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ABSTRACT

The internal heat balance through heat generation due to CuO reduction and its consumption by CaCO3

decomposition makes calcination a critical step in a novel Ca-Cu chemical looping process (CaL-CLC).

Thus, the calcination behaviour of composite Ca/Cu particles needs to be well understood, especially

taking into account that mismatching of heat generation and consumption in the particles can lead to

local superheating, agglomeration and loss of activity due to enhanced sintering. In this work, a

composite particle model was developed to study the calcination behaviour within a spherical

core-in-shell type of particle containing grains of CuO and CaCO3. Simulation results showed that

ambient temperature, shell porosity, particle size, and CaCO3 grain size significantly affected the CuO

and CaCO3 reaction processes, while the impact of initial particle temperature and CuO grain size can be

ignored in the range of parameters considered in the study. By comparison of different types of particles,

it was concluded that the core-in-shell pattern was more advantageous if such particles are being applied

in CaL-CLC cycles due to better matching in reaction kinetics resulting in more stable and uniform

particle temperature distribution during the calcination stage.
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1. INTRODUCTION

Global warming is becoming a severe problem attracting attention worldwide, due to the increasing

atmospheric concentrations of greenhouse gases (mainly CO2, CH4 and N2O). Among these greenhouse

gases, carbon dioxide accounts for half of the enhanced greenhouse effect and needs the most urgent

treatment [1]. CO2 capture and sequestration (CCS) has been identified as one of the most significant

ways to control CO2 emissions, and it could contribute 15-55% of the cumulative mitigation of

atmospheric CO2 by 2100 [2].

Calcium looping (CaL), particularly interesting for the cheap sorbents and high CO2 carrying capacity,

is a cost-effective method of capturing CO2 [3-5]. CaL has been rapidly developing, and the continuous

improvement of the process has resulted in its latest derivation, Ca-Cu chemical looping (CaL-CLC) [6,

7]. CaL-CLC could eliminate the energy intensively and costly air-separation unit in the conventional

CaL process by introducing a new chemical loop using CuO as the oxygen carrier, which could feed a

large amount of heat by its exothermic reduction for the highly endothermic regeneration of CaO-based

sorbents. Currently, the research on CaL-CLC is still in its early stage and only limited work has been

carried out on its development. Fernández et al. [8-10] reported a detailed conceptual design of Ca-Cu

chemical looping to obtain hydrogen and/or electricity from natural gas and a concentrated stream of

CO2 in fixed-bed reactors. Rahman et al. [11] discussed the integration of CaL-CLC with steam

gasification of biomass with the carbonator (gasifier), calciner, and air reactor arranged in three

sequences. Our team also worked in promoting the development of CaL-CLC, including the report of

the inhibition of CaO carbonation by CuO/Cu components [12], the mitigation methods [13], and the

assessment of kinetics matching on the calciner level [14].

It was well-known that the arrangement of CuO and CaCO3 in composite particles was an important

issue for the effective implementation of the CaL-CLC processes [9, 14]. Taking into account the heat

transfer efficiency and potential pressure drop inside the reactor, sorbents were usually prepared in the

form of spherical particles, with a combination of Ca-based and Cu-based materials, uniformly arranged
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or in a core-in-shell pattern, or as separated particles [9, 15]. Kierzkoska and Müller [16] investigated

the synthesis of Ca-based, Cu-functionalised CO2 composites using a co-precipitation technique.

Manovic et al. [17, 18] prepared three types of pellets by granulation of powdered materials using a

mechanical pelletiser. The first type of pellet has a homogeneous distribution of CaO and CuO

supported by cement, and the other two types were both of the core-in-shell form but with different

arrangements of the active (CaO and CuO) and inert (cement) materials. They were shown to be suitable

for large-scale utilisation as no significant change in particle size was observed during a 2-h attrition test

in a bubbling fluidised bed. In contrast, Ridha et al. [15] reported a lower mechanical strength of

core-in-shell particles due to their susceptibility to fragmentation, in comparison to homogeneous

particles and mixed CaO-based and CuO-based particles.

