
X
N

rNMMi

(5)
This journal is © The Royal Society of Chemistry 2022
2-D solid phase mass balance:

3srsuact;0

vus;i

vt
¼ 3s

X
N

rNMMj (6)

2-D combined gas–solid energy balance:

�
3grgcp;g þ 3srscp;s

� vTb

vt
¼ �rguscp;g

vTb

vz
þ v

vz

�
lez

vTb

vz

�

þ 1

r

v

vr

�
rler

vTb

vr

�
þ 3s

X
k

rk
��DHT

k

�

(7)

2-D thermowell energy balance:

rsteel cp;steel
vTtw

vt
¼ v

vz

�
lsteel

vTtw

vz

�
þ 1

r

v

vr

�
rlsteel

vTtw

vr

�
(8)

Radial boundary conditions:

r ¼ 0 :
vTtw

vr
¼ 0

r ¼ Rtw :
vTtw

vr
¼ hw

lsteel
ðTRtw;tw � TRtw;bÞ

vug;i

vz
¼ 0

vTb

vr
¼ hw

ler
ðTRtw;b � TRtw;twÞ

r ¼ Rt :
vug;i

vz
¼ 0

vTb

vr
¼ �hw

ler
ðTRt;b � TRt;wÞ

Thorough details of the discretization methods and the
solvers used as well as the calculation of the parameters can be
found in the Appendix.
3.1 Kinetics

Oxidation and reduction with H2 and CO (eqn (9)–(11)) kinetics
were taken from Medrano et al.39 and the implementation of the
pressure effect on the kinetics by Hamers et al.40 The kinetics were
derived from a shrinking core model implementing chemical and
ash diffusion effects, validated with a Ni/CaAl2O4 catalyst. The
kinetic model equations are presented in eqn (12)–(15) and the
kinetic parameters in Table 2. This model has been corrected
from previous versions published in the literature. A correction is
made in eqn (13) where the term b (solid–gas mole ratio) was not
reported correctly in previously published studies. Further details
and the actual derivation are included in the Appendix.

Oxidation

O2 + Ni / NiO, DH0 ¼ �479.4 kJ molO2

�1 (9)
Sustainable Energy Fuels, 2022, 6, 2755–2770 | 2759
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Table 3 Pre-exponential parameters and activation energies

k0,SMR (mol bar0.5 g�1 s�1) k0,WGS (mol bar�1 g�1 s�1) k0,GLOBAL (mol bar0.5 g�1 s�1) EA,SMR (kJ mol�1) EA,WGS (kJ mol�1) EA,GLOBAL (kJ mol�1)

1.17 � 1012 5.43 � 102 2.83 � 1011 240.1 67.13 243.9

Table 4 Pre-exponential constants for adsorption constants and enthalpy change of adsorption

K0,CO K0,H2 K0,CH4 K0,H2O DHabs,CO (kJ mol�1) DHabs,H2 (kJ mol�1) DHabs,CH4 (kJ mol�1) DHabs,H2O (kJ mol�1)

8.23 � 10�5 6.12 � 10�9 6.65 � 10�4 1.77 � 105 �70.65 �82.90 �38.28 88.68
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Reduction

H2 + NiO / H2O + Ni, DH0 ¼ �2.125 kJ molH2

�1 (10)

CO + NiO / CO2 + Ni, DH0 ¼ �43.26 kJ molCO
�1 (11)

rj
�
mol mp

�3 s�1
� ¼ rsu

0
act

MMj

dXj

dt
(12)

H2 & CO reduction

dXj

dt
¼

3bCg
n

r0 � Cs0
@1

k
ð1� XÞ�2

3 þ r0

D
ð1� XÞ�1

3 � r0

D

1
A

(13)

k ¼ k0 exp

� �EA

R� T

�
P�q (14)

D ¼ D0 exp

� �ED

R� T

�
expð�kxX Þ (15)

Concerning the catalytic reforming and shi reactions (eqn
(16)–(18)), kinetics from Xu and Froment41 were used. The
kinetic model equations are presented in eqn (19)–(24) and the
kinetic parameters are given in Tables 3 and 4.

CH4 + H2O 4 CO + 3H2, DH
0 ¼ 206.1 kJ mol�1 (16)

CO + H2O 4 CO2 + H2, DH
0 ¼ �41.15 kJ mol�1 (17)
Fig. 4 (Left) Thermowell temperature profiles for the experiment (solid l
lines) for 20% O2, 600 �C set bed temperature and 1 bar pressure; (righ
average temperature 1-D model (dashed lines) and 2-Dmodel (dashed d
Temperature has been radially averaged for the case of the 2-D model.

2760 | Sustainable Energy Fuels, 2022, 6, 2755–2770
CH4 + 2H2O 4 CO2 + 4H2, DH
0 ¼ 165.0 kJ mol�1 (18)

rSMR ¼ kSMR

pH2
2:5

�
pCH4

pH2O � pH2

3pCO

KSMR

�

DEN2
(19)

rWGS ¼ kWGS

pH2

�
pCOpH2O � pH2

pCO2

KWGS

�

DEN2
(20)

rGLOBAL ¼ kGLOBAL

pH2
3:5

�
pCH4

pH2O
3 � pH2

4pCO2

KSMR

�

DEN2
(21)

DEN ¼ 1þ KCOpCO þ KH2
pH2

þ KCH4
pCH4

þ KH2OpH2O

pH2

(22)

ki ¼ k0;i exp

��EA;i

RT

�
3s;prsuNi (23)

Ki ¼ K0;i exp

�
DHabs;i

RT

�
(24)
4 Results and discussion
4.1 Model validation

The model validation was carried out using the oxidation cycle
step which has the highest heat of reaction (see eqn (9)), thus
presenting the sharpest temperature increase and therefore
ines), the 1-D model (dashed lines) and the 2-D model (dashed dotted
t) temperature for the experimental thermowell (solid lines) and bed

otted lines) for 20% O2, 600 �C set bed temperature and 1 bar pressure.

