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bstract

A study was undertaken to determine whether the performance of dry methane reforming could be affected by catalyst particle clusters in
irculating fluidized bed reformers. Flow behavior and chemical reactions through a quiescent catalyst cluster were predicted. The distributions
f gas temperature and concentrations of gas species were obtained using a simple two-dimensional model with Rh/Al2O3 catalyst particles.

umerical results show that the reforming reaction rate on catalyst particles in the cluster is much smaller than the rate on isolated catalyst particle

n the stream. The molar ratio of H2/CO is increased due to catalyst particle clustering. The effects of gas temperature, inlet gas velocity and reactor
ressure on reforming reactions are also investigated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Synthesis gas (H2/CO) is an important feed for methanol and
ischer–Tropsch synthesis. Recently, much attention has been
aid to the reaction of carbon dioxide and methane, known as
ry reforming of methane because of a need for effective utiliza-
ion of methane and CO2 from natural gas [1–7]. However, CO2
eforming is highly endothermic, and hence a highly energy
ntensive process [8]. A typical industrial fixed bed reformer
ontains an array of catalyst-filled tubes suspended in a huge
urnace, supplying the heat for the highly endothermic reform-
ng reactions. These industrial fixed bed reformers suffer from
everal problems which seriously affect their operation and per-
ormance [9,10]. These include low catalyst effectiveness due
o internal mass transfer resistance in the large catalyst parti-
les, low heat transfer rates, large temperature gradients and
hermodynamic equilibrium constraints. A number of config-

rations have been tried for improving its performance, and
rogress has been achieved. Examples include fixed bed with
ydrogen-permselective membranes [11] and catalytic oxida-
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ive steam reforming [12]. On the other hand, the fluidized bed
eactor is an attractive option in the syngas production by com-
ining combustion and reforming. This is because the fluidized
ed reactor provides a high rate of heat transfer which main-
ains the operation isothermal and also because the permanent
irculation of catalyst particles favors the burning of deposited
arbon on it in the oxygen-rich zone [13–15]. As a result, the flu-
dized bed reactor can provide stable operation and additionally
t can inhibit the formation of hot spots. However, some lim-
tations are still associated with fluidized bed reformers, such
s the fluid dynamic limitation, and the difficulty of continuous
atalyst regeneration. Regardless of its limitations to improve
he performance of methane reformer further, the circulating
uidized bed reformer is widely used [16–19]. The circulating
uidized bed reformer is similar, in principle, to modern fluid
atalytic cracking units. The reforming catalyst is fast fluidized
nd reforming of methane takes place inside this catalyst bed.
he deactivated catalyst is carried out of the reformer with the
xit gas stream, and separated in a gas–solid separator. The car-
on is completely burned and the catalyst is fully regenerated in

he process and the regenerated catalyst is recycled to the riser
eformer.

It is generally agreed that in a circulating fluidized bed, the
uspension particles partly condense into denser clusters that

mailto:huilin@hit.edu.cn
dx.doi.org/10.1016/j.cej.2006.12.028
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Nomenclature

A cross-sectional area of cluster (m2)
Cg gas specific heat (kJ/(m3 K))
Cs coke selectivity
C1, C2 empirically determined constants
d particle diameter (m)
D molecular diffusion coefficient (m2/s)
Dc diameter of cluster (m)
DCH4 diffusion coefficient of CH4 (m/s2)
g gravity (m/s2)
Gk turbulent kinetic energy production (kg/(m s3))
GR production due to reaction (kg/(m s3))
h convective heat transfer coefficient (kJ/(m2 s K))
�Hk heat of reaction (kJ/kmol)
i, j, k coordinate direction
k turbulent kinetic energy (m2/s2)
kA rate constant for route (A) (mol/(kg s))
kB rate constant for route (B) (mol/(Pa kg s))
K reaction rates (kmol/(m3 s))
KCH4 adsorption equilibrium constant of CH4 (Pa−1)
KCO2 adsorption equilibrium constant of CO2 (Pa−1)
ṁ mass flux rate (kg/(m3 s))
mP mass of single particle (kg)
M molar mass (kg/mol)
Mk molecular weight of species k (g/mol)
n particle number
p gas pressure (Pa)
Pk partial pressure of component k, k = H2, CO, CO2,