It should be noted that the implementation of CaL-CLC largely depends on the effectiveness of

internal heat transfer from the reduction of CuO to the decomposition of CaCO3 within a single particle.

The synchronism of these two reactions is important and the coupling behaviour needs to be assessed.

Work on core-in-shell particles with CuO as core and CaCO3 as shell, which show potential in the

CaL-CLC application, has not been previously reported. Aiming to better understand the calcination

behaviour of core-in-shell particles during the calcination stage in CaL-CLC, a composite particle model

was developed to study the impact of operating conditions and particle parameters on the occurrence of

chemical reactions, gas species and heat profiles inside the particle. Furthermore, a comparison between

the performance of core-in-shell and uniformly-distributed particles was carried out based on the

simulation results.

2. COMPOSITE PARTICLE MODELING

The concept of the changing grain size model (CGSM) proposed by Georgakis et al. [19], has been

widely used in the literature [20-24]. In the present work, the model was further developed aiming to

understand the calcination behaviour of a core-in-shell particle with CuO and CaCO3 grains distributed

in the core and shell, respectively. A CuO/CaCO3 molar ratio of 3.2 was used in the particle simulation
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considering the theoretical internal energy balance of chemical reactions. It was assumed that the

particle was porous and its radius remained constant during reactions, meaning that shrinkage of the

particle caused by sintering was omitted. The particle core also followed this assumption. The size of

the material grains changed as a result of the conversion of solid reactant to a product during the

reduction of CuO, as shown of Equation 1 (12.4 cm3/mol of CuO vs. 7.1 cm3/mol of Cu), and the

decomposition of CaCO3, as shown of Equation 2 (36.9 cm3/mol of CaCO3 vs. 16.9 cm3/mol of CaO).

Physical model of the core-in-shell particle and the change of grains during reactions are shown in

Figure 1.

4(g) (s) (s) 2(g) 2 (g) r,1173KCH 4CuO 4Cu CO 2H O H 207.6 kJ mol       (1)

3(s) (s) 2(s) r ,1173KCaCO CaO CO H 165.6 kJ mol    (2)

Figure 1. Schematic of the core-in-shell CuO/CaCO3 particle and the variation of a grain during

calcination.

For the specific core-in-shell particle, core radius is a function of the initial core and shell porosity and

the radius of the whole particle. Core radius is calculated as follows:
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The mass balance for diffusion and reaction of gas ‘i’ inside the particle is given as follows:

2
,2

1i i
e i i

C C
D R r

t R R R

   
  

   
(4)

The initial and boundary conditions required for solving the equation coupling external mass transfer

are as follows,
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The external mass transfer coefficient of ,g ik was calculated using the Sherwood number given by

[25],
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The reaction rate of gas ‘i’ produced or consumed per unit of particle volume was proportional to the

chemical reaction rate constant k, and the following expressions with kinetic parameters for the

reduction of CuO with CH4 and the decomposition of CaCO3 [20, 26] were chosen for this work

because of their close fitting with the experimental data.
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The initial specific surface of solid reactant ‘j’ was calculated as:

 0
0

0

3 1
, j v , j

, j

S f
r


 (14)

The radius variation of unreacted solid reactant was determined from the chemical reaction rate taking

place at the reaction interface with the equations:
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The changing grain size of 1, jr was calculated as:

 3 3 3
1 0 21, j j j , jr Z r Z r   (17)

where jZ was defined as:
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The effective diffusivity of gas ‘i’ was calculated as a function of particle porosity as:

 
11 1 2

e ,i m,i K ,iD D D 
   (19)

Particle porosity varies as a function of the initial porosity during reactions, and was calculated as:

  0 0 01 1        v , j , j jf Z X ( R,T ) (20)