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 O2 breakthrough comparison between the experiment (circular
markers) and 1-D model (red dashed line) and radially averaged 2-D
model (blue dashed dotted line), flow rate 10 NLPM, bed temperature
600 �C and pressure 1 bar.
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being the most sensitive step. Oxidation with 20% O2 and
600 �C initial bed temperature has been selected as it was the
experimental oxidation with the highest solid conversion (above
85% Ni to NiO conversion). Moreover, the operating conditions
are very close to industrial applications since simulated air is
used (diluted with He as a tracer) and initial bed temperatures
are 500–600 �C, as expected aer the reforming stage.42 The gas
breakthrough curves were used for validation in all the exam-
ined cases to determine the solid conversion achieved (reaction
front). Both models present a very good match to the experi-
mental results (Fig. 4 le), with the 2-D model being accurate
also in the prediction of the heat front (temperature drop aer
the initial increase). The temperature versus time proles were
used as they provide more details of the kinetic behaviour and
the heat losses by logging the temperature recording every
second. Only TC3 is not described well by the 2-D model due to
its proximity to the beginning of the bed: the lower temperature
at this point (90 �C lower than the set temperature) caused by
heat losses and the cooling of the feed gases leads to lower
conversion. The difference between the temperature proles
recorded from the 1-D and the 2-D models is explained by the
additional term used for the heat losses from the bed lm
surrounding the thermowell, while in the 1-D model the heat
losses are calculated from the average bed temperature.

The bed radially averaged 2-D results provided a 10 �C higher
temperature than the 1-D model at each position of the reactor
(Fig. 4 right), a similar trend to the temperature results for the
thermowell. As expected, the radially average temperature
increase inside the bed is signicantly higher and sharper than
the temperature recorded from the TCs (�100 �C higher). This
is an important highlight that was not possible to show in our
previous work25 as it inuences the design and operation of the
reactor from safety and material stability points of view. Due to
the thermowell's inertia to temperature swings, the temperature
varies at a slower rate than the bed one as shown by the sharp
peaks in the bed temperatures compared to the smoother ones
formed by the plot of the experimental results recorded from
the thermowell. The use of a detailed model represents
Fig. 5 2-D model radial profiles for 20% O2, 600 �C set bed
temperature and 1 bar pressure at 100 seconds (a), 200 seconds (b)
and 400 seconds (c).

This journal is © The Royal Society of Chemistry 2022
therefore an important achievement which was not otherwise
possible in terms of maximum average temperature achieved
(1097 �C in the bed instead of 1000 �C in the thermowell at TC7)
and ultimately the maximum temperature rise that is expected
for the tested material.

In Fig. 5, the evolution of the 2-D temperature prole during
oxidation is plotted. The reaction front is moving across the bed
elevating temperature with the highest values produced
symmetrically to the axis of the reactor. The highest tempera-
ture in the reactor is 1181 �C, at 280 seconds, 68% of the total
cycle time, at z ¼ 265 mm and it is located at Rt/3 from the
centre of the reactor's tube (2.7 mm from the thermowell's wall
and 11.7 mm from the tube's wall) as the wall temperature is
always lower than the temperature of the thermowell in this
experiment. This is another very important observation as the
reactor can momentarily develop temperatures up to 181 �C
higher than the reading from the thermocouples and this may
be crucial for safe reactor operation. In all timeframes, the
thermowell temperature is lower than the maximum of the bed,
an effect of the lower response time to the temperature
variations.

The results obtained in terms of mass ow rates and
compositions were identical for the 2 models as the radial mass
Fig. 7 O2 breakthrough comparison between the experiments
(circularmarkers) and 1-Dmodel (solid lines), at a flow rate of 10 NLPM.

Sustainable Energy Fuels, 2022, 6, 2755–2770 | 2761
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Fig. 8 Comparison between the experimental (solid lines), 1-D ther-
mowell model (dashed lines) and 1-D bed model (dashed dotted lines)
temperature for 20%O2 and 10 NLPMwith (a) 500 �C/3 bar and (b) 600
�C/5 bar.
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dispersion has a marginal impact on axial proles, showing
good agreement with the experimental breakthrough as shown
in Fig. 6.

The comparison of the 1-D and 2-D models has shown an
overall difference of 2.5% in the maximum temperature
increase for the thermowell simulations and about 1% to the
average bed temperature, demonstrating that the 1-D model
implemented with heat losses and dispersion reects accurately
the expected result of the system. Further results in terms of
model validation refer to the 1-D model given the remarkable
difference in computation time (�21 times faster) compared to
the 2-D model.

