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This paper examines the mass transport phenomena of a hydrolysis reaction involving cupric chloride
particles and superheated steam in a fluidized bed, as a part of the copper–chlorine thermochemical cycle
for nuclear-based hydrogen production. The Gómez-Barea method was extended and utilized for the pur-
pose of this study. A uniform reaction model (Volumetric Model; VM) and Shrinking Core Model (SCM)
were used for limiting cases of the conversion processes. Using the solution procedures developed for
each case, the effects of different parameters (such as the superficial gas velocity, bed inventory, and
process temperature) were investigated in terms of the conversion of CuCl2 particles and steam.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Unlike fossil fuels, hydrogen is a clean energy carrier that does
not react to produce carbon dioxide. However, a major portion of
the world’s hydrogen production is dependent on fossil fuels. The
predominant existing process for large-scale hydrogen production
is Steam Methane Reforming (SMR), which is a carbon-based tech-
nology that emits greenhouse gases. Nuclear energy can be used
for large-scale capacities of hydrogen production without green-
house gas emissions [1,2]. Thermochemical water decomposition
driven uses heat to split water into hydrogen and oxygen through
a sequence of chemical reactions that form a closed internal loop,
which re-cycles all chemicals on a continuous basis, without emit-
ting any greenhouse gases [3]. Optimization of heat flows is impor-
tant for high energy conversion efficiency [4]. This paper
investigates mass transfer processes that occur within a particular
thermochemical cycle, namely a hydrolysis reaction within a cop-
per–chlorine (Cu–Cl) cycle [1].

Many types of thermochemical processes exist for hydrogen
production. The Sulfur–Iodine (S–I) cycle (involving hydrogen sul-
fide, iodine–sulfur, sulfuric acid–methanol) and the Br–Ca–Fe cycle
are leading examples [3]. Nomura and co-workers [5] successfully
employed the Bunsen reaction (SO2 + I2 + 2H2O = H2SO4 + 2HI) in
the thermochemical S–I process to produce hydrogen using an
electrochemical membrane reactor. H2SO4 and HI were concen-
ll rights reserved.
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trated in the anode side and cathode side of the reactor, respec-
tively. Kasahara et al. [6] and Kasahara et al. [7] reported a
maximum thermal efficiency of 56.8% and 55.2%, respectively, for
the S–I cycle. Kasahara et al. [8] have recently carried out success-
fully a continuous and stable operation of a bench-scale S–I cycle.
Forsberg et al. [9] utilized a molten-salt-cooled Advanced High-
Temperature Reactor as a reactor concept for thermochemical pro-
duction of hydrogen. In past work by Summers and Gorensek [10],
two variations of sulfur cycles – the Sulfur–Iodine (S–I) and the Hy-
brid Sulfur – emerged as leading thermochemical cycles. The cop-
per–chlorine (Cu–Cl) cycle has been identified by Atomic Energy of
Canada Limited and the Argonne National Laboratory as one of the
most promising cycles for lower temperature thermochemical pro-
duction of hydrogen [11–14]. This cycle is shown in Table 1.

The purpose of this article is to examine mass transport phe-
nomena of cupric chloride particles in a hydrolysis reaction (reac-
tion 4 in Table 1), which takes place in a fluidized bed reactor, as
part of the Cu–Cl cycle. Unfortunately, little or no experimental
data of hydrodynamics and chemistry of this hydrolysis reaction
is available, so this article focuses on predictive modeling of the
transport phenomena. A hydrodynamic analysis of both gas and
solid reactants was carried out by Haseli et al. [15] for cupric
chloride particles and steam in both bench-scale and full-scale
hydrolysis reactors. Hydrolysis is a complex multiphase process,
involving transport phenomena of solid–gas interactions and heat
transfer (Naterer [4,16]). Past studies have investigated reactive
spray flows of CuCl2 droplets during hydrolysis. Lin and Ponnappan
[17] examined spray flows of FC-87, FC-72, methanol and water.
Heat transfer from an ethanol droplet stream, injected into a
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Nomenclature