CH4 and H2O (Pa)
r radial direction (m)
R radius of particle (m)
RA rate of reaction route (A) (mol/(kg s))
RB rate of reaction route (B) (mol/(kg s))
Rc radius of cluster (m)
Ss specific surface area of particle (m2/m3)
Tg temperature (K)
ug inlet gas velocity (m/s)
ui mean velocity of gas phase (m/s)
us particle velocity (m/s)
V gas flux from inlet of cluster, Vg = A × ug (m3/s)
Vg gas flux through cluster, Vg = A × u (m3/s)
x vertical coordinate (m)
Yk mass fraction of species k

Greek symbols
εg porosity
ε energy dissipation rate (m2/s3)
λg thermal conductivity of gas (kJ/(m s K))
μg gas viscosity (kg/(m s))
μl laminar gas viscosity (kg/(m s))
ρg gas density (kg/m3)
ρs particle density (kg/m3)
σ empirically determined constant

Subscripts
A, B reaction routes
g gas phase
R at particle surface
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ove upwards through the center of riser. At some point, they
et swept towards the low velocity region near the wall, where
lusters reverse their flow direction and falling along the wall
20]. Many experiments have been performed to obtain the flow
ehavior of clusters in circulating fluidized beds. Chen [21]
btained the cluster formation time, time fraction of existence,
ccurrence frequency and cluster distribution using capacitance-
robe measurements of instantaneous local solid concentration
n a riser. Horio and Kuroki [22] obtained the cluster velocity
nd time fraction in the circulating fluidized bed. Moortel et
l. [23] carried out flow visualization studies of heterogeneous
tructures of particles and measured cluster velocities in circu-
ating fluidized beds. Noymer and Glicksman [24] measured the
elocity and wall contact times of clusters using thermal image
elocimetry. Sharma et al. [25] investigated the effect of particle
ize and superficial velocity on the flow behavior of clusters.

anyele et al. [26] determined the cluster frequency, average
olids concentration in cluster, and cluster dimension from a
apacitance probe measuring transient fluctuations of local solid
oncentrations. The formation of particle clusters has been sug-
ested as one of the key contributing factors on the performance
f circulating fluidized bed reactors. Hence, knowledge of the
roperties of catalyst particle clusters is useful in predicting flow
ehavior and reactor performance in the circulating fluidized bed
eformers.

In this work, we point our attention mainly to the influence of
atalyst particle clustering on methane conversion from a theo-
etical point of view. CO2 reforming of methane with a Rh/Al2O3
atalyst particle cluster or an isolated Rh/Al2O3 catalyst particle
n the stream was analyzed by a simple two-dimensional model.
he numerical model is capable of predicting air flux passing

hrough a catalyst cluster, distributions of gas temperature and
oncentrations of gas species in the Rh/Al2O3 catalyst particle
luster. The effects of gas temperature, inlet gas velocity and
eactor pressure on methane reforming performance have been
nalyzed.

. Mathematical modeling and reaction kinetics

Fig. 1 shows the geometry of the cluster in the quiescent con-
ition. A cluster is modeled as a round two-dimensional disk
istributed in the riser. The radius of the cluster disk is Rc. Gas
ow is passing through the cluster. We assumed that: (1) particles

n the cluster are uniformly distributed in space, and remain qui-

scent. (2) The particles are assumed to be spherical, and particle
iameter remains constant during reforming. (3) Radiation heat
ransfer between gas and particle are neglected due to small tem-
erature difference and for simplicity, and radiation heat transfer
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and GR = −k kṁk is the production term from reforming.
The empirical constants, σε, Cμ, C1 and C2, are listed in
Table 1.

