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Abstract The greenhouse problem has a significant effect on our communities such as, health and climate. Carbon dioxide

is one of the main gases that cause global warming. Therefore, CO2 capture techniques have been the focus of attention

these days. The chemical looping combustion technique adopted the air reactor and fuel reactor to recycle heat energy. This

study presents a numerical and experimental investigation on a fuel reactor in chemical looping combustor (CLC) system.

The present numerical model is introduced by the kinetic theory of granular flow and coupled with gas–solid flow with

chemical reactions to simulate the combustion of solids in the CLC. The k–e turbulent model was used to model the gas

phase and the particle phase. The developed model simplify the prediction of flow patterns, particle velocities, gas

velocities, and composition profiles of gas products and the distribution of heterogeneous reaction rates under the same

operating conditions. The predicted and experimental results were compared according to the basis of determination

coefficient (R2). In addition the results showed that there is a good agreement between the predicted and experimental data.

The value of (R2) for CO, CO2 and CH4 was 0.959, 0.925 and 0.969 respectively. This shows that the present model is a

promising simulation for solid particle combustion and gives the power direction for the design and optimization of the

CLC systems.
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1 Introduction

The greenhouse effect has been the focus of attention of

many scientists recently. Carbon dioxide is treated as the

greenhouse gas; the formation of carbon dioxide as a result

of the combustion of fossil fuels is considered as a con-

tributing to an increase the global warming temperature.

Therefore, future exploitation of fossil fuels will obligate

carbon management to achieve power generation without

an increase in greenhouse gases. Interestingly, in trying to

reduce fossil fuel consumption and reduce costs, efforts are

underway to greatly increase energy efficiency and use

energy in a smarter way. Given the absence of credible

alternative sources, the use of fossil fuels is still essential.

Therefore, new ways must be developed to reduce the

emissions of CO2 from the fossil fuels combustion. Due to

the threat of global warming, research has focused on

technology development to produce energy without
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releasing greenhouse gases like CO2. Multiple kinds of

technology are currently being developed for CO2 capture,

including oxyfuel combustion, post-combustion capture

from flue gases, and carbon shift (Simbeck 2004).

Although these methods consume a great deal of energy

and thus can lead to a considerable increase in the cost of

electricity consumption, they are nevertheless being

developed to separate gases. Power generation through a

CLC supplies a sequestration-ready CO2 stream and helps

to avoid various costly and energy-consuming techniques

of gas separation such as absorption (MEA, Selexol),

adsorption (PSA, TSA), membranes, or cryogenics, among

others. Therefore, a CLC can be responsible for heteroge-

neous chemical reactions with an oxygen carrier due to

involve the combustion of fuels and a granular metal oxide,

which are exchanged between the two fluidized bed reac-

tors (Johansson et al. 2004; Kolbitsch et al. 2009). As a

result, the CO2 can be inherently separated in this com-

bustion process. Also the total amount of heat released in

the air and the fuel reactor is equal to the heat released

from normal combustion process, therefore separating CO2

without any loss in energy (Adanez et al. 2005; Mattisson

et al. 2004; Dennis et al. 2006; Leion et al. 2007; Scott

et al. 2006). Most work on chemical looping combustion

has focused on the use of gaseous fuel, with only a few

researches concerned with solid fuel. However, coal is

considerably more abundant than natural gas, so it would

be highly advantageous if the solid fuels adapted and used

in the CLC system. There are many and different experi-

mental and numerical researches were performed on the

CLC technology. Lyngfelt et al. (2001) presented the first

chemical looping combustion design based on the circu-

lating fluidized bed principle. They recognized the concept

of the CLC as a possible system to capture CO2 from fossil

fuels in order to decrease climate impact. Scientists such as

lyngfelt accomplished more than 4000 h in 12 units of

0.3–140 kW until the first of 2011 (Lyngfelt 2011). This

time of operation consists mostly of operation with gaseous

fuels, as they were the first to be tested. During the last few

years, more focus has been put on solid and, most recently,

liquid fuels. However, liquid fuels have been tested by

some scientists such as Hoteit et al. and Moldenhauer et al.

in relatively small lab units (Hoteit et al. 2011; Molden-

hauer et al. 2012).