Ac,bed bed cross-sectional area, m2

B stoichiometric factor of the reaction
CAe gaseous reactant concentration in emulsion phase,

mole/m3

CAb gaseous reactant concentration in the bubble phase,
mole/m3

CAi inlet gaseous reactant concentration, mole/m3

CAo outlet gaseous reactant concentration, mole/m3

Cpi inlet solid particle concentration, mole/m3

Cpo outlet solid particle concentration, mole/m3

dp particle diameter, mm
Das Damkohler number at reactor scale, in Eq. 11
f function
f2(xc0,k) function defined in Eq. 16
F0 inlet flow rate of solids, kg/s
F1 outlet flow rate of solids, kg/s
k0 kinetic coefficient, 1/s
Kbe overall coefficient of gas interchange between bubble

and emulsion, 1/s
Kr,e kinetic coefficient, 1/s
Lf bed height, m
Mp molecular mass of solid reactant, kg/mol
n order of reaction
nCuCl2 number of cupric chloride mole
nH2O number of steam mole
Na concentration efficiency, in Eq. 4

NTU Number of Transfer Units defined in Eq. 5
rc,bed overall rate of reaction in the bed defined in Eq. 8, kg/s
�t mean residence time, s
Uo superficial gas velocity, m/s
Umf minimum fluidized velocity, m/s
Wb bed inventory, kg
xc conversion of solid reactant in a particle
xc0 conversion of solid reactant in a particle at inlet condi-

tion
xc,b average conversion of solids in the bed
Xg gas conversion
Yc0 mass fraction of solid reactant in the feed
Yc,b mass fraction of solid reactant in the bed

Greek letters
a dimensionless parameter at the reactor level, in Eq. 10
b dimensionless excess of flow, in Eq. 6
eb bed void fraction
gbed bed effectiveness
gph inter-phase effectiveness factor, in Eq. 2
H(xc) kinetic function, in Table 2
k dimensionless factor defined in Eq. 12
lg gas viscosity, kg/m.s
u particle sphericity
qg gas density, kg/m3

qp particle density, kg/m3
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thermal boundary layer along a vertical heated plate, was reported
by Castanet et al. [18]. Processes of transient vaporization and
burning of droplets in dense sprays were predicted numerically
by Imaoka and Sirignano [19]. Effects of gas solubility on droplet
vaporization of fuel sprays up to 5 MPa and 800 K were studied
by Hohmann and Renz [20]. The authors developed an Eulerian/
Lagrangian predictive model that included effects of droplet evap-
oration, gas solubility and diffusion of heat and species within the
fuel droplets. In addition to diffusive mass transfer with evapora-
tion, this article includes the effects of chemical kinetics and solid
formation during the process of reactive spray drying. Electro-
chemical diffusion in a one-dimensional solid layer was studied
by Naterer et al. [21]. This paper analyzes diffusive mass transfer
with chemical reactions that yield solid particles as products.

As both cupric chloride and steam participate in the hydrolysis
reaction, a Non-Catalytic Gas Solid Reaction (NCGSR) model is
needed, unlike past studies that have modelled the conversion of
gaseous species for a catalytic gas–solid reaction (CGSR) [22]. Phys-
ical models of Kunii and Levenspiel [23] used three reactor models,
depending upon the flow regimes, for predicting the conversion of
reacting gas. They developed two limiting models to describe the
conversion of solid particles in a NCGSR, which are based on two
extremes of behaviour: a uniform reaction model, or a shrinking
Table 1
Steps in the Cu–Cl thermochemical cycle for hydrogen production.