Table 1
Parameters used in the simulations

Inlet gas velocity (m/s) 1.0
Total pressure (MPa) 0.1
Inlet gas temperature (K) 723
Inlet ratio of molar fraction CH4:CO2:N2 = 1:1:2,

CH4:CO2:N2 = 3:2:5,
CH4:CO2:N2 = 3:1:4

Inlet mass fraction of CH4 0.139, 0.174, 0.2157
Inlet mass fraction of CO2 0.378, 0.319, 0.2353
Inlet mass fraction of N2 0.483, 0.507, 0.549
Gas density (kg/m3) 0.478
Diffusion coefficient of H2O (m2/s) 2.178 × 10−5

Diffusion coefficient of CO2 (m2/s) 1.381 × 10−5

Empirically determined constant C1 1.44
Empirically determined constant Cμ 0.09
Empirically determined constant σε 1.3
Diameter of particle (�m) 100
Size of cluster (�m) 975
Number of particles 19
Mass of particle (kg) 2.042 × 10−9

Temperature of particle (K) 723
Particle density (kg/m3) 3900
Porosity of cluster 0.8
Gas viscosity (kg/m s) 3.406 × 10−5

Diffusion coefficient of H2 (m2/s) 6.34 × 10−5
Fig. 1. Configuration of computational regime.

etween particle and the walls are not accounted in the present
tudy. Considering these assumptions, the conservation equa-
ions of mass, species and energy in Eulerian coordinates are
iven as follows.

.1. Gas phase continuity equation

The mass conservation equation of gas can be written as
ollows [27–30]:

∂

∂t
ρg + ∂

∂xj

(ρguj) = −
∑

k

ṁk (1)

he term at right-hand side of Eq. (1) expresses mass source
rom CO2 reforming reaction of methane.

.2. Gas phase momentum equation

The conservation of momentum for gas phase is expressed
s follows:

∂

∂t
(ρgui) + ∂

∂xj

(ρgujui) = ∂p

∂xi

+ ∂

∂xj

(
μg

∂uj

∂xi

)

+ ∂

∂xj

(
μg

∂ui

∂xj

)
+ ρgg − ui

∑
k

ṁk

(2)

here μg = μl + μt is the effective viscosity, μt = Cμρgk2/ε the
as phase turbulent viscosity and k and ε are the turbulent kinetic
nergy and dissipation rate. The values of the kinetic energy and
issipation rate are computed from k–ε turbulence model. The
ast term at right-hand side of Eq. (2) accounts for source from
atalytic reactions.
.3. Turbulence model for gas phase

There have been several approaches to model the turbulence
hear stress for single phase flow [31]. From Boussinesq approx-

D
E
E
E
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mation, the shear stress is related to the turbulence parameters
f the flow [32]. In present study, we employ the standard k–ε

urbulence model for simulating turbulent flow. The standard
–ε turbulence model gives turbulent kinetic energy for the gas
hase

∂

∂t
(ρgk) + ∂

∂xj

(ρgujk) = ∂

∂xj

(
μg

σk

∂k

∂xj

)
+ Gk − ρgε + GR

(3)

nd turbulent kinetic energy dissipation rate

∂

∂t
(ρgε) + ∂

∂xj

(ρgujε) = ∂

∂xj

(
με

σε

∂ε

∂xj

)

+ ε

k
[C1Gk − C2ρgε] + ε

k
C1GR

(4)

here Gk is the production term,

k = μg

(
∂ui

∂xj

+ ∂uj

∂xi

)
∂ui

∂xj

− 2

3
δij

∂uk

∂xk

(5)

∑

iffusion coefficient of CH4 (m2/s) 2.064 × 10−5

mpirically determined constant C2 1.92
mpirically determined constant σk 1.0
mpirically determined constant σh 1.0
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.4. Energy conservation of gas phase

The energy balance equation of gas phase is written as follows
30,31]:

∂

∂t
(CgTg) + ∂

∂xj

(ujCgTg) = ∂

∂xj

[(
λg

Cg
+ μg

ρgσh

)
∂

∂xj

(CgTg)

]

+ h(Tp − Tg) +
∑

k

ρsRk �Hk

(6)

here h is the gas-particle convective heat transfer coefficient
29] and Rk is the chemical reaction rate of species k. As stated
efore, radiation heat transfer process is not accounted in Eq.
6).

.5. Species conservation equation

The mass balance for a gas species k (k = CO, CO2, H2, H2O
nd CH4) is [30–32]:

∂

∂t
(ρgYk) + ∂

∂xj

(ρgujYk) = ∂

∂xj

(
ρgDk + μg

σY

)
∂Yk

∂xj

+
∑

k

ρsMkRk (7)

here Yk is the local mass fraction of species k, Dk the molecu-
ar diffusion coefficient and σ is the turbulent Schmidt number
σ = 0.7). The last term at right-hand side of Eq. (7) is produc-
ion/dissipation rate of species k due to reaction.