4.1.1 Oxidation. The model has been tested against a range
of conditions in terms of pressure, temperature, composition
and ow rate. In Fig. 7, the O2 molar outlet for different
temperatures (500 and 600 �C initial bed temperature) and
various pressures (1 to 5 bar) is presented for a 20% O2

concentration, with the model predicting well the O2 break-
through curves. In all scenarios, the experimental values seem
more dispersed than the model and this is explained by the
extra dispersion inside the support material aer the bed, but
also along the tubes and the cooler up to the mass-spec detec-
tion. As shown in Fig. 8a and b, the comparison of experiments
and modelling of the temperature proles at initial solid
temperatures/pressures of 500 �C/3 bar and 600 �C/5 bar,
respectively, are presented: the model captures well the
temperature rise as well as the maximum temperature achieved
which reect the reaction front along the bed, not affected by
the external empty volume of piping and coolers. The oxygen
carrier capacity for each case has been selected based on the
results during the previous reduction case as amply discussed
in our previous work.25 In these 20% O2 cases, 78.1% Ni-to-NiO
conversion occurs in the 500 �C/3 bar case, while 90.7% of the
solid conversion is obtained at 600 �C/5 bar, which was the
highest conversion achieved for the examined oxidation exper-
iments. Lower initial bed temperatures lead to lower solid
conversion as demonstrated in our previous study43 but also
from previous kinetic studies for the same material.39 This
difference is reected also in the maximum temperature
increase achieved in each case, 468.9 �C compared to 531 �C
respectively, as the temperature increase is dependent on the
effective active weight OC content as shown in eqn (25).44

Increased pressure for this ow rate leads to higher conversion
due to lower gas velocity and therefore higher residence time.
Moreover, even though pressure has a negative effect on the
kinetics (see the model in eqn (14) from the kinetic study of
Hamers et al.40), the experimental results appear to be more
dispersed than the model with increasing pressure leading to
more dispersion caused by gas mixing in the tubes and the
water condenser aer the reactor. However, as demonstrated
and discussed in our previous study43 the pressure effect is quite
limited when tested against higher ow rates (40 NLPM) in the
examined pressure range (1–5 bar). This behaviour is attributed
to the mass transfer limitations that have an increased inu-
ence at lower ow rates, while their effect is quite reduced at
higher ow rates as also demonstrated by the kinetic studies
from San Pio et al.45
2762 | Sustainable Energy Fuels, 2022, 6, 2755–2770
DTMAX ¼ ð�DHR;oxÞ
cp;sMWOC;act

uOC;actx
� cp;gMWO2

ugO2 ;0

(25)

At 500 �C, the material is not entirely converted at the
beginning and at the end of the bed due to the lower solid
temperatures caused by the heat losses and the cooler gas feed
leading to the model over-predicting the temperature rise.

The 10% O2 concentration cases have been examined in
terms of ow rate, with 10 NLPM and 40 NLPM ow rates cor-
responding to 0.25 m s�1 and 1 m s�1 supercial velocity,
respectively, with the latter representing an industrial scenario.
As shown from the O2 breakthrough in Fig. 9 and from the
temperature proles in Fig. 10a and b, the model is in good
agreement with the experimental results. In terms of O2

breakthrough, the breakthrough in the 10 NLPM case appears
to be slightly more mass dispersed than the results predicted by
the model, while in the case of 40 NLPM the results match very
well. This can be explained by the higher gas velocity down-
stream the reactor where any mixing and stabilisation of gas
composition occurs at a lower time (about 4 times lower). The
temperature proles produce the expected results with the 1-D
model providing slightly lower maximum temperatures (about
20 �C) than the experimental ones. In the 40 NLPM case, the
temperatures predicted by the model corresponding to TC3 and
TC4 (respectively 1st and 2nd TCs in the reactive zone) do not
align with the experimental results, a result of the large gas ow
This journal is © The Royal Society of Chemistry 2022
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Fig. 9 O2 breakthrough for a high flow rate (40 NLPM – 1 m s�1) and
lower flow rate (10 NLPM – 0.1 m s�1).
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being not pre-heated at the expected temperature, thus
becoming colder (330 �C) and eventually leading to lower
conversion at the beginning of the bed.

4.1.2 Reduction. In the case of NiO reduction with H2, only
a gas–solid reaction occurs, as there aren't any catalytic reac-
tions taking place with the feed consisting of H2 (20%), N2

(70%) and He (10%) as tracer. Reduction with H2 is mildly
exothermic, thus a small increase in temperature is recorded
during experiments (about +30 �C), also shown by the model in
Fig. 11 top.

H2 breakthrough curves for different bed temperatures are
shown in Fig. 11 middle. The model aligns with the
Fig. 10 Temperature comparison between the experimental (solid
lines), 1-D thermowell model (dashed lines) and 1-D bed model
(dashed dotted lines) temperature for 10%O2, 1 bar and 600 �Cwith (a)
10 NLPM and (b) 40 NLPM.

This journal is © The Royal Society of Chemistry 2022
experimental results for all the cases examined except for the
case with an initial solid temperature of 600 �C due to slow
kinetics. The breakthrough occurs aer 450 seconds with
a resulting low solid conversion of NiO into Ni (approximately
63%). As bed temperature increases, solid conversion increases
from 80% (700 �C) up to 97.7% (at 900 �C). It must be noted that
solid reduction under industrial conditions occurs when the
bed is at its maximum temperature, thus the process is always
carried out under optimal conditions.

