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Abstract: This paper provides a simple methodology for the design of the air reactor of a chemical

looping combustor to optimize its characteristics when it is employed connected to a turbo expander

to produce power. The design process, given a certain objective (e.g., electric power) defines the

reactor specifics, namely height and diameter, taking into account the following aspects: solids

inventory of the air reactor; gas velocity; air reactor transport disengaging height (TDH); solids

concentration profile along the reactor height, dense bed height; freeboard height; pressure drop

depending on air reactor injectors design and configuration. The total air reactor height was about

9.5 m, while the diameter was about 1.8 m. The total inventory was about 10,880 kg; while the

circulation rate in the air reactor was about 110 kg/s. The operating pressure and temperature were,

respectively, 12 bar and 1200 ◦C. The average velocity of the gases inside the reactor was about 4 m/s.

The fluidization regime resulted to be comprised between turbulent and fast fluidization. Further

work must be directed into the estimate of the pressure drop of the reactor, which will affect the plant

efficiency in a considerable way.

Keywords: carbon negative technologies; gas turbines; pressurized chemical looping combustor;

biofuels; Bioenergy with Carbon Capture and Storage

1. Introduction

In both the Fifth Assessment and the Shared Socioeconomic Pathways reports, the
Intergovernmental Panel on Climate Change (IPCC) identifies Bioenergy with Carbon
Capture and Storage (BECCS) as a key set of technologies to meet the goal of limiting
the increase in the global temperature to less than 2 ◦C, see [1]. BECCS is still under
development; nevertheless, Chemical Looping Combustion (CLC) is considered to be a
promising technology to implement it effectively–see for the recent work of [2]. Several
aspects of chemical looping, see for example [3–6], have already been addressed, and there
is a rising interest in Pressurized CLC (PCLC), as recently reported in [7]. This allows
the capability to use both gaseous and solid fuels and simultaneously reach conversion
efficiencies comparable to the state of the art of electric energy conversion represented by
Natural Gas Combined Cycles (NGCC) via internal combustion such as in the gas turbines
case, while having intrinsic separation of CO2. Nevertheless, work on coupling of PCLC
reactors with turbo expanders is still not complete, given that there are many challenges to
address and considering the relative novelty of CLC technology.

In this context, a Marie Curie project has been funded by the European Commission
and managed in the Spanish National Research Council (CSIC), Instituto de Carboquimica
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(ICB) in Zaragoza–with the name of “GTCLC-NEG”–which wants to develop a Carbon
Negative Technology able to burn multiple biofuels derived from biomass (e.g., pyrolysis
oil, biogas, and syngas) and to capture the CO2 emissions at a low cost. In this way, there
will be negative GHG emissions due to the use of Bioenergy as a fuel jointly with Carbon
Capture and Storage, so that the carbon removed from the atmosphere by photosynthesis is
then captured with high efficiencies and permanently sequestrated. The proposed plant is
based on the coupling of a Chemical Looping Combustor to a turbo expander, as proposed
in Figure 1.

–with the name of “GTCLC NEG”–

 

Figure 1. The GTCLC-NEG concept.

As seen from Figure 1, compressed air is used to oxidize the oxygen carrier and then
expanded in a turbo expander to produce electricity. Dealing with the coupling of the
reactor with the turbo expander, different strategies can be adopted; among them, of interest
is the analysis of the coupling with a choked flow turbine, including part load simulations,
can be of interest. This data could be used as inputs for the turbo expander model in Aspen.
Which is modelled with an isentropic efficiency type of calculation.

In the fuel reactor, biofuels (e.g., biogas, biomethane, syngas, pyrolysis oils, biodiesel,
bioethanol, and pulverized solids biofuels) are used to reduce the oxygen carrier. The gases
exiting the fuel reactor are mainly composed of CO2 and water vapor. They can also expand
into a turbo expander and provide electrical energy. After the expansion process, the gases
at the outlet of the fuel reactor can exchange energy with the compressed air entering the
air reactor.