Kronberger et al. (2005) designed a CLC prototype of

10 kW with a dual-fluidized bed reactor system. They

measured the solids circulation rate, static pressure balance

and residence time distribution of gas and particles. They

noticed that the rates of solid circulation were sufficient

and the gas leakage can be controlled at very low level.

Markström et al. (2014) introduced the design and opera-

tion of a 100 kW chemical-looping combustor for solid

fuels. They used a Mexican petroleum coke and a

bituminous coal as a fuel. They concluded that gas con-

centration measurements showed the presence of uncon-

verted CO, H2 and CH4 corresponding to an oxygen

demand of around 20%, depending on the fuel reactor

temperature. Linderholm et al. (2017) used a sintered

manganese ore as oxygen carrier during the combustion of

solid fuel in a 100 kW chemical-looping combustion unit.

They found that the expected lifetime of the oxygen carrier

was about 100–400 h depending on the operating condi-

tions. Ma et al. (2018) constructed and operated a 50 kW

chemical looping combustion reactor for coal. They per-

formed a series of tests to investigate the performance of

the newly constructed CLC reactor under different opera-

tional parameters such as temperature, inlet gas velocity

and H2O concentration in fluidizing agent. The results

showed that the highest combustion efficiency of 0.86 was

achieved at 1000 �C. Abanades et al. (2020) introduced a

novel air reactor concept for chemical looping combustion

systems operated at high pressure. Their results showed

that the novel reactor can generate 100 MW and the reactor

can be particularly useful for back-up power services

operating intermittently for more than 9 h. The carrier

(metal oxide) supplies the oxygen for the reaction in CLC

which leads to an easy separation of CO2. The flue gas

stream obtained from the reaction in the CLC has a con-

siderable amount of carbon dioxide and steam. Thus,

condensing the steam directly will create pure CO2 that can

be easily sequestrated (Hossain and de Lasa 2008; Deng

et al. 2009). Ferric oxide (Fe2O3), Copper oxide (CuO),

Nickel oxide (NiO), and Manganese oxide (Mn3O4) are the

main metal oxides of the oxygen carriers. The inert mate-

rial is considered as a metal support which can supply a

higher surface area for the reactions. It can also be treated

as a binder to increase the attrition resistance and

mechanical strength (Abad et al. 2007). Different research,

with varying models, has focused on the fluidized bed

performance with regards to computational fluid dynamics.

Wang et al. simulated the bubbling fluidized bed, while

Chen et al. used the Eulerian–Eulerian model, incorporat-

ing the kinetic theory of granular flow to investigate gas–

solid flow in fluidized beds (Wang et al. 2009; Chen et al.

2011). Due to the high cost of the experimental work and

limitations of the measurement, few studies were per-

formed on CLC. Jung and Gamwo simulated and modelled

the CLC with using NiO and CaSO4 as respective oxygen

carriers (Jung and Gamwo 2008). Several numerical stud-

ies have described the reduction and oxidation manner in

oxygen carriers (Lu et al. 2003; Abad et al. 2007; Jung and

Gamwo 2008; Wang et al. 2009; Chen et al. 2011; Su et al.

2015; Deng et al. 2009). Regarding this issue, the solid

combustion in CLC was simulated as a result of developing

the mathematical modeling. Also the modelling were per-

formed on the fuel reactor for different gases with different
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oxygen carriers such as Parker (2014), Han and Bollas

(2016), Porrazzo et al. (2016), Menon and Patnaikuni

(2017), Zhang et al. (2017), Haus et al. (2018) and

Hamidouche et al. (2019).

The present work considers the flow of gases and solids

as well as homogenous and heterogeneous chemical reac-

tions. The experimental work in this field is very hard,

difficult, complicated, and thus too expensive to be

employed. The k–e turbulent model and the kinetic theory

of granular flow were used in gases modeling and the

particle phase, respectively. The rate of heterogeneous

reactions is presented using dissipation and diffusion rates.