The molecular diffusivity of gas ‘i’ in the gas mixture was calculated by the Wilke equation:
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where m,( i ,l )D expresses the molecular diffusivity of gas ‘i’ in gas ‘l’, and it was calculated using the

following equation [27]:
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The Knudsen diffusivity was calculated from:
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The specific surface area of solid was calculated from the surface area of reactants:
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Local conversion inside the particle changes with time and location, and it was calculated as:
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The mean conversion of CuO and CaCO3 changing with time in the whole particle was calculated by

integration of local conversions:
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For a spherical particle, the unsteady state heat transfer equation can be written as:
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with the initial and boundary conditions being given as follows:
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The heat convection coefficient in Equation (31) was estimated using the Nusselt number with the

correlation of Ranz and Marshall [28, 29] :
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The effective thermal conductivity of the particle depends on solid and gas thermal conductivities as

functions of porosity, and is calculated as follows:
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The thermal conductivity of the solid in a particle was calculated as a function of the volume fraction

of solid components in the particle, given as:
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The thermal conductivity of the gas mixture in a particle was calculated using the following equation:
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The effective heat capacity was obtained by the following relation:

  , ,1p s p s g p gc c c      (38)

These equations were solved numerically on MATLAB v 7.9 by a finite volume method with a fully

implicit formulation and a time step of 10-4 s, and a convergence with a tolerance less than 10-6 was

chosen during the calculations in the work.

To verify the model, overall conversions of CuO and CaCO3 were obtained by calculation using the

developed model and from experiments in a thermogravimetric analyser. Considering the difficulty in

distinguishing the mass loss caused by CuO reduction and CaCO3 decomposition, the experiments were

carried out by testing the two reactions separately under isothermal conditions, and pure calcium

carbonate and CuO/alumina materials were utilised. During the testing, the total gas flow rate was

maintained at 100 mL/min, and conversions were calculated with the assumption that the mass loss was

only caused by the reactions studied. Figure 2 shows the comparison of the simulation and experimental

results, and it can be seen that the model developed properly predicts the rate of CuO reduction with

CH4 and the decomposition of CaCO3.
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Figure 2. Comparison of simulation and experimental results of the conversion rate of (a) CaCO3

decomposition and (b) CuO reduction with CH4.

3. RESULTS AND DISCUSSION

To have a comprehensive view of the change in key variables with time, concentration profiles of CH4

and CO2, local temperature, porosity, local CuO and CaCO3 conversion, and grain size of CuO and

CaCO3 inside the spherical particle were displayed in a three-dimensional graph, as shown in Figure S1

in the supporting information. It was obtained by simulating a particle characterised with a porosity of

0.3 in both the core and shell, which were composed of CuO grains of 500 nm in radius and CaCO3

grains of 200 nm in radius, respectively. CuO and CaCO3 parameters used in the work were determined

according to the experimental data and calculation formulas presented in the literature [20, 26, 30-32].

The simulation was carried out for an ambient temperature of 1173 K and 0.2 bar of CH4 (balance CO2)

at atmospheric pressure with an initial particle temperature of 1173 K. Additionally, radial profiles of

variables at specific times under the same conditions as above are summarised in Figure 3.
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Figure 3. Variation of radial distribution of some parameters within the particle with time (
4CHP = 0.2

bar,
2COP = 0.8 bar; bT = 1173 K, 0T = 1173 K;

30 0,CuO ,CaCO  = 0.3, 0R = 1 mm, 0,CuOr = 500 nm,

30,CaCOr = 200 nm).

A sharp initial decrease in CH4 concentration from the particle surface to its centre can be seen in

Figure 3. At 5 s, CH4 concentration on the particle surface was 2 mol/m3 and it declined to around 0.2

mol/m3 on the core-shell boundary. Moreover, no CH4 was observed in the area of R/R0<0.62. This type

of CH4 distribution within the particle is a consequence of diffusion resistance in the CaCO3 shell owing

to the low shell porosity and its high effective specific surface area. Thereby, the reduction of CuO with

CH4 was very slow in the particle core area. In contrast, CO2 concentration was highest and almost

constant in the particle core, and it decreased from the core-shell boundary to the particle surface, which
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was attributed to the combined effect of CO2 generation due to CaCO3 decomposition and CuO

reduction, and the varying local CO2 diffusivity in the particle.