Step Reaction Temperature range, bed
effectiveness can be �C

1 2Cu(s) + 2HCl(g) ? 2CuCl(l) + H2(g) 430–475
2 2CuCl(s) ? 2CuCl(aq) ? CuCl2(aq) + Cu(s) 3–70 (electrolysis)
3 CuCl2(aq) ? CuCl2(s) >100
4 2CuCl2(s) + H2O(g) ? CuO * CuCl2(s) + 2HCl(g) 400
5 CuO * CuCl2(s) ? 2CuCl(l) + 1/2�2(g) 500

Source: Ref. [1].
core model. The calculation procedure of Kunii and Levenspiel con-
sidered a combination of different models, depending on process
conditions. Due to limitations of either model, it would be benefi-
cial to develop one single model that best describes the conversion
of both gaseous and solid reactants. In a recent study by Haseli
et al. [24], this model has been addressed by applying the general-
ized model of Gómez-Barea et al. [25] to the reaction of cupric
chloride particles with steam. Due to the lack of experimental data
to define the kinetics of the solid reaction, the following two mod-
els were used as limiting cases: uniform reaction model (Volumet-
ric Model – VM), and Shrinking Core Model (SCM). Haseli et al. [24]
developed a separate solution procedure for each of these. In the
present paper, based on the new solution algorithms, parametric
studies will be performed, in order to evaluate the effects of vari-
ous parameters on fluidized bed performance, in terms of conver-
sions of CuCl2 particles and steam, inter-phase effectiveness factor
and a newly developed parameter called the ‘‘bed effectiveness”.

2. Problem formulation

Catalytic gas–solid reactions (CGSRs) have been widely studied
and there are various models describing the conversion of a gas-
eous reactant in a fluidized bed reactor, where the solid particles
do not participate in the reaction. These models are generally
based on two-phase theory. Toomey and Johnstone [26] introduced
a two-phase theory of fluidization, which assumes that all gas in
excess of the minimum fluidization velocity flows through the
bed as bubbles, while the emulsion stays stagnant at minimum flu-
idization conditions. Expansion of the two-phase models to non-
catalytic gas–solid reactions (NCGSRs) is difficult, since solid parti-
cles take part in the reaction as well. In this case, the method of Ku-
nii and Levenspiel [23] can be used for two limiting models that
describe the conversion of solid particles in a NCGSR. The two
models are based on two extremes of behaviour: a uniform reaction
model, or a shrinking core model. The key assumption of the models
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for solid conversion is that reacting solids are covered with gas of
the same mean composition. In the general case, however, the
mean gas-phase driving force in the bed is a variable that changes
with operating conditions. Thus, the conversion of solid and the
concentration of gaseous reactant leaving and staying within the
bed are inter-dependent. Kunii and Levenspiel [23] dealt with this
interaction by a three-step calculation procedure, which is applica-
ble to solids of constant size or changing size, although it involves
tedious and time-consuming calculations.

2.1. Model of non-catalytic gas–solid reaction (NCGSR)

This section extends a recent generalized method to analyze
NCGSR by Gómez-Barea et al. [25] to predict the reactive conver-
sion of cupric chloride particles and steam in a hydrolysis reaction.
Firstly, a method for the evaluation of gas conversion was formu-
lated by applying the two-phase theory of fluidization, in a fluid-
ized bed catalytic reactor, in which only gas conversion is
considered. In a second stage, the model was extended to account
for non-catalytic reactions by incorporating a variation of particle
properties and a reaction rate with conversion, as well as the dis-
tribution of the conversion of reacting particles in the bed.

Consider that gaseous reactant A at concentration CAi is fed into
a fluidized bed reactor, which consists of bubble and emulsion
phases. Reactant A is transferred from the bubble phase (with
CAb) to the emulsion phase (with CAe) to react with particles.
Fig. 1 shows the problem schematic, which follows past studies
in Ref. [25]. It was assumed that a solid particle S is made up of
an active reactant solid particle C, and non-reactive material D.
The transport resistances are the bubble to emulsion resistance,
external film resistance around the solid particle, and inter-particle
resistance. The reactor contains particles that have spent different
periods inside the bed, and hence they have a wide distribution of
conversion. Define the gas conversion, Xg, and inter-phase effec-
tiveness factor, gph, as