After having recovered the waste heat of the exhaust gases exiting the fuel reactor the
water vapor contained in the gases can be condensed and separated from the CO2, which
is sent to a compression section that at the end will produce liquefied CO2. In addition, the
gases that have expanded in the turbine at the exit of the air reactor are used to recover
heat to produce steam in a HRSG. The steam produced by the HRSG can be sent to a
steam turbine.

Pressurised Chemical Looping Combustor Design Methodology

Based on what has been reported in the introduction, it is of key importance to develop
methodology to design Pressurized Chemical Looping Combustion (PCLC) plants that
have to be coupled to gas turbines.
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Chemical Looping Combustion is an innovative process of combustion where the
oxygen is given by a metal oxide (see Figure 2), generating only water vapor and carbon
dioxide as combustion products. This implies that once that the water vapor is condensed,
the remaining carbon dioxide can be captures at a very low cost.

 

–

the reactors’ bodies

Figure 2. The GTCLC-NEG concept.

If we consider the classical steps that have been followed in the design of chemical
looping combustion plants, we can think of the methodology reported in [8]. In this work,
the first assumption is that the dual Circulating Fluidized Bed (CFB) configuration can
be usefully employed to build a PCLC reactor. For the sake of completeness, it can be
considered that other types of reactors can be packed beds–see [9–13]. According to [8], the
advantages of the dual Circulating Fluidized Bed configuration are the following:

1. It can grant effective solid material circulation between the two reactors, ensuring
oxygen to the fuel reactor and heat distribution among the two reactors.

2. Through an accurate management of the solids inventory across the height of both
the reactors’ bodies, a satisfactory conversion of the gases fed to the air and to the fuel
reactor can be achieved.

3. This is one of the more promising configurations that minimizes gas leakages between
the two reactors through the presence of a loop seal, which enables to handle pressure
differences among them.

Based on these considerations, we have introduced a revised procedure to design
pressurized chemical looping combustors that have to be coupled to turbo expanders in
power plants. In this case, the first difference we can note is that the air mass flow and the
fuel mass flow are determined by the power that will be produced by the turbo expander
connected to the air reactor. In this case, the revised design procedure for the whole plant
is that shown in Figure 3. In this sense, this work can be considered an application of the
previous theory developed in [14] with the aid of Aspen Plus.
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Figure 3. Design procedure for a power plant using a pressurized chemical looping combustor

coupled with a turbo expander, adapted with permission from [14].

We see from Figure 3 that for the design of the pressurized Chemical Looping Plant to
be coupled to a gas turbine the following steps have to be undertaken:

1. Firstly the power capacity of the gas turbine is considered and based on this the air
mass flow is calculated, using Aspen Plus and assuming an excess air value which is
iteratively optimized trying to reduce fuel consumption and maintaining a Turbine
Inlet Temperature constant at 1200 ◦C;

2. Then from the stoichiometric air flow the fuel consumption is calculated (and it is
used iteratively to optimize excess air consumption);
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3. From the optimization process the air reactor and fuel reactor specification are deter-
mined, which are used to calculate the mass and energy balances of the air reactor
and fuel reactor;

4. Then from the box delimited with red dotted lines which is about mass and energy
balances optimization we pass to the box delimited with blue dotted lines which is
instead on the hydrodynamics optimization we want in fact that both the air reactor
and the fuel reactor are close to the fast fluidization regime which allows us to reduce
the inventory and so also the operating costs of the plant. This is done by drawing the
Grace diagram as it will be shown in the last paragraphs of this paper.

In this paper, we don’t design the whole plant, but focus only on the design of the air
reactor which is one half of the total chemical looping combustor.

The aim of the study is to explore the impact of all the main factors affecting the design
of Pressurized Air Reactors to be coupled with a turbo expander.

2. Materials and Methods

2.1. Fuel Mass Flow Calculation

A clear way to identify the inventory in the air rector is to refer to data on the kinetics
of the oxidation reaction in pressurized conditions. Table 1 shows all the studies available
on the subject.