The model can be validated by comparing the experimental

results to those obtained from the present code. In this

model, the kinetic theory of granular flow (KTGF) and

EMMS/Matrix correction was integrated to simulate the

gas–solid flow hydrodynamics in the fluidized bed, coupled

with a sub-models for the chemical reaction and heat

transfer. The distribution of simulated temperature, voi-

dage and gas composition from the furnace outlet were

modeled also.

2 Experimental work

Taking into account the abilities and conditions of Suez

Canal University in Egypt, the experimental work was

achieved according to the description as shown in Fig. 1.

The system includes designing a 2.5 m tall air reactor

(velocity fluidized bed) with a 0.15 m inner diameter. The

experimental work consists of air reactor, fuel reactor, air

entrance which is connected with the air compressor, metal

powder entrance and cyclone which is a very important

conical part of the CLC system. It has two functions: the

first one is to collect the oxygen carrier particles and directs

them to the fuel reactor. The second one is to exhaust the

air containing the nitrogen gas. Thus, the combustion

exhaust product does not contain harmful NOx. In addition

the experimental work contains butterfly valves to control

the flow rate, gas source and the chimney that designed to

allow the emission gases to go out of the system without

backpressure. Particle recirculation between the fuel reac-

tors and the air was implemented as the cyclone captured

the particles passing through the riser and returned them to

the fuel reactor (bubbling fluidized bed reactor). The fuel

reactor was designed as a fluidized bed with an inner

diameter of 0.3 m and a height of 0.95 m. The system was

supported with eight K-type thermocouples, distributed at

equal distances along the fuel reactor, and six pressure

sensors mounted at different elevations along the riser to

extract as much processed experimental data as possible.

The Orsat gas analyzer apparatus was used to measure

emissions from the fuel reactor. The experimental

uncertainty analysis was done and evaluated according to

Holman (Holman 1994) and Ismail et al. (Ismail et al.

2018). The minimum experimental error is equal to the

ratio between its least count and the minimum recorded

value of the measured output. The values are small com-

pared to the obtained data and found to be within the

allowable range of the measurements. The uncertainty

analysis of the K-type thermocouples and pressure sensors

were 0.05% and 0.25%, respectively.

3 Mathematical modeling of the fuel reactor

At present, the simulation of solid waste combustion in

fluidized bed has been developed by using code, namely

COMMENT-Code (Combustion Mathematics and Energy

transfer). The simulation uses less advanced technology to

study the combustion process of gas phase and solid phase,

the concentration and temperature distribution of matter,

thus greatly saving the calculation requirements. Through

the comparison with the experimental work, the developed

code in the current research is verified. The transport

equation mathematical model is built based on the con-

servation of a coupled transport equation and the equation

of state of the fluid system. In addition, since most of the

actual flows are turbulent, these conservation equations

ought to treated as temporal averaging or spatial filtering,

and need to be closed by using extra turbulence models.

The fluid dispersion in packed beds is investigated to

consist of diffusion and turbulence (Peters et al. 2003),

more details for the current model description are found in

the Supplementary materials. The coal compositions were

found based on the proximate analysis and elemental

analysis, as shown in Table S2. The method of finite vol-

ume (Patankar 1980) was used to solve equations to obtain

gas velocity, temperature (or specific enthalpy), and con-

centration. In this algorithm, the coupling terms were

implicitly treated, forming a part of the above mentioned

solution substrate. Pressure–velocity coupling was based

on the total volume continuity, and the results of the

interracial coupling terms were fully integrated into the

pressure correction equation. In order to obtain a time- and

grid-independent solution, all the presented simulations

were carried out with a time step of 2 9 10-3 s and a space

step of 0.1 mm. The initial conditions were as follows. The

combustion process was launched by the gas burner. Thus,

in the bed surface, the gas and solid temperatures were set

respectively at 1173 K (the gas combustor ignition tem-

perature), where the temperature lasted for two seconds.

The temperature was 300 K in other areas. The values of

mass fractions for O2 and N2 were between 23.3% and

76.7%, respectively. The fuel reactor has been simulated

for the given conditions to analyze and observe the reaction

Numerical and experimental analysis for simulating fuel reactor in chemical looping combustor… 553

123



rates, conversion of coal and the overall performance of the

system at various operating conditions. The numerical

parameters used in the simulation are summarized as in

Table 1.