Xg ¼ 1� CAo

CAi
ð1Þ

gph ¼
CAe

CAi

� �n

ð2Þ

The gas conversion can be determined by

Xg ¼ 1� g1=n
ph

� �
Na ð3Þ

where n denotes the order of the reaction, and
Fig. 1. Problem schematic with diffusion resistances (based on Ref. [25]).
Na ¼
CAi � CAo

CAi � CAe
¼ 1� b exp �NTU

b

� �
ð4Þ

NTU ¼ Kbeeb

Uo=Lf
ð5Þ

b ¼ Uo � Umf

Uo
ð6Þ

The expression for b shows that all gas in excess of the minimum
fluidization velocity was assumed to flow through the bed in the
form of bubbles. The gas velocity at the minimum fluidization con-
dition is calculated as follows.

Umf ¼ 0:061g
qp � qg

lg

 !
d2

p ðcm=sÞ ð7Þ

Allowance was made for the deviation from a catalytic case,
considering the extent of conversion in the fluidized bed by a solid
population balance. It was assumed that all fine particles are re-
turned to the reactor and there is no carry-over. Furthermore, it
was assumed that all particles enter the bed with the same conver-
sion xc0, and they are removed from the reactor at xc,b (average con-
version of perfectly mixed particles in the bed). This approach
expresses the equations in terms of the conversion, rather than
time or particle size.

The overall conversion of solid particles and gaseous reactant
within the bed is related through an overall mass balance for the
solid particles and gaseous reactant, and the stoichiometry of the
reaction, b. Thus, the following expression is derived for the gas
conversion, by equating the rate of consumption of solid particles,
to the rate of consumption of gaseous reactant,

Xg ¼
1
a

1� Das

k

� �
ð8Þ

a ¼ b
UoAc;bedCAiMp

F0
ð9Þ

where Das and k are dimensionless parameters that are defined as

Das ¼
Kr;eWb

F0
¼ Kr;e�t ð10Þ

k ¼ Kr;eWb

F1
¼ Kr;eWb

F0 � rc;bed
ð11Þ

In Eqs. 10 and 11, Kr,e is the kinetic coefficient as defined in Eq. 12,
which accounts for the concentration of the gaseous reactant and
temperature in the emulsion.

Kr;e ¼ b
Mp

qp
k0Cn

Ae ð12Þ

The following expression was derived to evaluate the inter-
phase effectiveness factor, gph, as follows,

gph ¼ 1� 1
Naa

1� Das

k

� �� �n

ð13Þ

The following expression relates the conversion of gaseous reactant
to that of solid particles [25]:

Xg ¼
xc;b � xc0

að1=Yc0 � xc0Þ
ð14Þ

In the following section, this model was applied to a specific hydro-
lysis reaction involving cupric chloride particles and steam.

2.2. Fluidized bed model for cupric chloride particles

Since both cupric chloride particles and steam participate in the
hydrolysis reaction, it is necessary to apply a Non-Catalytic Gas–
Solid Reaction (NCGSR) model to analyze the bed performance.
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The following assumptions were used for analyzing the bed
behavior.

� The bed consists of two regions according to two-phase theory:
a bubble phase, and an emulsion phase.

� The temperature gradient within the bed reactor is negligible, so
it experiences an isothermal process.

� There exists merely one reaction, namely the reaction of cupric
chloride particles with superheated steam.

� The reaction takes place in the emulsion phase.
� In addition to these assumptions, for the case of the present

work, the followings approximations were also used.
� Unlike the assumption of Gómez-Barea et al. [25], there exists

only one type of particle that reacts with the fluidizing gas,
and there is no non-reacting material, so Yc0 = 1.

� The conversion of particles at the inlet of the reactor is zero:
xc0 = 0.

� The hydrolysis reaction is first-order.