Table 1. Pressurized TGA (PTGA) tests on oxygen carriers [15].

Group Fuel OC Source

CSIC, Spain Syngas
CuO/Al2O3,

Fe2O3/Al2O3,
NiO/Al2O3

[16,17]

USDOE Syngas NiO [18]
Southeast University CO, Coal Hematite [19–22]

The Ohio State University CH4, H2 Fe2TiO5 [23,24]
Eindhoven University of

Technology
CO, H2

CuO/Al2O3

NiO/CaAl2O4
[25,26]

Canmet ENERGY & North
China Electric Power

University
CO FeTiO3 [27–29]

University of Kentucky Coal char FeTiO3, Red mod [30]
University of Science and

Technology Beijing
CH4 Cu-based [31]

Korea Institute of Energy
Research

CH4
NiO, Mn3O4, CuO,

Fe2O3
[32]

University of Connecticut CH4 Ni & Cu Ocs [33]
Ningxia University Coal Fe2O3/Al2O3 [34]

As it can be seen from Table 1, the greater part of kinetic studies in pressurized condi-
tions focuses on the reduction reaction which, as mentioned, is slower than the oxidation
reaction. Nevertheless, to make an estimation of what should be the AR inventory, the
oxidation kinetics is what to look at. In this respect, some data are provided by: [16,35,36].
In all the cited works, there is no hint at the final inventory needed in the air reactor, so we
refer for this to the equation which has been reported in [17] and also the work published
previously at the Instituto de Carboquimica–see [37,38].

In [37] for example, it is clearly shown how to calculate the solids inventory for both
the air reactor and the fuel reactor. In [37] where the reactor design influence on reactivity
is explained, we see that the first parameter to be identified is the circulation rate, so as to
guarantee the required amount of oxygen and be sure to have full reduction in the fuel
reactor. Then, the solids inventory can be calculated from the solids circulation rate.

The two units of measure of the solids inventory and of the circulation rate are reported
in Table 2, according to [38].
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Table 2. Solids inventory and solids circulation rate units of measures and definitions.

Parameter Definition Units of Measure

CLC Plant Inventory
Amount of solids contained in both

the reactors (air and fuel reactor)
kg OC MWf

−1

Solids circulation rate
Is the mass flow of OC totally

oxidized
kg OC s−1MWf

−1

From Table 2, it can be seen that the units of measure of both the inventory and the
circulation rate are related to the power of the specific combustor. The difference between
the inventory and the circulation rate is that while the inventory is a mass, the circulation
rate is a mass flow. To calculate the total mass of oxygen carrier per reactor (fuel reactor
and air reactor) and the circulation rate we need to know the power of the combustor. In
the specific case in which a CLC combustor is connected with a turbo expander, the power
of the combustor is linked to the power of the expander.

For example, let us assume that we have already developed in Aspen Plus V11 a power
plant working with nickel-based oxygen carrier and using syngas obtained from biomass
as a fuel. The power plant is based on the power of the turbo expander of 12 MWe. To
produce this power, it is calculated by the Aspen plus model that about 135 t/h of air must
be compressed at about 12 bars, and then expanded in the gas turbine. Now we have to
consider that the excess air that expands in the gas turbine must be as high as possible–see
for example what it is reported in [14] and also in [39], in which an excess air ratio up to
3.7 is proposed. At a constant Turbine Inlet Temperature (that we assume to be close to
1200 ◦C), if the excess air is high, the fuel consumption to obtain the same effect will be low
and so the efficiency of the plant will be maximized.

If we chose an excess air of 3, we obtain that based on stoichiometric calculations,
the stoichiometric air-to-fuel ratio for a syngas composed of 50 v% of CO and 50 v% of
H2 is: 4.6 kg air/kg syngas. We have considered the air-to-fuel stoichiometric ratio for
H2 is equal to about 34.7, as reported in [40], while the stoichiometric air-to-fuel ratio of
CO combustion is about 2.5. This means that if we have a flow of 135 t/h air, the flow
of methane will be equal to 9.7 t/h (equal to 90 moles/s of hydrogen and 90 moles/s of
carbon monoxide). The mass of fuel has been calculated according to Equation (1).