For the independence grid, a comparison result was

made between the results of gas concentration for the

coarse grid and the fine grid simulation. The maximum

difference between the results from the superficial velocity

of 0.32 m/s was less than 4%. For this reason, fine grids are

sufficient for use in all of the simulations presented in this

study. Regarding boundary conditions, the above men-

tioned operating conditions of the gas phase occur/exist at

the bottom of the bed, and are respectively given the air

temperature and velocity.

4 Results and validations

The experimental recorded data were used to validate and

find good agreement with the model.

In the chemical looping combustion, oxygen-carrier

particles are run between two reactors as shown in Fig. 1.

After preparing CLC reactor along the fuel reactor using

volume flow rate less than the stoichiometric was measured

and recorded. Then the metal powder is transported

through a ring seal, to the second reactor where the fuel is

inserted, and this reactor is called the fuel-reactor. The fuel

and the available oxygen in the oxygen-carrier particles

react according to Eq. (1).

2nþ mð ÞMexOyþ1 þ CnH2m ! 2nþ mð ÞMexOy þ nCO2

þ mH2O

ð1Þ

Fig. 1 Schematic diagram of chemical looping combustion

Table 1 Numerical parameters used in the present model

Scheme Numerical

parameter used

Spatial discretization scheme for the momentum

equations and species equation

Second order

upwind

Spatial discretization scheme for each phase Second order

upwind

Time Integration Scheme First order

implicit
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Oxygen-carrier becomes reduced in fuel reactor, and the

metal powder is transferred to the air reactor to be oxidized

as shown in Eq. (2).

2MexOy þ O2 ! 2MexOyþ1 ð2Þ

where MexOy?1 is oxidized metal-powder and MexOy is

reduced metal powder.

Figure 2 presents a variety of average gas concentration

changes over time in the outlet. In the first phase, the mole

fraction of the gas component remains constant, which is

the same as the inlet gas concentration. The duration of this

stage depends on the height of the reactor and the inlet gas

velocity. In the second phase, the concentration of gaseous

reactants rapidly decreases linearly and reverses to achieve

the product gas. In the third stage, the gas concentration

slightly swings around the fixed value. It was found that the

oscillation of freeboard in gas composition was not as

intense as that in the densest areas, due to the absence of

the solid reactant. According to this operating condition,

conversion to H2 was almost completed, due to the high

reactivity and low inlet concentration compared with CO.

A comparison between this theoretical model and the

experimental work was carried out according to the gas

concentration at the outlet of the fuel reactor. Simulated

boundary conditions must commit to the experimental

work’s operating parameters. The experimental work and

the predicted data were well-matched at a satisfactory

percentage. According to the basis of determination coef-

ficient, the value of (R2) for CO, CO2 and CH4 was 0.959,

0.925 and 0.969 respectively. The results of these

experiments were consistent with the gas species, meaning

that the 2D numerical simulation is reasonable, as the

validity of this model was tested and verified. In order to

know the power of the obtained results, it should be vali-

date with other published data such as Menon and Pat-

naikuni (2017). From results it can be concluded that all

curves have the same trend according to their published

data.

5 CFD results and discussion

For the operating conditions listed in Table S3, the time

series of the flow mode calculated in the form of solid

volume fraction is shown in Fig. 3 at a time of 100 s. A

typical turbulent fluidization model was observed in the

lower region of the fuel reactor. Particles accumulate near

the wall until they become heavy enough and cannot be

carried by gas, forming a core-ring flow structure with a

diluted ascending core and a dense downward ring. It is

also observed that the gas moves downward near the wall

area, showing the strong influence of the downward solid.

In most regions of the fuel reactor, the maximum axial

velocity is detected in the core for solids and gases. At the

exit, higher gas and solid velocities appear on the right,

which shows the effect of the outlet geometry. In general,

these diagrams show that the model can predict almost

symmetric flow patterns in the shell, despite the asym-

metric geometry of the inlet and exit.
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Figure 4 shows the profiles of gas temperature and gas

species in the fuel reactor. The maximum temperature from

the present model was around 1200 K; the peak tempera-

ture was observed in the combustion zones, where the

highest intensities of oxidation and reduction reaction are

located. The gas velocity displayed the same trend, as

shown, possibly because temperature is a measure of heat

energy that causes the kinetic energy to be produced. Thus,

when the temperature increases, the kinetic energy and

motion of the molecules also increases. In addition the

kinetic energy and motion of the molecules were closely

related in this study.