Increasing pressure leads to better conversion for the
reduction cases as well (Fig. 11 bottom) with the 5 bar case
Fig. 11 (Top) Temperature profiles for the experiment (solid lines) and
model (dashed lines) for reduction with 20% H2 at 900 �C, 1 bar and 10
NLPM; (middle) temperature comparison for H2 breakthrough during
reduction with 20% H2 at 3 bar pressure and 10 NLPM flow rate;
(bottom) pressure comparison for H2 breakthrough during reduction
with 20% H2 at 800 �C and 10 NLPM flow rate.

Sustainable Energy Fuels, 2022, 6, 2755–2770 | 2763
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Fig. 13 Gases breakthrough for reduction with synthetic biogas
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reaching a conversion of 99.5% at 800 �C. In all the examined
cases the slope generated from the model matches well the
experimental results, where the experimental results appear to
be more dispersed due to reasons explained in Section 4.1.

In case of reduction with syngas (see Table 1), the kinetics
involve both gas–solid reactions between H2/CO and NiO as well
as catalytic reactions such as RWGS. Carbon deposition does
not occur in the presence of CO as sufficient CO2 is supplied in
the feed. According to Fig. 12 top, the model predicts slightly
faster kinetics (indicated by a sharper slope at the reaction
front). The model predicts well the breakthrough values for the
900 �C case (Fig. 12 middle) with slightly sharper proles, as
well as the proper gas composition aer NiO has been
Fig. 12 (Top) Temperature profiles for the experiment (solid lines) and
model (dashed lines) for reduction with 10% H2, 10% CO and 70% CO2

at 900 �C, 3 bar and 10 NLPM; (middle) gas breakthrough for reduction
with 10% CO, 10% H2 and 70% CO2 (no He and H2O); (bottom) CO
breakthrough during reduction for various bed temperatures and
pressures for reduction with 10% CO, 10% H2 and 10 NLPM flow rate.

(CO2 : CH4 – 6 : 1) for 900 �C and 1 bar.

2764 | Sustainable Energy Fuels, 2022, 6, 2755–2770
completely reduced and the the bed has not more oxygen le
and it behaves effectively as cataytic reactor with mainly RWGS
occurring, of CO (CO/H2 ratio >9 at the outlet). H2 breakthrough
is sharper and comes later than the one for CO in the model as
well (853 seconds for H2 and 803 seconds for CO), conrming
the faster kinetics of H2 as a reducing agent compared to CO.

At lower bed temperatures, the experimental results seem to
deviate even further from the model, presenting much slower
kinetics than the model predicts. While conversion for 900 �C is
high (>95%), it drops to 81.4% at 800 �C and to 74.4% at 700 �C
indicating that the kinetic model implemented for the CO does
not accurately describe the reduction at temperatures below
800 �C (Fig. 12 bottom).

In case of reduction with CH4-rich gas, a mixture of CO2 and
CH4 (+He) with a CO2 to CH4 ratio of 6 has been selected. The
breakthrough curves are predicted well from the model with the
experimental results being more dispersed than the model
(Fig. 13) while this effect is encountered in the temperature
prole as well (Fig. 14 le). Aer the solid has been reduced, the
the bed has not more oxygen le and it behaves effectively as
cataytic reactor with mainly dry reforming occurring, (reported
in Argyris et al.43) with a nal composition very close to the
thermodynamic equilibrium at 900 �C and 1 bar. CH4 slip
occurs in the rst 10 seconds in the experimental results (about
1%) as a consequence of CH4 not being able to reduce the OC
used in this study (NiO/CaAl2O4). This would suggest a CH4–

CaAl2O4 interaction that inhibits the reduction with CH4 since
NiO supported on different materials (Al2O3, NiAl2O4, MgAl2O4,
TiO2 and ZrO2) does react under different operating conditions.
In the simulations, a 0.1% Ni content is used in the rst 5 mm
of the bed, which was enough to quickly convert the methane to
CO and H2, so no methane slip was observed. All CH4 is con-
verted in the rst 70 mm of the bed (Fig. 14 right) while the CO
and H2 generated reduce the bed, with the dry reforming reac-
tions dropping the temperature in the rst part of the bed (TC3
& TC4) and the exothermic reduction reactions raising the
temperature in the rest of the bed (TC5–TC8).

When examined against different temperatures and pres-
sures shown in Fig. 15, the model seems to perform well for the
900 �C cases (1 & 5 bar) while starting to deviate from the
This journal is © The Royal Society of Chemistry 2022
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Fig. 14 (Left) Temperature profiles for the experiment (solid lines) and model (dashed lines) for reduction with synthetic biogas (CO2 : CH4

– 6 : 1) for 900 �C and 1 bar. (Right) Axial molar fraction profiles during reduction with synthetic biogas CO2 : CH4 – 6 : 1 for 900 �C and 1 bar.

Fig. 15 CO breakthrough during reduction for various bed tempera-
tures and pressures for reduction with synthetic biogas CO2 : CH4

– 6 : 1 for 900 �C and 1 bar.

Fig. 16 (Left) Gas profiles during dry reforming at 900 �C, 1 bar, 12
NLPM flow rate and 6 : 1 – CO2 : CH4. (Right) Dispersion effect at
various pressures on the gas detection for a mixture of He and CO2. He
valve is switched off at 20 seconds.
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experimental values as temperature drops, an effect encoun-
tered in the syngas results as well.