.
mF =

.
mAIR

α
/ATFR (1)

where α is the excess air and ATFR is the Air to Fuel Ratio. Once the mass of the fuel is
known, the circulation rate and the solids inventory will be calculated.

2.2. Solids Circulation Rate in the Air Reactor

The circulation rate is calculated mainly based on a mass balance applied to the fuel
reactor and depends on the conversion variation of the oxygen carrier obtained in the fuel
and air reactor. More on the solids conversion will be explained in Figure 4 at the end of
this paragraph.

Now that we have the flow of syngas, we can calculate the circulation rate, according
to Equation (2), which gives the total mass.

.
mox = brMNiOFf∆Xf/(xNiO∆Xs) (2)

where:

- br is the stoichiometric factor in the reduction reactions (see number 3 and 4), expressed
in mol of solid reacting per mol of fuel gas. In particular, if we refer to the fuel reactor,
we will have to consider the following reactions:

NiO + CO → Ni + CO2 (3)
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NiO + H2 → Ni + H2O (4)

In reality, in the case of the use of oxygen carriers based on nickel oxides, we also must
consider the water-gas-shift reaction, as will be explained in the further paragraphs.

- In Equation (2), M is the molecular weight of the material, expressed in g per mole;
- Ff is the molar flow of the fuel gas, expressed in moles/s;
- ∆Xf is the conversion rate of the fuel gas, which is assumed to be equal to 1;
- xNiO is the mass fraction of NiO in the fully oxidized sample; this is indicated in many

cases in the name of the catalyst, for example if we take into consideration the oxygen
carrier Fe20γAl (which is used in [41]), this contains 20% in mass of active iron while
the remaining is represented by the support (which in this case is gamma alumina).
The content of metal oxide is usually measured with ICP-AES. In this specific case, we
will consider Ni40Al-FG (where the two last letters mean freeze granulation) because
it has been tested in pressurized conditions at the Instituto de Carboquimica, see [17];

- ∆Xs represents the conversion of the solids. In fact, not all the solids that are circulating
in the reactor are fully converted; we can assume that 0.3 of the solids is converted, as
reported for example in [37].

Equation (2) gives the total mass flow of the oxygen carrier; the quantity is not related
to the fuel input. To relate the mass flow of the oxygen carrier to the fuel input we must
consider the following [37]:

.
mOC =

brMNiO

xNiO∆H0
C

1

∆XS,FR
=

.
mC

∆XS,FR
(5)

where ∆HC
0 is the standard heat of combustion of the gas, which is indicated in kJ/mol.

.
mC is the characteristic circulation rate, which is calculated as:

.
mC =

brMNiO

xNiO∆H0
C

=
2dMO

R0,OC∆H0
C

(6)

The parameter d indicates the stochiometric factor in the fuel combustion reaction
with oxygen, expressed in mol O2 per mol of fuel. As can be seen from Equation (7), another
key parameter of the oxygen carrier is the R0, which is the oxygen transport capacity of the
active metal oxide. The term “active metal oxide” indicates the part of the metal oxide that
has not reacted with the support and so can actively behave as an oxygen carrier. The mass
fraction of the metal oxide and the oxygen transport capacity are indicated in Table 2 for
Ni40Al-FG and are also key parameters for the design of the fuel and air reactor. R0 can be
calculated according to Equation (8);

R0 = (mox − mred)/mox (7)

where mox and mred are the masses of the oxidized and reduced form of the oxygen carrier,
respectively.

- XS,o is the solids conversion in the oxidation reaction and can be calculated from
Equation (9).