It can be concluded from these contours that the overall

trend of each composition profile is consistent. Near the

biomass inlet and at the top of the reactor, CO concentra-

tion is high due to the presence of a large number of carbon

particles as well as devolatilization. The contours also

show that the concentration trend of H2 and CO2 follow

each other closely. After some time, the concentration of

CO is decreased because of the lower O2 feed rate (oxi-

dation reaction) and a strong forward water–gas shift

reaction that converts all CO to CO2. On the other hand, a

small amount of methane, CH4, is produced, due to the

slow methanation reaction rate within the reactor. Low

concentrations of N2 correspondingly appear near the coal

feeding point.

Due to the devolatilization, the volatiles (CH4, CO,

H2O, H2, and tar) appear near the coal feeding point with

high concentrations; these concentrations are then gradu-

ally reduced due to the combustion reaction. In the previ-

ously mentioned chemical reaction model, the predicted

concentrations of tar are higher than other volatile matters.

The carbon dioxide is observed in the dense zone with a

certain amount because it is mainly produced by coal

combustion. However, due to dry coal devolatilization,

CH4 combustion and vaporization contribute a little value.

Also, volatile matter observed with large amounts of at the

bottom of the dilution region.

Figure 5 shows the conversion of copper carbonate

dolomite as a function of time at different bed heights. The

trends of conversion are consistent with another carbona-

tion study, which analyzed operating conditions (Gallucci

et al. 2008; Stendardo and Foscolo 2009). The solid and

gas phase in the fluidized bed were simulated at 873 K, as

was the gas entering the reactor. Due to the small particle

diameter (103 lm) and the intrinsic bed fluidization, we

can consider the solid phase isotherm. The CO2 in the gas

phase reacts with CuO to produce CuCO3 in the solid

phase. The maximum conversion which copper carbonate

can achieve is a function of the composition.

Another important aim of this study is the application of

a grain model in a fluidized environment. In order to

evaluate this model, the solid conversion of copper car-

bonate dolomite was studied as a function of time. The

carbonation reaction in the chemical looping combustor

(fuel reactor) exists in three stages. In the first, the chemical

kinetics were the limiting reaction, whereas in the third, the

diffusion through the particle was the controlling step and

the reaction rate decreased strongly. Between these two

stages was a transition zone, named the breakthrough

period, which was found where both surface reaction and

diffusion resistance were the controlling mechanisms of the

whole CO2 capture process.

6 Conclusions

The capture and separation of carbon dioxide from the

combustion of fossil fuel may become a new alternative

solution to minimize the effect of greenhouse gases. CO2

captured after the condensation process can be stored in

tanks to be used economically in many industrial applica-

tions. As a result, a coal-fired power plant will store pure

CO2 in tanks, instead of releasing flue gases out of chim-

neys into the atmosphere, and this stored CO2 can be sold

to those concerned with the industrial applications of CO2.

Fig. 3 Simulated results of solid volume fraction as function in time for the gas-particle flow in the upper part of the fuel reactor
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Fig. 4 Contours of the simulated temperature and gas composition distributions along fuel bed reactor
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The numerical model, coupled with gas–solid flow with

chemical reactions, was developed to simulate the com-

bustion of solids in the CLC. The gas and the particle

phases were modeled using the k–e turbulent model and the

kinetic theory of granular flow. The developed model

facilitates the prediction of gas velocities, flow patterns,

particle velocities, and composition profiles of gas products

and the distribution of heterogeneous reaction rates under

typical operating conditions. Furthermore, by comparing

the predicted values with the experimental data, the sim-

ulations were found to be in good agreement with the

experiments. According to the basis of determination

coefficient, the value of (R2) for CO, CO2 and CH4 was

0.959, 0.925 and 0.969 respectively. This means that the

present numerical model is a promising simulation for solid

particle combustion.
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