The key aspect for determining the reactant conversion is that
the ratio ðDas=kÞ is computed by combining Eqs. 11 and 12 to yield

Das

k
¼ 1� rc;bed

F0
ð15Þ

It can be shown that [24]

rc;bed ¼ F0
Yc0

1� Yc0xc0

� �
f2ðxc0; kÞ ð16Þ

Thus, combining Eqs. 15 and 16 yields

Das

k
¼ 1� Yc0

1� Yc0xc0

� �
f2ðxc0; kÞ ð17Þ

Considering Yc0 = 1, xc0 = 0, the ratio (Das/k) may be expressed only
as a function of k, i.e., [24]

Das

k
¼ 1� f2ðkÞ ¼ 1�

Z 1

0
exp �HðsÞ

k

� �
ds ð18Þ

Unfortunately for the hydrolysis reaction, the nature and kinet-
ics of the reaction of cupric chloride particles is not well-known.
According to Kunii and Levenspiel [23], conversion of solids can
follow one of two extremes of behavior. At one extreme, the diffu-
sion of gaseous reactant is consumed uniformly throughout the
particle. This is the uniform reaction of volumetric model (VM).
At the other extreme, diffusion into the reactant particle is so slow
that the reaction zone is restricted to a thin front that advances
from the outer surface into the particle. This model is called the
shrinking core model (SCM). In this paper, these two models are
treated as the limiting cases. As a result, the actual fluidized bed
reactor for the hydrolysis of cupric chloride is anticipated to exist
between these two kinetic model predictions. Table 2 outlines
these two kinetic models for H(xc). Whether the solid reaction fol-
lows VM or SCM, a separate solution procedure is needed for each
kinetic model.

2.3. Fluidized bed effectiveness

Utilizing a fluidized bed in step 4 of Table 1 involves a condition
under which CuCl2 and steam are reacted. It is worth defining a
Table 2
Two extremes of kinetic models for NCGSR.

Model name VM SCM

H(xc) �ln(1 � xc) �3[1 � (1 � xc)1/3]
f2 (k) k

kþ1 k 1� k
3

� 	2 þ k
3

� 	2 � 2 k
3

� 	2 exp � 3
k

� 	h i
Source: Ref. [24].
factor that represents the effectiveness of the fluidized bed reactor.
According to the stoichiometry of the reaction (see Table 1), two
moles of CuCl2 are reacted with one mole of steam. The best perfor-
mance of the bed occurs when all three moles of reactants (two
moles of CuCl2 + one mole of steam) convert to products, so there
is no CuCl2 or steam at the exit. Thus, the ‘‘bed effectiveness” rep-
resented by gbed was defined as

gbed ¼
Total moles of reactants converted to products

Total reactant moles at the inlet streams
ð19Þ

gbed ¼ 1� Total non-reacted reactant moles
Total reactant moles at the inlet streams

ð20Þ

gbed ¼ 1� Total reactant moles at the outlet streams
Total reactant moles at the inlet streams

ð21Þ

In symbols, Eq. 21 can be expressed as

gbed ¼ 1�
P

outletReactant molesP
inletReactant moles

ð22Þ

For the present case of cupric chloride particles in a hydrolysis
reaction,X
outlet

Reactant moles ¼ ðnCuCl2þnH2O
Þoutlet ð23Þ

X
inlet

Reactant moles ¼ ðnCuCl2þnH2O
Þinlet ¼ 2þ 1 ¼ 3 ð24Þ

The reactant moles at the outlet may be computed based on their
conversions as shown below,

nCuCl2 joutlet

nCuCl2 jinlet
¼ Cpo

Cpi
¼ 1� xc;b ð25aÞ

nCuCl2 joutlet ¼ nCuCl2 jinletð1� xc;bÞ ð25bÞ

and

nH2Ojoutlet

nH2Ojinlet
¼ CAo

CAi
¼ 1� Xg ð26aÞ

nH2Ojoutlet ¼ nH2Ojinletð1� XgÞ ð26bÞ

Substituting Eqs. 25b and 26b into Eq. 23, and then substituting the
resulting expression into Eq. 22, taking into account Eq. 24 and con-
sidering nCuCl2 jinlet ¼ 2 and nH2Ojinlet ¼ 1, yields