XS,o = 1 −
mox − m

moxR0xNiO
(8)

where m is the mass of the sample. In reality, in this case, we assume that:
- in the air reactor, the oxygen carrier enters with Xo = 0.5 and exits with Xo = 0.8;
- in the fuel reactor, the oxygen carrier enters with Xr = 0.2 and exits with Xr = 0.5
- the solids conversion rate for reduction (∆Xr) and the solids conversion rate for

oxidation (∆Xo) are both equal to 0.3.

The above cited values are reported in Figure 4. The main characteristics of the oxygen
carrier used are shown in Table 3.
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Table 3. Ni40Al-FG Oxygen carrier characteristics [17].

Parameter Value Unit of Measure

Active NiO content 40 wt%
Oxygen transport capacity, R0 0.084 -
Particle size 0.2 (µm)
Porosity 0.36 %
Specific surface area (BET) 0.8 m2/g
Solid density 5380 kg/m3

As said before, the oxygen carrier is derived from a freeze granulation preparation
process, performed at Chalmers University, according to what is reported in [42]. Based on
Equations (2) and (3), the final calculation of the circulation rate is equal to 111 kg/s, which
is not excessive for a power plant producing 12 MWe and also considering other values
reported in literature–see [36].

the solids conversion rate for reduction (ΔX
(ΔX

–

 

(μm)

– –

Figure 4. Oxygen carrier conversion rate in the air and fuel reactor, assumed values.

2.3. Solids Inventory Calculation for the Chemical Looping Combustion Plant

The solids inventory–as well as the solid circulation rate–is an important design
parameter that is obtained from a mass balance performed at the air reactor and at the
fuel reactor. Thus, in this case we will have an optimal inventory for the air reactor and
an optimal inventory of the fuel reactor. As mentioned previously, these inventories
will influence the bed particles distribution, the height, and the pressure drop inside the
two reactors.

For what has been said above, the mass of oxygen carrier that is totally oxidized can
be calculated based on the molar flow of the fuel gas [37], see the following equations:

mox,FR =
ρNiObrFf

xNiO(−rNiO)r

(9)

mox,AR =
MNiO

MNi

ρNiObrFf

xNiO(−rNi)o

(10)

where:

- mOX,FR and mOX,AR are the inventory in the fuel reactor and in the air reactor, respec-
tively.

- ρNiO is the density of the oxygen carrier, as reported in Table 2;
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- (−rNiO)r and (−rNi)o are the average reaction rates of the oxygen carrier per unit
volume of the reacting solid, which can be calculated as follows:

(−rNiO)r = ρm,NiO
dXs,r

dt
= ρm,NiO

tr
∫

0

dXS,r

dt
EFR(t)dt (11)

(−rNi)o = ρm,Ni
dXs,o

dt
= ρm,Ni

to
∫

0

dXS,o

dt
EAR(t)dt (12)

where XS,r and XS,o are the conversion of the solids in the fuel reactor and in the air reactor,
respectively. They can be calculated using the following equations:

XS,r = t/τr (13)

XS,o = t/τo (14)

The terms with the hat mean essentially that we are considering averaged values. We
must also consider that:

dXS,r

dt
=

1

τr
(15)

dXS,o

dt
=

1

τo
(16)

In this case, 1
τr

and 1
τo

are given by the following equations:

t

τr
= 1 − (1 − Xr)

1/3
τr =

ρmrg

brkr

(

Cn
− Cn

eq

) (17)

t

τo
= 1 − (1 − Xo)

1/3
τo =

ρmrg

boko

(

Cn
O2

) (18)

The equations shown are derived using a Shrinking Core Model (SCM) with sphere-
like geometry, which is the one correspondent to the nickel catalyst that we are considering
in this study. The term Cn

eq considers the thermodynamic equilibrium in the reactant gas
when nickel is used as an oxygen carrier.

EFR(t) and EAR(t) represent the residence time distributions of the carrier particles in
the two beds (assuming that they behave as a completely mixed flow reactor, CMFR), and
they can be calculated through the following equations:

EFR(t) = −e−t/tFR /tFR (19)

EAR(t) = −e−t/tAR /tAR (20)

where:

- tFR and tAR are the mean residence times in the two reactors (respectively, fuel and air
reactor) and depend on the circulation rate and the reactor volume, assuming that the
solids circulate with plug flow behavior.