4.1.2.1 Reforming. The reactor model has also been
compared in the reforming phase by feeding CH4 with CO2

which is converted into syngas via endothermic dry reforming.
In this study only dry reforming was studied in the temperature
range of 700–900 �C to ensure negligible or no CH4 slip (Fig. 16
le). The temperature at the end of the reactor remains steady
leading to the stable proles, while the higher CO2 content
produces a higher amount of CO instead of H2. The dispersion
in the experimental results in the rst 30 seconds is not
described by the model properly, as the CO2 and He tend to lead
to high gas mixing in the cooler section of the rig.

The dispersion effect is more evident with the increase in
pressure as encountered in all the experiments. When He and
CO2 are fed in the system and He valve switches off, it takes 30
seconds to remove helium at 1 bar, 50 seconds at 3 bar and 90
seconds at 5 bar (Fig. 16 right).

The model predicts accurately the temperature decrease of
the thermowell temperature (especially at the beginning of the
bed) for 900 �C at 1 bar (Fig. 17 le), 3 bar (Fig. 18a) and 5 bar
(Fig. 18b) where minor differences were encountered from the
effect of pressure. As depicted in Fig. 17 le, only the recorded
TC3 deviates from the average temperature demonstrating that
at the beginning of the bed where most of the reforming occurs,
the solid temperature drops very fast and the response of the TC
This journal is © The Royal Society of Chemistry 2022
to depict it is not fast enough. This demonstrates that in this
zone the solid temperature drop is higher than the temperature
recorded by the thermocouples, and unwanted phenomena
such as carbon deposition may occur. In the remaining part of
the bed, as the reaction extent is limited, the temperature
change in each TC is limited and well detected also by the
model.

The axial temperature thermowell proles shown in Fig. 17
(right) present a better depiction of the way heat is removed
from the reactor. The biggest drop in temperature is located in
the rst 50 mm of the bed while as time progresses more heat is
being removed.
Sustainable Energy Fuels, 2022, 6, 2755–2770 | 2765
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Fig. 17 (Left) Dry reforming temperature profiles for the experiment (solid lines), thermowell model (dashed lines) and bed average (dashed
dotted lines). Conditions are 900 �C, 1 bar, 12 NLPM and CO2 : CH4 – 6 : 1 balanced with He. (Right) Axial temperature profiles for dry reforming
for the experiment (diamond markers) and model (solid lines), at 900 �C, 1 bar, 12 NLPM and CO2 : CH4 – 6 : 1 balanced with He.

Fig. 18 Dry reforming under different temperature and pressure conditions. All cases are 12 NLPM, 6 : 1 CO2 : CH4 and balanced 8 with He: (a)
900 �C, 3 bar, (b) 800 �C, 1 bar, (c) 900 �C, 5 bar, (d) 700 �C, 1 bar.
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At different temperatures and pressures, the experimental
results well align with the modelling prediction (Fig. 18) except
for the case at 700 �C (Fig. 18d) with slight deviation in TC3
(40 �C lower than the experimental value) and TC6 and TC7
(with a difference of 22 �C). This is a combination of the 1-D
heat loss model not being able to capture exactly the sharper
temperature drop that takes place at lower temperatures and
the fact that the kinetics used were derived for a catalyst with
a different support. Nevertheless, the differences are limited in
time making the 1-D model very appropriate for further reactor
design.
5 Conclusion

Two mathematical models have been developed, a one-
dimensional axially dispersed pseudo-homogeneous model
2766 | Sustainable Energy Fuels, 2022, 6, 2755–2770
and a two-dimensional axially and radially dispersed pseudo-
homogeneous model, to simulate the dynamic behaviour of
a chemical looping reforming packed bed reactor for oxidation,
reduction and dry reforming in a range of different tempera-
tures (500–900 �C), pressures (1–5 bar), ow rates (10–40
NLPM) and feed composition. The 2-D model delivered results
in very good agreement with the experimental results, match-
ing the experimental readings of the thermowell. The highest
average bed temperature during oxidation was found to be
1097 �C – 100 �C higher than the thermowell's highest
temperature at 1000 �C – with a total maximum of 1181 �C,
located at z ¼ 265 mm and r ¼ Rt/3. The difference is attributed
to the thermal inertia of the thermowell not being able to
capture the sharp temperature differences in the bed. The 1-D
model predicted well the temperatures of the thermowell with
a small underestimation (2.5% lower than the 2-D model) but
This journal is © The Royal Society of Chemistry 2022
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delivered a similar prole for the bed average temperature to
the one predicted for the 2-D model (1% lower). Therefore, the
1-D model has been selected as the main model to test all the
experimental data due to the signicantly lower computation
time (�21 times faster) compared to the 2-D model. The
maximum conversion in oxidation has been 90.7% at 600 �C
and 5 bar resulting in a 534 �C maximum average bed
temperature increase. Higher pressure has a positive effect on
the solid conversion at 600 �C, 20% O2 and a ow rate of 10
NLPM, with 84.7% at 1 bar to 90.7% at 5 bar. Reduction with H2

and syngas modelling results presented very good agreement
and gas breakthrough proles at temperatures higher than
800 �C with an increasing deviation at lower temperatures due
to incomplete conversion and overestimation of the kinetic
model. In case of CH4 reduction, a 0.1% Ni at the rst 5 mm of
the bed was enough to convert the methane through dry
reforming reactions to syngas. The feed consisted of CO2 and
CH4 in a 6 : 1 ratio, which justies that with very few Ni sites
available to activate the reforming, CH4 is quickly converted to
syngas to reduce the bed. Reforming presented excellent
agreement with the temperature of the thermowell which
matched the average bed temperature apart from the rst
thermocouple TC3, where the temperature drop is signicantly
larger (up to 150 �C lower) than the thermowell, which cannot
capture the sharp drop and is affected by the higher gas feed
temperature as well.