gbed ¼ 1� 2ð1� xc;bÞ þ 1� Xg

3
ð27Þ

Simplifying Eq. 27 gives

gbed ¼
2xc;b þ Xg

3
ð28Þ

Hence, the bed effectiveness can be determined by a known process
condition after calculating the cupric chloride particle and steam
conversions within the bed reactor. In the next section, the influ-
ences of various process parameters on the bed effectiveness are
presented.
3. Results and discussion

This section investigates the effects of various process parame-
ters on the performance of a fluidized bed, involving hydrolysis of
cupric chloride particles. Prior to the detailed simulations, valida-
tion of the newly developed models is needed. Two sets of data
were obtained from past literature for comparison purposes. Both
sets of data were related to a zinc roaster within an industrial
(full-scale) fluidized bed. The first set was obtained by Gómez-Bar-
ea et al. [25], and the second set of data was reported by Kunii and
Levenspiel [23]. The stoichiometry of the reaction is

O2 þ ð2=3ÞZnS! ð2=3ÞSO2 þ ð2=3ÞZnO ð29Þ



Table 4
Comparison of predictions of the current model and the past data of Kunii and
Levenspiel [23] for a zinc roaster in an industrial fluidized bed.

Fo (kg/s) Parameter Kunii and Levenspiel [23] Current method

2 Xg 0.661 0.666
xc,b 0.991 0.999

2.5 Xg 0.808 0.833
xc,b 0.970 0.999

BENCH SCALE REACTOR, Diameter of 2.66(cm), Hieght of 16.5(cm)
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Fig. 2. Conversion of cupric chloride particles and steam for a typical range of
superficial gas velocities at three bed inventories (Volumetric Model).
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In the first example [25], zinc roasting occurred in an industrial flu-
idized bed with a diameter of 6.38 m at 1000 �C. The fluidizing air
was fed at a velocity of 0.78 m/s. The feed rate of particles with a
diameter of 60 lm was 2.48 kg/s. The bed inventory was
30,000 kg. Table 3 compares the predicted values of various param-
eters derived in the previous sections, with the past data. The re-
sults exhibit close agreement, particularly for the conversion
values of the reactants, thus provide useful validation of the current
formulation.

In the second validation case [23], zinc blend (ZnS) particles
with a mean diameter of 150 lm were continuously fed into a flu-
idized bed with a diameter of 7.27 m and inventory of 80,140 kg.
The particles were roasted at 900 �C in the fluidizing air with
Uo = 0.6 m/s. The measured velocity of the gas and bed voidage at
minimum fluidization conditions were 0.025 m/s and 0.5, respec-
tively. The predictions of the newly developed model are compared
with the data in Table 4, in terms of the conversion of reactants at
two different feed rates of solid particles. From Table 4, the com-
puted reactant conversions from both methods show close agree-
ment; thereby provide another useful validation of the current
formulation.

Two limiting reaction kinetics (VM and SCM) of CuCl2 particles
in the hydrolysis reaction were considered. The results are pre-
sented in terms of the conversion of reactants, inter-phase effec-
tiveness factor and bed effectiveness, at various process
parameters for a typical lab-scale fluidized bed reactor with a
diameter of 2.66 cm and a height of 16 cm. The outcomes are given
separately for VM and SCM cases using solution algorithms devel-
oped by Haseli et al. [24]. Then the predictions of these two limit-
ing kinetic models are compared and discussed.