1. To first define tr and to, we must make the assumption that the oxygen carrier that
enters the fuel and air reactor is already partially converted (as it was also shown
in Figure 4). The values of conversion at the inlet of the reactors are indicated, re-
spectively, as: Xr, in FR and Xo, in AR and are higher than 0. Once this has been cleared,
the quantities of tr and to are defined as the time needed for a particle to react from



Energies 2023, 16, 2102 10 of 20

conversion equal to zero to the maximum variation of oxygen conversion (i.e., 1 −

Xr, in FR and 1 − Xo, in AR). The two equations indicating tr and to are presented below.

tr =
ρm,NiOLNiO

brkrC
n
f

(

1 − Xr,inFR

)

(21)

tr =
ρm,NiOLNiO

bokoC
n
O2

(

1 − Xo,inAR

)

(22)

L is the layer thickness of the reacting solid; this is calculated considering the Active
Surface Area (ASA) obtained from H2 chemisorption and the weight fraction of active
metal oxide in the oxygen carrier particle.

The two terms C
n
f and C

n
O2

represent the average concentration of reacting gas in the
fuel reactor and the average concentration of oxygen in the air reactor. These can be both
calculated with a general equation, which integrates the gas concentration along the length
of the reactor.

C
n
g =

∆XgCn
g,0

∫ Xg,out

Xg,in

[

1+εgXg

1−Xg

]n
dXg

(23)

where the parameter εg represents the volume variation, due to the reactions happening in
the fuel and in the air reactor, the volume variation is 0 for H2 and CO because 1 mole of
H2 gives 1 mole of H2O and 1 mole of CO gives 1 mole of CO2. For the oxidation reaction,
we have a value of −0.21 because the oxygen in the air (expressed in volume percentage)
is “loaded” in the oxygen carrier and practically disappears from the gases contained in
the reactor.

From the calculations shown above (especially in Equations (10) and (11)), the final
equation to evaluate the inventory of the oxygen carrier for the fuel reactor can be derived:

mOC = yg∆Xg
2dMO

R0

τr

ΦFR
(24)

Equation (25) is used for the determination of the solids inventory of the fuel reactor.
For the determination of the inventory of the oxygen carrier in the air reactor we simply
substitute the τr and the ΦFR with τo and ΦAR.

Dealing with the other parameters contained in Equation (25):

- yg can be considered equal to 1.
- ∆Xg is equal to 0.999.
- R0 (as already said) is a parameter which is typical of the oxygen carrier.
- d is typical of the reaction.
- Mo is the molecular mass of oxygen (so it is 16).

In fact, d is the stochiometric factor in the fuel combustion reaction with oxygen

(expressed in mol O2 per mol of fuel). As already said, the expression: 2dMO
R0

represents the

characteristic circulation rate (also identified with the symbol:
.

mc) and it is analogous to
that reported in Equation (7).

We must consider that the enthalpy of the reaction can be also included at the denomi-
nator of Equation (25) if we want to express the characteristic circulation rate, based on the
MW of primary energy of the reactor.

The parameter ΦFR is the characteristic reactivity, which depends on the solid con-
version at the inlet, Xr,in and the conversion variation ∆Xr, see [38]. The characteristic
reactivities for the two considered reactors are calculated based on the following equations.

ΦFR =

[

τr
dXs

dt

]

FR

(25)
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ΦAR =

[

τo
dXs

dt

]

AR

(26)

The characteristic reactivity can be also expressed as a function of the solids conversion
at the inlet of the reactor and the conversion variation inside the reactor; in this way, we
obtain two equations: the first for spherical grain geometry and the second for plate-like
geometry, see [38].