.6. Reaction kinetics

A mathematical model was used to simulate the catalytic
eforming reaction with methane in a circulating fluidized bed
iser. This study utilized the kinetics obtained by Richardson and
aripatyadar [33] for dry reforming on a Rh/Al2O3 catalyst. The
eaction is the dry reforming reaction of methane with carbon
ioxide [34]:

H4 + CO2 = 2CO + 2H2, �H298 = 247 kJ/mol (A)

nd the reverse water–gas shift reaction:

O2 + H2 = CO + H2O, ΔH298 = 41.1 kJ/mol (B)

he reaction rate expressions developed by Jianquo and Fro-
ent [35] was used to estimate the individual reaction rates.
he functional forms of these expressions are [16,19,36]

A = kA

[
KCO2KCH4PCO2PCH4

(1 + KCO2PCO2 + KCH4PCH4 )2

]

×
[

1 − (PCOPH2 )2

kAPCH PCO

]
(8)
4 2

B = kBPCO2

[
1 − PCOPH2O

kBPCO2PH2

]
(9)

a
t
c
o
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he rate constant of reaction routes (A) and (B) are [16]

A = 1290 exp

[−102065

RgTg

]
(10)

B = 1.856 × 10−5 exp

[−73105

RgTg

]
(11)

nd absorption equilibrium constants of CO2 and CH4 are

CO2 = 2.64 × 103 exp

[
37641

RgTg

]
(12)

CH4 = 2.63 × 103 exp

[
40684

RgTg

]
(13)

oliman et al. [37] have used this kinetic model for simulation of
any industrial methane reforming plants and obtained a quite

ood agreement between the model results and plant operating
ata. Dissanayake et al. [38] have examined the oxidation state
nd phase composition of the Ni/Al2O3 catalyst as a function of
xial position in the catalyst bed. Jin et al. [39] have provided
set of kinetic rate equations for the oxidative reforming of
ethane over a Ni/Al2O3 catalyst.

.7. Boundary conditions and simulation procedures

The gas compositions, temperature and velocity were speci-
ed at the inlet. At the outlet, the continuous gas flow boundary
ondition was used. No-slip boundary conditions for gas flow at
he particle surface and walls are applied:

= k = ε = 0 (14)

he surface reaction modeling is to compute concentrations of
as species at the wall. Assuming that, on a reacting surface, the
ass flux of each gas species is balanced with its rate of pro-

uction/consumption, then the wall surface reaction boundary
onditions of gas species can be expressed as follows:

−Dk

∂Yk

∂xj

∣∣∣∣
R

=
∑

kMkRk

Ss
(15)

he boundary condition of temperature at the particle surfaces
s:

λg
∂Tg

∂xj

∣∣∣∣
R

= ρs

Ss

∑
k

Rk �Hk (16)

The governing Eqs. (1)–(7) coupling with reaction kinetics
ere solved with appropriate boundary conditions. The porous

tructure of a particle cluster was assumed to have specified
orosity, εg = (D2

c − nd2
p )/D2

c , in the simulations as shown in
ig. 1. The parameters used in the simulations are listed in
able 1. The physical domain of cylindrical boundary of each
article is mapped onto a square of the computation domain
sing the body-fitted coordinate to make the grids fit the bound-

ry of particles [40]. Nineteen Rh/Al2O3 catalyst particles form
he cluster and give a cluster porosity of 0.8. These Rh/Al2O3
atalyst particles are assumed to be stationary. Fresh mixture
f CH4 and CO2 gases and inert gas N2 flow into the cluster,
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eact in the presence of Rh/Al2O3 catalyst particles, and pro-
uce gaseous species H2, CO and H2O and move out of the
luster. Each simulation needs about 24 h of CPU time to reach
he convergence on a PC (80 GB hard disk, 128 MB Ram and of
00 MHz CPU).

. Simulation and analysis

.1. Base case simulations

In the base simulations, the inlet gas velocity, inlet gas tem-
erature, porosity and reactor pressure were set to be 1.0 m/s,
23 K, 0.8 and 0.1 MPa, respectively, except specified otherwise.