The predicted steam and CuCl2 particle conversions at various
superficial gas velocities and three typical bed inventories are
shown in Fig. 2. The solid conversion increases with the fluidizing
gas velocity, since the solid particles are more immersed with
steam. On the other hand, however, the steam conversion de-
creases as its superficial velocity increases. For a certain quantity
of bed inventory and constant particle feed rate, a higher superfi-
cial velocity means a higher gas flow rate, which consequently re-
sults in less conversion of steam. Furthermore, from Fig. 2, a higher
bed inventory improves the conversion of both reactants. At given
feed rates of reactants, the mean residence time, �t, increases as the
bed inventory rises. Thus, the contact opportunity for both reac-
tants increases.

Fig. 3 shows the variation of the inter-phase effectiveness factor
with superficial velocity and bed inventory. Higher conversion of
steam corresponds to the situation where the concentration of
steam at the outlet stream and its concentration in the emulsion
are accordingly lower. Thus, the inter-phase effectiveness factor
is lower at the higher gas conversion, which results from a higher
bed inventory and less superficial velocity, as discussed above in
Fig. 2.

Further results involve the influences of various process param-
eters on the bed effectiveness, gbed, defined in Section 2.3. Conver-
sion of solid particles and steam is represented by this new
parameter, indicating the net performance of the fluidized bed
reactor. Fig. 4 shows the variation of gbed versus superficial gas
Table 3
Comparison of predictions of the current method and the past data of Gómez-Barea
et al. [25] for a zinc roaster in an industrial fluidized bed.

Parameter Gómez-Barea et al. [25] Current method

Na 0.76 0.883
a 1.35 1.355
Xg 0.74 0.736
xc,b 0.99 0.997
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Fig. 7. Conversion of cupric chloride particles and steam for a typical range of
superficial gas velocities at three bed inventories (Shrinking Core Model).
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velocity at three bed inventories. From this figure, the effect of
superficial velocity on gbed depends on bed inventory. The reason
for this trend can be explained based on the dependence of steam
and particle conversions on superficial velocity, as described previ-
ously for Fig. 2. As the particle conversion increases, while conver-
sion of steam decreases with superficial velocity, the interaction of
these two trends will influence the value of bed effectiveness. This
phenomenon is further investigated and the results are depicted in
Fig. 5, where the bed effectiveness changes with bed inventory at a
varying gas velocity. The graphs in Fig. 5 are divided into two re-
gions. When the bed inventory exceeds 13 g, a higher velocity
leads to a larger bed effectiveness. On the other hand, for a bed
inventory of less than 13 g, a higher superficial velocity results in
less bed effectiveness.

The influence of bed temperature, a key process parameter, on
gbed is illustrated in Fig. 6 at varying superficial velocities. This fig-
ure suggests that a lower bed temperature improves the perfor-
mance of the process. When the bed temperature decreases, the
conversion of cupric chloride particles rises, with no significant
change in steam conversion. Similar results are obtained based
on the Shrinking Core Model (SCM), as depicted in Figs. 7–11, in
terms of the conversion of reactants and bed effectiveness. The
only qualitative difference is seen in Fig. 10, which shows the ef-
fects of bed inventory on gbed at various gas velocities. Unlike
Fig. 5, at a bed inventory smaller than 12 g, the superficial velocity
does not have a significant effect on gbed. On the other hand, as the
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Fig. 6. Dependence of bed effectiveness on bed temperature at different superficial
velocities (Volumetric Model).
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Model).
inventory exceeds 12 g, a higher velocity results in higher bed
effectiveness.