Φj = 3
[

1 − X
2/3
o,in j exp

(

−

(

1−X
1/3
o,in j

)

∆Xs
Φj

)]

−
6∆Xs

Φj

[

1 − X
1/3
o,in j exp

(

−

(

1−X
1/3
o,in j

)

∆Xs
Φj

)]

+ 6∆X2
s

Φ
2
j

[

1 − exp

(

−

(

1−X
1/3
o,in j

)

∆Xs
Φj

)] (27)

Φj = 1 − exp



−

(

1 − X
1/3
o,in j

)

∆Xs
Φj



 (28)

As the oxygen carrier used, in this case, spheric-like geometry, equation number 29
was considered. The final inventory of the whole plant is given by the sum of the inventory
of the fuel reactor and that of the air reactor. If we have a fuel, like syngas, composed of
two burning species (like H2 and CO), the inventory of the air reactor will be the sum of
the inventories that are necessary to oxidise hydrogen and carbon monoxide.

Applying the above determined equations, we calculated a final inventory for the
air reactor of about 2720 kg. It must also be considered that, as reported in [43], the real
inventory that is needed can be 2–10 times higher than the theoretical one. Thus, we foresee
that the real inventory for the air reactor would be about 10,880 kg (about four times the
theoretical one).

2.4. Particle Size Distribution inside the Air Reactor

To model the Particle Size Distribution inside the air reactor, a PSD mesh is used and
it is shown in Table 4, as calculated with Apen Plus V11. To realize the mesh, a distribution
function is built. This is based on the GGS (Gates–Gaudin–Schuhmann) approach, see [44].
The dispersion parameter is set to 1.5 and the maximum diameter is set to 10 mm.

Table 4. PSD inside the air reactor calculated with ASPEN Plus V11.

Interval Lower Limit Upper Limit Weight Fraction Cumulative Weight Fraction

1 0 1 0.0316228 0.0316228
2 1 2 0.0578199 0.0894427
3 2 3 0.074874 0.164317
4 3 4 0.0886654 0.252982
5 4 5 0.100571 0.353553
6 5 6 0.111205 0.464758
7 6 7 0.120904 0.585662
8 7 8 0.12988 0.715542
9 8 9 0.138273 0.853815

10 9 10 0.146185 1

2.5. Transport Disengaging Height (TDH) and Elutriation Models: Influence on Circulation Rate
and on Air Velocity Inside the Reactor

Once the circulation rate has been calculated, we have to see which is the optimal
velocity to ensure that circulation happens with the desired rate. If we have fixed the
mass flow of air, the only way we have to set the velocity to the desired values is to
change the section of the reactor. We also know that the average value of the cross section
area for both the air and the fuel reactor has been identified to be close to the number of
0.2 m2/MWth [43]. If we consider the layout proposed in Figure 1, we can see that by



Energies 2023, 16, 2102 12 of 20

adjusting the diameter of the air reactor to about 1.8 m we obtain that the cyclone can
separate about 110 kg/s of solids, which can then be recirculated; thus, we finally found
the geometrical parameter that grants a predetermined circulation rate.

The circulation rate is clearly caused by the elutriation of the particles in the air reactor
and is also caused by the fact that the transport disengaging height is higher than the height
of the reactor.

The equation used to model the elutriation process is the following:

ki,∞ = A × ρG × uB
× expo (C - ut,i/u) (29)

where:

- ki,∞ is the elutriation coefficient, expressed in kg/(m2s);

- ρG, is the gas density expressed in kg/m3;
- ut,I is the particle terminal velocity, expressed in m/s;
- u is the fluidizing velocity, expressed in m/s.

While the elutriation model refers to the formulation of Tasirin Geldart [45], for the
Transport Disengaging Height, the model of [46] is considered. In reality, there are several
empirical models available in the literature to estimate the Transport Disengaging Height
(TDH)–see for example: [47]. To understand how it influences the circulation rate, it is
better to have clear the theory behind it.