Fig. 2 shows the axial velocity of gas phase at various posi-
ions. A small amount of gas flows through the cluster, while

ost of the gas bypasses it because of high fraction of Rh/Al2O3
atalyst particles in the cluster. The axial velocity of gas phase is
egative behind the cluster, which means there exists a gas back
ow. In reality the cluster may deform and change its shape
hich should have an intensive effect on gas flow in the wake

egion.
Ratios of air flux through the cluster to inlet air flux as a

unction of porosity are shown in Fig. 3 at the inlet velocity
f 1.0 m/s corresponding to cluster diameter based Reynolds
umbers of 64.1 and 13.6 at the inlet gas temperature of 293 and
23 K. Simulations were also performed using laminar model of
as flow. The air flux calculated from laminar model is slightly
igher than from k–ε turbulent model. Under such condition, the
aminar model is not worse due to less computer times used in
omparison with turbulent model. Moran and Glicksman [41]
odeled this system using Adina-F CFD program at the inlet

as temperature of 293 K. Both present simulations and Moran
nd Glicksman’s results show that as the porosity approaches
ero the air flux passing through the cluster goes to zero since
he cluster becomes a solid disk. With the increase of porosity,

he ratio of air flux is increased. As the porosity goes to one,
he ratio of air flux will approach to unity. From Fig. 3 we see
hat at the porosity of about 90–95% the ratio of air flux passing
hrough the cluster is exponentially increased. At a relatively

Fig. 2. Profile of gas velocity in the cluster.

o
l
s
m

F

ig. 3. Ratio of gas flux through cluster to the total air flux as a function of
orosity in the cluster.

igh porosity level of 90% the velocity through the cluster is
nly 0.14 and 0.046 m/s at the inlet gas temperatures of 293 and
23 K which are an order of magnitude less than the oncoming
ree stream velocity. As the inlet gas temperature increases, the
elocity through the cluster decreases due to high shear viscous
orce caused by gas viscosity.

The total force acting on the particle surface is the summation
f pressure force component and viscous force component. Fig. 4
hows the variation of total force acting on each particle in the
luster. The force acting on an isolated particle is also shown
n this figure. The total force is different for each particle in
he cluster. The force acting on particle in the cluster is always
maller than that of isolated particle in stream. At the high inlet
as temperature the force acting on each particle in cluster is
lways smaller than that at low inlet gas temperature due to
ow gas velocity inside cluster. As expected, the highest forces
n particles are those face the stream and the lowest are those

ocated at the backside of cluster. Each particle in the cluster is
ubject to different force acting on it varying about 10 times in
agnitude.

ig. 4. Profile of force acting on the particle in the cluster and an isolated particle.
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Fig. 5. Profile of gas temperature along axial and lateral directions.

Fig. 5 shows the temperature distribution of Rh/Al2O3 cata-
yst particles cluster. The gas temperature decreases through the
luster due to endothermic reaction of dry methane reforming.
he high gas temperature is located at the foreside of cluster, and

he low gas temperature is at the backside of cluster. In the radial
irection, the gas temperature increases radially because of high
emperature of fresh flowing gas. The particles facing the gas
tream (those outside of the cluster) are heated by the incoming
as flow which has higher temperature than the particles. The
articles, at the backside of the cluster have less convective heat
ransfer than those at the front side of the cluster and therefore
ave lower temperature than others. At the back of cluster, the
as temperature increases because of gas back mixing at the
ake of particle cluster.
Fig. 6 shows the axial and radial distributions of H2, CO

nd H2O gas species along the centerline of Rh/Al2O3 catalyst
articles cluster. The H2 concentration decreases, while H2O
ncreases along flow direction due to the reverse water–gas shift
eaction (B). CO concentration is very high at the tail of cluster
ue to the reactions (A) and (B). From this figure we see that the
ethane reforming reactions varies spatially within the cluster.
Fig. 7 shows the concentration distributions of H2, CO and
2O species for each particle in the Rh/Al2O3 catalyst particles
luster. The produced CO gas species is increased for each cat-
lyst particles in cluster due to reactions (A) and (B). While the
ncrease of H2O concentration is due to reaction (B). For H2

b
r
o

Fig. 6. Profile of molar concentration of H2, CO
Journal 131 (2007) 123–134

oncentration, the distributions are very complex for each parti-
le in cluster due to both the reforming reaction of methane with
arbon dioxide and reverse water–gas shift reaction. Comparing
ith the isolated particle, the H2, CO and H2O concentrations
f each particle in the cluster are higher. This indicates that the
eforming reactions using catalyst particles are affected by the
ormation of particle agglomeration in the circulating fluidized
ed reformer.