Figure 3(c) shows that the temperature profile inside the particle was relatively flat over the studied

duration. It was constant at just above 1174 K in the core area and the value was a little lower on the

particle surface after 5 s, which was almost the same after 10 s. The profile of a slightly higher

temperature can be observed during the following 48 s without the appearance of a significant

temperature difference, implying that heat transfer in the particle and subsequent consumption due to

CaCO3 decomposition were well matched with CuO reduction. Then, particle temperature started to

decline slowly and reached a minimum value at around 68 s with the core temperature being slightly

lower than that in the shell, indicating the completion of CuO reduction and heat transfer from the

surroundings for the decomposition of CaCO3.

3.1. Effect of Ambient Temperature

The reduction of CuO and decomposition of CaCO3 are the two major reactions in the calcination

process of Ca-Cu chemical looping, and their kinetics are mainly determined by operating temperature

according to the Arrhenius law. Therefore, the influence of ambient temperature on the conversions was

investigated and is presented in Figure 4, for a particle of 1 mm in radius, with an identical initial

porosity of 0.3 in both the core (initial CuO grain radius of 500 nm) and the shell (initial CaCO3 grain

radius of 200 nm), and an initial particle temperature of 1173 K.
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Figure 4. Profiles of temperatures and overall conversions inside the particle under different ambient

temperatures (
4CHP = 0.2 bar,

2COP = 0.8 bar; 0T = 1173 K;
30 0,CuO ,CaCO  = 0.3, 0R = 1 mm, 0,CuOr =

500 nm,
30,CaCOr = 200 nm).

It can be seen in Figure 4(a) that the overall conversion of CuO was very close to that of CaCO3

decomposition at an ambient temperature of 1173 K, although the latter proceeded slightly faster during

the first 30 s. Subsequently, the reduction of CuO gradually became slightly faster. The good coupling

of the two reactions, i.e., the almost simultaneous occurrence of CuO reduction and CaCO3
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decomposition, can be a benefit for keeping the variation of particle temperature in a narrow range and

avoiding the appearance of superheating that can lead to sintering and agglomeration of materials, and

consequent loss of the activity and even operating life of the regenerator. Increasing the ambient

temperature to 1198 K, the CuO reduction rate was observed to increase more slowly than the rate of

CaCO3 decomposition. The reason for this was that while the former reaction was limited by the slow

feeding rate of CH4, the latter could still utilise the heat from the high-temperature surroundings. After

CaCO3 decomposition reached completion, a large amount of energy was released from the exothermic

reduction of the remaining CuO to heat the particle (the sharp temperature increase in Figure 4(b)). This

phenomenon became more apparent when ambient temperature was further increased to 1223 K. Thus,

1173 K was the optimal ambient temperature for the regeneration of sorbents under the conditions

studied.

3.2. Effect of Initial Particle Temperature

The initial temperature difference between sorbent particles and the surroundings requires a certain

time interval for the particles to reach the designated operating conditions. Thus, the effect of initial

particle temperature on conversion and temperature profiles was studied, ranging from 923 K to 1173 K,

while keeping the other variables constant. It can be seen from Figure 5 that the induction time for the

occurrence of CaCO3 decomposition became longer as decreasing initial particle temperature further

deviated from the ambient value, which agreed well with the work of Yin et al. [23] Though both CuO

reduction and CaCO3 decomposition became slower, the decline in the reaction rate of the latter was

more pronounced. In other words, the mismatching of reaction kinetics and heat transfer in the

regenerator could become more prominent by increasing the difference between initial particle

temperature and that of the surroundings.
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Figure 5. Profiles of temperatures and overall conversions inside the particle while varying initial

particle temperature from 923 K to 1173 K (
4CHP = 0.2 bar,

2COP = 0.8 bar; bT = 1173 K;

30 0,CuO ,CaCO  = 0.3, 0R = 1 mm, 0,CuOr = 500 nm,
30,CaCOr = 200 nm).