The developed models present a step forward in the chem-
ical looping reforming modelling in packed bed reactors as they
have been tested against a wide range of operating conditions
presenting results with very good agreement. A 2-D model has
been tested for the rst time against nickel oxidation in
a packed bed reactor containing a thermowell, illustrating a full
prole axially and radially in the reactor bed, which emphasized
the signicant differences between the thermowell recording
and the actual bed temperature. The 1-Dmodel has been proven
to be robust and efficient for providing very good results in
a wide range of conditions, therefore constituting the basis for
scale-up modelling and design.

Appendix
Model development and PDE discretization

Both models have been developed with the C++ programming
language as it offers high-performance solutions, essential for
the complexity of the developed models. For the axial mass and
heat conversion terms in both models, a weighted essentially
non-oscillatory (WENO) scheme has been used, more speci-
cally a semi-discrete Buckley–Leverett equation with WENO 5th
order ux reconstruction and Lax–Friedrichs (LF) ux split-
ting.46,47 This is a high order, high accuracy nite volume
scheme which provided high accuracy solutions even with
a limited number of grid points selected.48 For the radial
convection terms in the 2-D model, a central-difference scheme
has been used as the mass and temperature variations are ex-
pected to be considerably milder. Second-order central differ-
ence schemes have been used for all the dispersion/diffusion
terms. A total of 80 grid points have been selected for the axial
This journal is © The Royal Society of Chemistry 2022
discretization (5 mm step) as higher grid point selection had
a marginal effect on the results. Concerning the radial dis-
cretization in the 2-D model, 10 grid points (0.32 mm step) have
been selected for the thermocouple radius (r: 0–3.175 mm) and
40 grid points (0.36 mm step) for the bed range (r: 3.175–17.5
mm) which proved to be sufficient to avoid any solution insta-
bilities. An increase in the number of radial grid points proved
to have no signicant effect on the results. With the dis-
cretization of PDE space terms, the problem is solved as an
initial value problem. A variable-step and variable-order solver
is used49 for the time derivatives. The values for the relative and
absolute error tolerances have been selected to prevent any
oscillatory solutions but also to prevent a signicant rise in
computation time.
Parameter calculations

Gas density has been calculated according to the ideal gas law
as shown in eqn (A1)

rg ¼
PMMg;avg

RT
(A1)

The specic heat capacities for the gases and the solids as
well as the enthalpies of formation were calculated by interpo-
lating data from Barin's thermodynamic tables.50

Gas viscosities taken from the NIST online database, binary
diffusivities from Fuller et al.51 and the Wilke mixing rule52 were
used for both in terms of gas mix.

The mass axial dispersion coefficient is calculated from
Edwards and Richardson53 in eqn (A2) and (A3).

Dez ¼ dpus

Pez;m
(A2)

1

Pez;m
¼ 0:73eg

ReSc
þ 0:5�

1þ 9:7eg
ReSc

� (A3)

The heat axial dispersion coefficient is calculated from Dixon
and Cresswell54 in eqn (A4)–(A6).

lez ¼
rgcp;gdpus

Pez;m
(A4)

1

Pez;h
¼ 1

Pefz;h
þ

�
lrs

�
kg
�

�
1þ 9:7eg

RePr

� (A5)

1

Pefz;h
¼ 0:73eg

RePr
þ 0:5�

1þ 9:7eg
RePr

� (A6)

Effective radial thermal conductivity has been calculated
from eqn (A7)–(A13) taken from Zehner and Schlünder55,56 and
Bauer and Schlünder.57

ler ¼ l0er + ler
t (A7)
Sustainable Energy Fuels, 2022, 6, 2755–2770 | 2767
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l0er
lg

¼
�
1� ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� eg
p 	�

1þ eg
lrsdp

lg

�
þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� eg

p
1þ

�
krsdp

lg
� B

�
lg

ls

q

(A8)

q ¼



1þ

�
lrsdp

lg
� 1

�
lg

ls

�
B



1þ

�
lrsdp

lg
� B

�
lg

ls

�2 ln
1þ lrsdp

ls

B
lg

ls

� B� 1

1þ
�
lrsdp

lg
� B

�
lg

ls

þ Bþ 1

2B

�
lrsdp

lg
� B

�

(A9)

with C ¼ 1.25 for spherical particles

B ¼ C



1� eg

eg

�10
9

(A10)

lrs ¼ 0:227� 10�3
e

2� e

�
T

100

�3

(A11)

ler
t

lg
¼ PrRe

Perf
(A12)

1

Perf
¼

2

3
3g

RePr
þ 1

Perf ;N
(A13)