.2. Effect of porosity of cluster

Fig. 8 shows the produced mass flux of H2, CO and H2O
pecies as a function of porosity with two different feeding mix-
ures. By increasing the porosity, more gas is passing through
he cluster and results in the reaction rate increase. Hence, the

ass flux of H2, CO and H2O species are increased with the
ncrease of porosity. This indicates that the productions of H2,
O and H2O species are reduced due to particle clustering.
adalla and Sommer [42] pointed out that the production of

lkanes from synthesis gas in the presence of the water–gas
hift reaction requires H2/CO ratios of less than unity. Tsipouri-
ri and Verykios [43] showed that the water–gas shift reaction
s extremely rapid under typical methane reforming conditions.

Fig. 9 shows the molar ratio of H2/CO as a function of poros-
ty. The computed conversion of CH4, (WCH4,inlet − WCH4,out)/

CH4,inlet, is also shown in this figure, where, WCH4,inlet and
CH4,out are the inlet and out molar fractions of methane. The
olar ratio of H2/CO and the conversion of methane decreased
ith the increase of porosity. Dry reforming of methane can

ontribute to the production of CO-rich syngas because the
omposition of syngas in reaction (A) is H2/CO = 1. However,
he production of synthesis gas from methane and carbon diox-
de is influenced by the simultaneous occurrence of the reverse
ater–gas shift reaction (B) resulting in H2/CO ratios less than
nity. This indicates that the performance of carbon dioxide
eforming with methane is varied by the formation of catalyst
article agglomeration.

.3. Effect of gas temperature
Increasing the operating temperature has a positive effect on
oth the reforming reaction of methane with carbon dioxide and
everse water–gas shift reaction, since both reaction rates depend
n temperature. The profile of yield of H2, CO and produced

and H2O along axial and lateral directions.
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are highly endothermic, this is a highly energy intensive process.
Fig. 7. Profile of molar concentration

2O is shown in Fig. 10 as a function of inlet gas temperature.
he increase in adsorption equilibrium constant with increasing
as temperature results in the increase in reaction rate constant.
herefore, the yields of hydrogen and carbon monoxide increase
ith increasing inlet gas temperature as expected, while the H2O
roduction is also increased with the increase of inlet gas tem-
erature. Methane conversion was somewhat less than expected
rom equilibrium considerations due to reverse reaction.
Fig. 11 shows the molar ratio of H2/CO as a function of
nlet gas temperature. The molar ratio of H2/CO first increases,
eaches a maximum, and then decreases with increasing inlet gas

ig. 8. Profile of produced mass flux of H2, CO and H2O as a function of porosity
f cluster.

T
e
a

F
o

CO and H2O as a function of angles.

emperature. At low inlet gas temperature, the reaction route (A)
s faster than route (B). The production of mass flux of H2 rises
aster than that of CO. However, the reverse water–gas shift reac-
ion is promoted at the high inlet gas temperature. These results
ndicate that the reaction is kinetically controlled in the inves-
igated range of reaction conditions. Since the carbon dioxide
eforming with methane and the reverse water–gas shift reaction
hat is, the circulating fluidized bed reformer should be heated
xternally to raise the temperature of the reaction mixture to
chieve better selectivity.

ig. 9. Distributions of molar ratio of H2/CO and conversion of CH4 as a function
f porosity.
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Fig. 10. Profile of produced mass flux of H2, CO and H2O as a function of inlet
gas temperature.
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ig. 11. Profile of ratio of H2/CO as a function of inlet gas temperature.

.4. Effect of inlet gas velocity

With the increase of inlet gas velocity, the gas flow passing
hrough the cluster increases. Fig. 12 shows the yields of H2,
O and H2O gas species of the cluster as a function of inlet

as velocities. The high inlet gas velocity results in a higher
oncentration of CH4 species in the cluster since the gas flux
assing through the cluster is increased. The reaction constant

ig. 12. Profile of produced mass flux of H2, CO and H2O as a function of inlet
as velocity.

o

F
r

ig. 13. Distributions of H2/CO and conversion of CH4 as a function of inlet
as velocity.

f methane is increased, and the carbon dioxide reforming with
ethane is promoted. This indicates that the yields of H2, CO

nd H2O alter with the relative velocity between gas and catalyst
article cluster. Note that the velocity passing through the cluster
ncreases with the increase of inlet gas velocity. Perhaps after
certain critical relative velocity is reached, the breakup of the

luster will be taken place. However, this important effect is not
ossible to investigate using the present model.