The predictions of the two kinetic models are compared herein.
The computed reactant conversions and inter-phase effectiveness
factor, based on VM and SCM, are shown in Figs. 12 and 13, respec-
tively, under identical process conditions. Figure 12 indicates that
if the kinetics of solids follows the SCM, the conversion of both
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Fig. 13. Comparison of predictions of SCM and VM in terms of the inter-phase
effectiveness factor.
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CuCl2 particles and fluidizing steam would be higher than the pre-
diction by VM. Further comparisons of kinetic models are made in
Fig. 13, in terms of the inter-phase effectiveness factor, gph. From
Fig. 13, the SCM prediction of gph is less than VM. The reason can
be inferred from Fig. 12, where conversion of gaseous reactant is
higher for the SCM, compared to VM. Thus, the mean concentration
of steam in the emulsion becomes less for the case of SCM, and gph

based on the SCM is lower than that of VM.
The influence of the bed temperature on conversion of CuCl2

particles and steam is illustrated in Fig. 14, based on both SCM
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Fig. 12. Comparison of predictions of SCM and VM in terms of reactant conversions.
and VM for a certain process condition. An interesting result from
this figure is that the reaction temperature affects the solid particle
conversion, but it has no significant effect on conversion of the flu-
idizing gas. Fig. 14 suggests that lowering the reaction temperature
improves the conversion of cupric chloride particles. At lower tem-
peratures, the concentration of steam is higher and the kinetic
coefficient is higher, since it is proportional to the concentration,
as shown in Eq. 12. Hence, for a given quantity of solid inventory,
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Fig. 15. Comparison of predictions of SCM and VM in terms of the bed effectiveness
versus superficial velocity.
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there is more opportunity for particles to be immersed by the flu-
idizing gas stream.

The bed effectiveness profiles, predicted by SCM and VM, are
compared at varying superficial velocities, bed inventories and
bed temperatures in Figs. 15–17, respectively. In these figures,
the profiles of SCM are higher than those of VM. In Fig. 15, at higher
gas velocities (almost greater than 0.6 m/s), the bed effectiveness
based on the VM is approximately independent of velocity,
whereas the SCM profile still increases at higher velocities. More-
over, from Fig. 16, at a smaller bed inventory (less than 10 g), the
prediction of both models is almost the same. As discussed previ-
ously, a lower bed temperature improves the bed effectiveness,
due to the enhanced conversion of solid particles. An illustrative
example of SCM and VM predictions of gbed versus temperature
is depicted in Fig. 17. Based on discussions presented previously,
the higher prediction of gbed by SCM compared to VM occurs be-
cause SCM predicts the conversion of both reactants is higher than
those computed by VM at a given process condition.

4. Conclusions

In this paper, a parametric study was carried out for the trans-
port phenomena in a hydrolysis reaction of cupric chloride parti-
cles and superheated steam in a lab-scale fluidized bed reactor,
as part of the copper–chlorine (Cu–Cl) thermochemical cycle of
hydrogen production. Both cupric chloride particles and steam
participate in the chemical reaction. The method of Gómez-Barea
and co-workers [25] was extended to analyze the Non-Catalytic
Gas–Solid Reaction. Due to the lack of experimental data of hydro-
dynamics and chemistry of the reaction to define the kinetics of the
particle reaction, the Volumetric Model (VM) and Shrinking Core
Model (SCM) were used as limiting cases in this paper. Validation
of the newly developed method was performed by comparing the
predicted process parameters with past data of Gómez-Barea et al.
[25], as well as computed values based on the method of Kunii and
Levenspiel [23] for zinc roasting processes. Then, full simulations
were performed for each kinetic model for the hydrolysis reaction
of cupric chloride particles. The computed outcomes indicate that
SCM quantitatively made a greater conversion of gas and particles
and bed effectiveness compared to VM. As the superficial steam
velocity increases, the conversion of solid particles improves, but
conversion of steam decreases. When the bed inventory is higher,
both reacting species conversions increase. As confirmed by both
kinetic models, cupric chloride particle conversions are increased
by lowering the bed temperature, whereas steam conversion
shows no significant change. Furthermore, a new parameter called
the ‘‘bed effectiveness”, defined as the fraction of total reactant
moles converted to products, is increased by raising the superficial
velocity, or bed inventory, or lowering the bed temperature. The
findings of this paper will have valuable utility for equipment de-
sign and scale-up of the copper–chlorine thermochemical cycle of
nuclear-based hydrogen production.
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