The wall heat transfer coefficient has been calculated with
the suggestions from Dixon58 using the formula derived by Yagi
and Kunii59 presented in eqn (A14)–(A20)

hew ¼ kgNuw

p
(A14)

Nuw ¼ Nuw0

1

1

Nu*
w

þ 1

Num

(A15)

Nuw0 ¼
�
1:3þ 5

dt
�
dp

��
l0er
lg

�
(A16)

Nu*
w ¼ 0:3Pr1=3Re0:75 (A17)

Num ¼ 0.54PrRe (A18)

The overall heat transfer coefficient is calculated from the
Dixon60 equation:

1

U
¼ 1

hew
þ Rt

3ler

Biþ 3

Biþ 4
(A19)

Bi ¼ hewdt

ler
(A20)
2768 | Sustainable Energy Fuels, 2022, 6, 2755–2770
Deriving the shrinking core model

The shrinking core model used is ash diffusion and chemical
reaction controlled. The equations taken from Levenspiel61 for
spherical particles are as follows:

ttotal ¼ tash diff + treaction (A21)

tash diff ¼ sash diff[1 � 3(1 � Xj)
2/3 + 2(1 � Xj)] (A22)

sash diff ¼ Cjsr0
2

6bDCig

(A23)

treaction ¼ sreaction[1 � (1 � Xj)
1/3] (A24)

sreaction ¼ Cjsr0

bkCig

(A25)

The reactivity
dXj

dt
is calculated using the derivative of eqn

(A21) shown below:

dXj

dt
¼

h
2
�
1� Xj

�1=3 � 2
i

sash diff

þ 3
�
1� Xj

�2=3
sreaction

¼ 3bCig

Cjsr0



D

r0

�
1� Xj

�1=3 � D

r0
þ k

�
1� Xj

�2=3�
5

dXj

dt

¼
3bCig

Cjsr0�
r0

D

�
1� Xj

��1=3 � r0

D
þ 1

k

�
1� Xj

��2=3� (A26)
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Abbreviations
AR
 Air reactor

ATR
 Autothermal reforming

CLC
 Chemical looping combustion

CLR
 Chemical looping reforming

CLR-PB
 Chemical looping reforming in packed bed reactors

DMR
 Dry methane reforming

FR
 Fuel reactor

FTR
 Fired tubular reforming

GTL
 Gas to liquid

NLPM
 Normal liters per minute

OC
 Oxygen carrier

RWGS
 Reverse water gas shi

SMR
 Steam methane reforming

TC
 Thermocouple

TRL
 Technology readiness levels

WGS
 Water-gas shi

WGSR
 Water-gas shi reactor
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Symbols (units)
A

This jou
Heat exchange surface (m2)

b
 Gas–solid stoichiometric factor (mols molg

�1)

Bi
 Tube biot number (hw Rt lr

�1)

C
 Molar density (mol m�3)

cp
 Constant pressure specic heat capacity per unit mass

for the gas (J kg�1 K�1)

D
 Effective diffusion coefficient of a gaseous reactant in

the ash layer (mg
3 ms

�1 s�1)

Dez
 Effective axial dispersion coefficient (mg

3 mb
�1 s�1)
Der
 Effective radial dispersion coefficient (mg
3 mb

�1 s�1)

Di,mix
 Molecular diffusivity of component i in a mixture (mg

3

mg
�1 s�1)
D0
 Diffusion pre-exponential factor (mol1�n m3n�1 s�1)

dp
 Particle diameter (m)

dt
 Tube internal diameter (m)

e
 Emissivity

EA
 Activation energy (J mol�1)

ED
 Diffusion activation energy (J mol�1)

h
 Convective heat transfer coefficient (J m�2 s�1 K�1)

DHT

abs
 Enthalpy change of adsorption (J mol�1)

DHT
 Enthalpy change of reaction (J mol�1)

K
 Equilibrium constant

k
 Reaction rate constant (s�1)

k0
 Pre-exponential factor (s�1)

MM
 Molecular mass (mol kg�1)

N
 Number of components in the system

n
 Reaction order

Nuw
 Wall Nusselt number (hw dp lg

�1)

Nuw0
 Wall Nusselt number at zero ow (hw0 dp lg

�1)

Nu*

w
 Wall lm Nusselt number (h*w dp lg
�1)
Num
 Mechanical uid Nusselt number (hwm dp lg
�1)
p
 Gas partial pressure (bar)

P
 Gas mixture pressure (bar)

Perf
 Radial uid Peclet number (us rg cp dp lr,g

�1)

Perf,N
 Limited value of Perf at high Re

Pr
 Prandtl number (cp m lg

�1)

R
 Gas constant (J mol�1 K�1)

r
 Reaction rate (mol mb

�3 s�1)

r0
 Particle radius (m)

Re
 Reynolds number (dp us rg m

�1)

Rt
 Tube radius (m)

Sc
 Schmidt number (m rg

�1 Di,mix
�1)
T
 Temperature (K)

t
 Time (s)

U
 Overall heat transfer coefficient (W m�2 K�1)

us
 Supercial gas velocity (mg

3 mb
�2 s�1)
X
 Solid conversion

z
 Axial length (m)
Greek letters
3g
 Bed porosity (mg
3 mb

3)