3.3. Effect of Particle Porosity

It is well known that porosity largely determines physical and chemical properties of a particle, such

as its crushing strength, attrition rate, inner gas diffusion, and reactivity [33], and the effect can be more

significant for core-in-shell particles because the feeding of CH4 from the surroundings to the core area
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is restrained by the matrix of CaCO3 grains in the shell. To understand the potential impact, the

porosities of CuO in the core and CaCO3 in the shell were varied, respectively, from 0.1 to 0.5 and the

generated conversion profiles are presented in Figure 6. It can be seen that the overall conversion of

CuO rose with the increase of initial core porosity due to a lower resistance to the diffusion of CH4 into

the core region. As CuO reduction was the main heat source for CaCO3 calcination, the process of

CaCO3 decomposition changed accordingly and its variation was easily understood to be slightly

smaller than that of CuO. It was interesting to note from Figure 6(a) that coupling of the reactions of

CuO and CaCO3 changed only marginally with varying CuO porosity under the conditions studied.

Figure 6. Profiles of overall conversions inside the particle with varying initial porosity of (a) particle

core, and (b) particle shell (
4CHP = 0.2 bar,

2COP = 0.8 bar; bT = 1173 K, 0T = 1173 K; 0R = 1 mm,

0,CuOr = 500 nm,
30,CaCOr = 200 nm).

Figure 6(b) shows the profile of overall conversions as a function of initial shell porosity. It was

known that the existence of a shell containing CaCO3 grains was the main barrier for the penetration of

CH4 from the ambient to the particle core. The decrease of initial CaCO3 porosity caused a reduction in

its specific surface area, which together led to a sharp fall-off of effective diffusivity of CH4 in the shell.

As a result, overall conversion of CuO was observed to decline quickly. With regard to CaCO3
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decomposition, it was also largely inhibited owing to the lack of heat supply from CuO reduction. This

condition remained unchanged until much of the CaCO3 was converted, at which point the rate of CuO

reduction with CH4 increased quickly. When increasing the initial porosity of CaCO3 to 0.5, its

inhibition on CH4 diffusion was weakened. Thus CuO reduction became much faster, and the

calcination of CaCO3 was enhanced. However, process matching of the two reactions was slightly

poorer at a shell porosity of 0.5 than that with a value of 0.3.

3.4. Effect of Particle Size

Particle size usually affects reaction rates and external mass and heat transfer, which has been

observed in the single reduction of CuO and CaCO3 decomposition [20, 33]. Here, we investigated the

core-in-shell CuO/CaCO3 composite by varying particle radius from 0.5 mm to 1.5 mm, and

summarised the results in Figure 7. It was apparent that the conversion of both CuO and CaCO3

decreased with increasing particle radius. For the particle with a radius of 1 mm, CuO and CaCO3

achieved full conversion in 66 s and 117 s, respectively, which were extended to 135 s and 146 s at a

particle radius of 1.5 mm. The heat released from CuO reduction could still be used in calcining CaCO3,

but the efficiency varied according to the reaction process. As can be seen for the particle with a radius

of 0.5 mm, the rate of CuO reduction was much faster than CaCO3 decomposition, thus a large amount

of energy was released over a short time and the whole particle was heated up. After all CuO was

consumed, some of the CaCO3 remained unreacted and its further reaction would depend on the heat

transferred from the surroundings, which resulted in a lower particle temperature than that of the

ambient. For the 1.5-mm-radius particle, the reaction process of CuO was slightly behind CaCO3

decomposition for most of the time; therefore, the particle temperature was below the ambient

temperature. It was clear that once the reaction rate of CuO exceeded that of CaCO3, the heat released

was sufficient to support CaCO3 decomposition and particle temperature would rise to higher than that

of the surroundings, as shown in Figure 7(b).
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Figure 7. Profiles of overall conversions and temperatures inside the particle with varying particle

radius (
4CHP = 0.2 bar,

2COP = 0.8 bar; bT = 1173 K; 0T = 1173 K;
30 0,CuO ,CaCO  = 0.3, 0,CuOr = 500

nm,
30,CaCOr = 200 nm).

3.5. Effect of Grain Size

The potential effect of grain size variation on calcination behaviour was investigated by changing
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grain radius of CuO and CaCO3 in the range of 200 nm to 800 nm, and the results are summarised in

Figure 8. It can be seen that overall conversion profiles of CuO were almost identical, regardless of the

variation of CuO grain size. The distribution of CaCO3 conversion with time was also maintained.