Fig. 13 shows the molar ratio of H2/CO as a function of
nlet gas velocity. The conversion of methane was also given in
his figure. The low conversion of methane can be attributed to
ow number of particles in the cluster. As the inlet gas veloc-
ty increases, the ratio of H2/CO monotonously decreases. This
s because the dry reforming reaction of methane with carbon
ioxide can proceed quickly, but methane reforming with CO2
annot reach completion, and the reverse water–gas shift reac-
ion is faster under this reaction condition. In conclusion, the
eaction had to be operated at a low velocity to reach high H2
ield for the endothermic CO2 reforming of methane.

.5. Effect of gas pressure
The effect of reactor pressure on concentration distribution
f H2, CO and H2O is plotted in Fig. 14 by using the kinetic

ig. 14. Profile of produced mass flux of H2, CO and H2O as a function of
eactor pressure.
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Experimental results show that the coke selectivity increases
with the increase of flux of methane [50]. Fig. 16 shows the
computed distribution of gas temperature along axial direction
using Eqs. (8) and (17), respectively. The predicted gas temper-
Fig. 15. Ratio of H2/CO as a function of gas pressure.

xpressions reported in Section 2. The mass fluxes of H2, CO
nd H2O increased with increasing reactor pressure. Increasing
he reactor pressure produces an increase in the carbon dioxide
eforming with methane and reverse water–gas shift reaction. On
he other hand, the gas flux passing through the catalyst particle
luster will be reduced due to high flow resistance caused by gas
iscosity and density at high pressure. Hence, the yields of H2,
O and H2O species are increased with the increase of reactor
ressure.

The effect of the variation of the reactor pressure on the
olar ratio of H2/CO is presented in Fig. 15. It is shown that

he reaction rates are strongly affected by the reactor pressure.
he ratio of H2/CO decreased with increasing reactor pressure.
hese results were expected, as increasing pressure is thermo-
ynamically unfavorable for this reaction system. This result
ndicates that the carbon dioxide reforming with methane is
lower than that the reverse water–gas shift reaction at the high
eactor pressure.

.6. Effect of carbon deposition

Coke may form on the catalyst surface and leads to deactiva-
ion of the catalyst via pore blockage. Hence, coke formation
s one of the major problems associated with dry reforming
44,45]. The deposition of carbon is mainly due to methane
ecomposition or CO disproportionation [46–48]. Methane
ecomposition is an endothermic reaction while carbon monox-
de disproportionation is exothermic. As a result of these
eactions, the amount of coke formed, depends on the CH4/CO2
eed ratio and the operating temperature and pressure. Although
he types of coke that occur during reforming are thoroughly
eviewed, little is known about the modeling of the carbon for-
ation phenomenon, either from a thermodynamic or kinetic

tandpoint [49,50]. Ginsburg et al. [50] proposed a kinetic model
o predict the rate of coke formation. This type of kinetics

trongly suggests the requirement of three adjacent free cata-
yst sites for the coking reaction to proceed under allowable
hermodynamic conditions. By introducing a factor that is the
atio between the experimental reaction constant and the ther- F
Fig. 16. Distribution of gas temperature along axial direction.

odynamic equilibrium constant, the carbon deposition effect
as accounted in the reaction model to identify the actual reac-

ion order [51]. The fraction of the active sites covered by
ethane and carbon were incorporated into the rate of reforming

eaction considering four reactions: methane reforming, reverse
ater–gas shift, carbon deposition, and carbon removal by a

everse Boudouard reaction [52]. Considering the effect of car-
on deposition, the reaction rate of methane with carbon dioxide
s calculated by introducing a correction coefficient of coke
electivity Cs, where Cs is the moles of coke formed/moles of
ethane converted:

A = (1 − Cs)kA

[
KCO2KCH4PCO2PCH4

(1 + KCO2PCO2 + KCH4PCH4 )2

]

×
[

1 − (PCOPH2 )2

kAPCH4PCO2

]
(17)
ig. 17. Distribution of concentration of gas species along axial direction.
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ty and cluster velocity of 1.5 and 0.5 m/s, and inlet gas temperature of 723 K.
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Fig. 18. Contour of molar fraction of CH4 species at the inlet gas veloci

ture is higher if Eq. (17) is used instead of Eq. (8). This means
hat the carbon deposition will reduce reaction rate of methane
ith carbon dioxide and as a result the gas temperature is not
ropped as much. Fig. 17 shows the distributions of gas species
long axial direction. The concentrations of H2 and CO were
educed, while the concentration of H2O was increased with
he consideration of the effect of carbon depositions. Hence, the
oke formation will reduce the conversion of methane.

.7. Effect of relative motion of cluster

Clusters have been experimentally observed in both the core
nd annulus regions of vertical risers. Size, shape, velocity, clus-
er lifetime, frequency of occurrence and wall contact times
ave been measured or inferred from measurements [21–26].
t is found that cluster travels downward in the annulus whilst
t usually moves upward in the core [53]. Subbarao [54] devel-
ped a model of mean cluster diameter to predict heat transfer
n circulating fluidized beds. The cluster size was a function of
ubble size, superficial gas velocity and solids flux. Xu and Li
55] presents an expression for predicting cluster diameter as a
unction of the suspension density, particle density and particle
ize. The motion of cluster is stochastic, and the cluster shape
s highly variable. For simplicity, we assumed that all particles
n the cluster move with the same velocity. Hence, the diameter
f cluster during its motion is kept at its original size. Fig. 18
hows the contours of molar concentration of CH4 species at
hree instances using the dynamic mesh model via adaptively
ampled distance fields [56]. In such computing condition, the
nlet gas velocity and cluster velocity are 1.5 and 0.5 m/s, respec-
ively. All particles in the cluster are moving at the constant
elocity of 0.5 m/s along axial direction. Hence, the porosity of
luster is constant at 0.8. The relative velocity between gas phase
nd particles, (ug − us), is 1.0 m/s. The molar fraction of CH4 is

igher in the front compared to the back of the cluster. We found
hat the distributions of molar fraction of CH4 are the same at
hree different times. Fig. 19 shows the distributions of H2/CO as
function of relative velocity, where gas velocity is 1.5 m/s. As

v
i
d

Fig. 19. Ratio of H2/CO as a function of relative velocity.

he relative velocity increases, the ratio of H2/CO increases since
he gas flux passing through the cluster was increased. Hence,
he high conversion of methane is contributed to the high relative
elocity between gas and cluster in the circulating fluidized bed
eformers.

. Conclusions

A mathematical model for predicting dry methane reforming
as been proposed by coupling hydrodynamics with Rh/Al2O3
atalyst particle chemical reactions. Flow behavior of gas pass-
ng through the catalyst particle cluster was obtained. Gas flows
hrough the cluster is negligible throughout if porosity is less
han 0.9. The force acting on each catalyst particle at various
ocations in the cluster is significantly different, and is much
ower than the case for the isolated catalyst particle.
The H2 and CO yields increase with the increase of inlet gas
elocity and displayed a convex like behavior with increasing of
nlet gas temperature. Furthermore, it is found that the carbon
ioxide reforming with methane is promoted with the increase
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f reactor pressure and the reforming reaction rate is increased
lso. An increase in the reactor pressure always causes a decrease
n molar ratio of H2/CO.

There are some limitations associated with the present model.
irst of all, the simulations are all two-dimensional which leads

o a vortex structure around the catalyst particle cluster and
decrease in the velocity. Present model also takes a porous
edium as the equivalent of a catalyst particle cluster. The

orous medium maintains its mechanical structure through the
imulations and so the cluster breakup is not simulated. Presently
here is not a commercially available software package that can
imulate this breakup/shedding phenomena. There is also the
ssumption that the cluster is shaped as a circular object. This
s a good basis for the start of the simulations but it certainly is
n approximation. Hence, this model needs to be further refined
ith more accurate and experimentally verified formulations

or modeling dry methane reforming processes in circulating
uidized bed reformers.
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