3p
 Particle porosity (mg

3 mp
3)
3s
 Bed solid fraction (ms
3 mb

3)

l
 Thermal conductivity (J m�1 s�1 K�1)

lez
 Effective axial heat dispersion coefficient (J mb

�1 s�1 K�1)
rnal is © The Royal Society of Chemistry 2022
ler
 Effective radial heat dispersion coefficient (J mb
�1 s�1 K�1)
m
 Gas viscosity (Pa s)

r
 Density (kg m�3)

s
 Time for complete solid particle conversion (s)

u
 Weight fraction (kg kg�1)
Subscripts
act
Sustainab
Active

avg
 Average

b
 Bed

g
 Gas

i
 ith gas component

j
 jth solid component

k
 kth reaction

ref.
 Reference

r
 Radial length (m)

s
 Solid

tw
 Thermowell

w
 Wall

0
 Initial
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26 J. C. Thoméo, C. O. Rouiller and J. T. Freire, Ind. Eng. Chem.
Res., 2004, 43, 4140–4148.

27 B. Sosna, Y. Dong, L. Chromow, O. Korup and R. Horn,
Chem.-Ing.-Tech., 2016, 88, 1676–1683.

28 K. W. Hansen and S. B. Jørgensen, Chem. Eng. Sci., 1976, 31,
579–586.

29 A. G. Dixon and Y. Wu, Numer. Heat Transfer, Part A, 2019, 76,
811–829.

30 T. Ouni, M. Honkela, A. Kolah and J. Aittamaa, Chem. Eng.
Process., 2006, 45, 329–339.

31 J. Chen, Z. Ring and T. Dabros, Ind. Eng. Chem. Res., 2001, 40,
3294–3300.

32 H. P. Hamers, F. Gallucci, G. Williams and M. Van Sint
Annaland, Fuel, 2015, 159, 828–836.
2770 | Sustainable Energy Fuels, 2022, 6, 2755–2770
33 V. G. Landon, Comput. Chem. Eng., 1996, 20, 475–481.
34 J. C. Pirkle, H. S. Kheshgi and P. S. Hagan, AIChE J., 1991, 37,

1265–1269.
35 A. G. Dixon and Y. Wu, Numer. Heat Transfer, Part A, 2019, 76,

811–829.
36 A. G. Dixon and Y.Wu,Chem. Eng. Res. Des., 2020, 159, 125–137.
37 J. Chen, Z. Ring and T. Dabros, Ind. Eng. Chem. Res., 2001, 40,

3294–3300.
38 F. Gallucci, H. P. Hamers, M. van Zanten and M. van Sint

Annaland, Chem. Eng. J., 2015, 274, 156–168.
39 J. A. Medrano, H. P. Hamers, G. Williams, M. van Sint

Annaland and F. Gallucci, Appl. Energy, 2015, 158, 86–96.
40 H. P. Hamers, F. Gallucci, G. Williams, P. D. Cobden and

M. Van Sint Annaland, Energy Fuels, 2015, 29, 2656–2663.
41 J. Xu and G. F. Froment, AIChE J., 1989, 35, 88–96.
42 R. J. Lee Pereira, P. A. Argyris and V. Spallina, Appl. Energy,

2020, 280, 115874.
43 P. Alexandros Argyris, C. de Leeuwe, S. Z. Abbas, A. Amieiro,

S. Poultson, D. Wails and V. Spallina, Chem. Eng. J., 2022,
435, 134883.

44 S. Noorman, M. Van Sint Annaland and H. Kuipers, Ind. Eng.
Chem. Res., 2007, 46, 4212–4220.

45 M. A. San Pio, F. Gallucci, I. Roghair and M. van Sint
Annaland, Int. J. Hydrogen Energy, 2017, 42, 12111–12121.

46 B. Cockburn, C. Johnson, C.-W. Shu and E. Tadmor,
Essentially non-oscillatory and weighted essentially
non_oscillatory schemes for hyperbolic conservation laws,
in Advanced Numerical Approximation of Nonlinear
hyperbolic Equations, Lecture Notes in Mathematics,
Springer-Verlag, Berlin, 1998, vol. 1697, pp. 325–432.

47 J. Smit, M. Van Sint Annaland and J. A. M. Kuipers, Chem.
Eng. Sci., 2005, 60, 2609–2619.

48 J. Qiu and C. W. Shu, J. Comput. Phys., 2002, 183, 187–209.
49 A. C. Hindmarsh, P. N. Brown, K. E. Grant, S. L. Lee,

R. Serban, D. E. Shumaker and C. S. Woodward, ACM
Trans. Math. Sow., 2005, 31, 363–396.

50 I. Barin and G. Platzki, Thermochemical data of pure
substances, VCH, New York, 3rd edn, 1995.

51 E. N. Fuller, P. D. Schettler and J. C. Giddings, Ind. Eng.
Chem. Res., 1966, 58, 18–27.

52 C. R. Wilke, J. Chem. Phys., 1950, 18, 517–519.
53 M. F. Edwards and J. F. Richardson, Chem. Eng. Sci., 1968, 23,

109–123.
54 A. G. Dixon and D. L. Cresswell, AIChE J., 1979, 25, 663–676.
55 P. Zehner and E. U. Schlünder, Chem. Ing. Tech., 1970, 42,

933–941.
56 P. Zehner and E. U. Schlünder, Chem. Ing. Tech., 1972, 44,

1303–1308.
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