These observations mean that CuO grain size in the range investigated has almost no effect on the

simultaneous reaction behaviour of CuO and CaCO3 during regeneration. The reason for this is that the

reduction of CuO is kinetically fast under the conditions studied, and only the supply of CH4 from the

surroundings via the shell could be a limitation. However, the diffusion of CH4 was unaffected when

varying grain size of CuO in the core area. As a result, the decomposition process of CaCO3 remained

unchanged as well. By contrast, the rate of CuO reduction became faster with increased initial CaCO3

grain radius, which slightly accelerated CaCO3 decomposition initially, as shown in Figure 8(b). As

CuO reduction finished, the decomposition rate of CaCO3 in the case of a larger initial grain size

decreased more quickly and the time required to reach 100% conversion was prolonged.

Figure 8. Profiles of overall conversions inside the particle with varying initial grain radius of (a) CuO,

and (b) CaCO3 (
4CHP = 0.2 bar,

2COP = 0.8 bar; bT = 1173 K; 0T = 1173 K;
30 0,CuO ,CaCO  = 0.3, 0R =

1 mm).
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3.6. Comparison of Uniformly-distributed and Core-in-shell Particles

Uniform-distribution and core-in-shell patterns are the two most interesting arrangements for CuO

and CaCO3 grains in a composite particle that can potentially be used in the CaL-CLC system due to

good matching in heat release and the subsequent utilisation. In our previous work [34], the time to

reach full conversion of CuO and CaCO3 was calculated to be 35 s and 137 s, respectively, when a

particle of 1 mm in radius and 0.3 in porosity with a uniform distribution of CuO and CaCO3 grains

(grain size of 500 nm vs. 200 nm) was initialised at 1173 K under 0.2 bar of CH4. Under the same

conditions, the time for reaction completion varied between 66 s and 117 s for the core-in-shell particle.

Additional simulation showed that including or neglecting heat radiation between the particle and its

surroundings in equation (31) makes no difference for the conditions compared. The time extension for

CuO to reach full reduction was clearly attributable to the resistance of the CaCO3 shell to CH4

diffusion as analysed above. However, its inhibition of CuO reduction could accelerate the occurrence

of CaCO3 decomposition and resulted in a more synchronised calcination/reduction, i.e., a better

matching of heat release and utilisation. This coupling can be pursued in CaL-CLC system design, as it

eliminates the requirement of an external heat source for regenerating CaCO3, which is one inherent

advantage of CaL-CLC compared to the conventional calcium looping for CO2 capture. Furthermore,

good matching of CuO reduction and CaCO3 decomposition rates could help to avoid large particle

temperature fluctuations with time. This conclusion can be easily observed from the temperature

variation range of 55 K for the uniformly-distributed particle and only around 10 K for the core-in-shell

type, which is an advantage in preventing superheating and stabilising operation of the regenerator.

Therefore, the core-in-shell arrangement was more suitable for application in the calcination stage of

CaL-CLC if taking reaction kinetics and heat transfer within particles into consideration.

4. CONCLUSIONS

To well understand the behaviour of reaction coupling (CuO reduction with CH4 and the
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decomposition of CaCO3) and heat transfer in the calcination stage of the novel Ca-Cu chemical looping

process, a mathematical model of the composite particle was developed to investigate the core-in-shell

arrangement within the framework of the key particle parameters and operating conditions. Simulation

results showed that ambient temperature, porosity of the shell, particle size, and CaCO3 grain size

significantly affected the reaction process of CuO and CaCO3. A lower ambient temperature, in the

range of 1173-1223 K, was observed to be beneficial for coupling of the reactions, while an increase of

ambient temperature resulted in faster decomposition of CaCO3 when compared to that of reduction of

CuO. Though the coupling behaviour of the two reactions was similar with the change of core porosity

from 0.1 to 0.5, a significant decline of the reduction rate of CuO was observed when decreasing the

shell porosity from 0.3 to 0.1 as a result of the high resistance of CH4 diffusion in the shell area. It was

also found that the optimal radius of the core-in-shell particle should be around 1 mm or a little larger

with a small CaCO3 grain (200 nm) under the conditions studied in this work. In contrast, the effect of

CuO grain size and the initial particle temperature can be neglected.

Compared to particles with a uniform distribution of CuO and CaCO3 grains, the core-in-shell

arrangement was determined to be beneficial for coupling the CuO reduction with CH4 and

decomposition of CaCO3, with the particle temperature fluctuating only in a narrow range. The model

developed can be a useful tool for quantifying trade-offs between the key design and operational

parameters of the calcination process in CaL-CLC.

NOTATION

4CHC CH4 concentration within the particle, mol/m3

2COC CO2 concentration within the particle, mol/m3

2eq ,COC equilibrium CO2 concentration, mol/m3

iC concentration of gas ‘i’, mol/m3
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0i,C initial concentration of gas ‘i’ within the particle, mol/m3

b,iC concentration of gas ‘i’ in the reactor, mol/m3

s,iC concentration of gas ‘i’ on particle surface, mol/m3

,p gc specific heat of gas mixture, J/(kgK)

,p sc specific heat of solid within particle, J/(kgK)

e ,iD effective diffusivity of gas ‘i’, m2/s

K ,iD Knudsen diffusion coefficient of gas ‘i’, m2/s

m,iD molecular diffusion coefficient of gas ‘i’, m2/s

e emissivity

v , jf volume fraction of solid ‘j’ within the particle

0v , j ,f initial volume fraction of solid ‘j’ within the particle

gasR gas constant, J/(molK)

ch external heat transfer coefficient, W/(m2K)

g ,ik external mass transfer coefficient of gas ‘i’, m/s

redk reaction rate constant of CuO reduction, m1.3875/(mol0.4625s)

deck reaction rate constant of CaCO3 decomposition, m3/(mols)

iM molecular weight of gas ‘i’, kg/mol

lM molecular weight of gas ‘l’, kg/mol

Nu Nusselt number

n reaction order of the reduction of CuO with CH4

P total pressure, Pa

Pr Prandtl number
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ir production rate of gas ‘i’, mol/(m3s)

CuOr rate of CuO reduction, mol/(m3s)

3CaCOr rate of CaCO3 decomposition, mol/(m3s)

0 , jr initial grain radius of solid ‘j’, m

1, jr grain radius of solid ‘j’ when reaction proceed, m

2 , jr grain radius of unreacted solid ‘j’, m

0,CuOr initial grain radius of CuO, m

2,CuOr grain radius of unreacted CuO, m

30 ,CaCOr initial grain radius of CaCO3, m

32 ,CaCOr grain radius of unreacted CaCO3, m

R radial coordinate, m

0R initial radius of the particle, m

Re Reynolds number

0,CuOS initial specific surface area of CuO, m2/m3

30 ,CaCOS initial specific surface area of CaCO3, m2/m3

0 , jS initial specific surface area of solid reactant ‘j’, m2/m3

eS specific surface area of the solid, m2/m3

Sc Schmidt number

Sh Sherwood number

t time, s

T temperature, K

0T initial particle temperature, K
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bT temperature in the reactor, K

sT temperature of the particle surface, K

m,CuOV molar volume of CuO, m3/mol

3m ,CaCOV molar volume of CaCO3, m3/mol

m,PV molar volume of solid product, m3/mol

m,RV molar volume of solid reactant, m3/mol

jX conversion of solid reactant ‘j’

iy molar fraction of gas ‘i’

jZ volume ratio for solid product to reactant

Greek symbols

0 initial particle porosity

 particle porosity

g thermal conductivity of the gas mixture, W/(mK)

ef effective thermal conductivity within the particle, W/(mK)

s thermal conductivity of the solid within the particle, W/(mK)

,s j thermal conductivity of solid ‘j’, W/(mK)

redH heat of CuO reduction, J/mol

decH heat of CaCO3 decomposition, J/mol

i dynamic viscosity of gas ‘i’, kg/(ms)

l dynamic viscosity of gas ‘l’, kg/(ms)

g density of gas mixture, kg/m3
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s density of solid within the particle, kg/m3

 
i

v diffusion volume for molecule ‘i’

 Stefan-Boltzman coefficient, W/(m2K4)
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