The phenomenon is practically due to bubble bursting in the surface of a bubbling
fluidized bed, which then projects particles in the freeboard. Depending on the terminal
velocity of the particles (Ut) and the gas velocity (U), the particles can be entrained in
the flow of the gas at different heights. On the other hand, the solids concentration (kg
solids/m3 gas) will decline with the height of the reactor.

The upper part of the bed where the solids concentration definitely decreases is called
the transport disengaging height. The dilute phase transport zone is an area where only fine
particles with Ut < U are present. Their concentration further decreases to a constant value.
The most important aspect of the Transport Disengaging Height is that it influences the
entrainment rate [48], the circulation rate [49], and also the reaction rate in the freeboard [50].
The transport disengaging height can be easily correlated with the pressure gradient inside
the freeboard of the reactor [47].

This parameter affects the design of the air reactor in an important way. First, together
with the diameter of the reactor, we must choose the height. Let us assume that the diameter
of the reactor was chosen to have a superficial velocity that is around 2–4 m/s and grants
that the reactor is in a fast fluidization regime. This will happen with a diameter of 1.8 m.
At this point, Aspen Plus V11 provides two Transport Disengaging Heights:

- the first is calculated from correlation;
- the second is calculated based on the volume fraction profile.

While the one based on the solid volume fraction profile is about 1.8 m, the other is
much higher because in the air reactor, elutriation is needed to grant recirculation of the
oxygen carrier; thus, in this sense, it is not a negative phenomenon. The ratio between the
diameter and height in this case resembles that reported in [7].

3. Results

3.1. Final Design of the Air Reactor

The air reactor, which consist of a riser, has been modeled with Aspen Plus, V11.
This version of the software already has a model to implement a fluidized bed, which

is available in the section “solids” with the reactor “Fluidbed”. The input parameters used
to model the fluidized bed are reported in Table 5, while the final results are proposed in
Table 6. The bed mass is derived directly from the inventory of the air reactor. As already
said, the diameter and the height of the air reactor are, respectively: diameter: 1.8 m, height:
9.5 m.
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Table 5. Fluidized bed model input parameters.

Parameter Value Unit of Measure

Voidage at minimum fluidization 0.5 -
Geldart classification B -
Minimum fluidization velocity calculation method Ergun [51] -
Transport disengagement Height Model George and Grace [52] -
Maximum dCv/dh 1 × 10−5 -
Elutriation model Tasirin & Geldart [53] -
Decay constant 3 -
TG parameter A1 23.7 -
TG parameter A2 14.5 -
TG parameter B1 2.5 -
TG parameter B2 2.5 -
TG parameter C1 −5.4 -
TG parameter C2 −5.4 -
Constant diameter - -
Cross section circular -
Solids discharge location 95% of total height -
Gas distribution Bubble cap nozzle -
Distributor pressure drop 0.04 bar

Table 6. Reactor characteristics are derived from the ASPEN Plus V11 model.

Parameter Air Reactor Unit of Measure

Total reactor height 9.5 m
Reactor diameter 1.8 m
Inventory 10,880 kg
Circulation rate 111 kg/s
Operating pressure 12 bar
Height of bottom zone 1.8 m
Height of freeboard 7.7 m
Transport Disengaging Height calculated by correlation 18.4 m
Transport Disengaging Height based on solids volume fraction profile 3.7 m
Number of particles in bed 1.1 × 1011 -
Surface area 21,864 sqm
Minimum fluidization velocity 0.1 m/s

The diameter is selected to grant a velocity that is typical of the fast fluidization regime;
the height is granted to provide a concentration of solids that is similar to that encountered
in the circulation riser.

Dealing with the difference between the:

- Transport Disengaging Height calculated by correlation;
- Transport Disengaging Height based on solids volume fraction profile;

This is clearly reported in [54], from which we understand that the TDH calculated by
correlation is basically very dependent of what are reactor characteristics and its behavior
while TDH calculated on solids volume fraction profile is a calculation done internally
by Aspen Plus based on the same definition of the TDH which is the height at which
solids entrainment does not change significantly or the height at which the solids loading
is declining.

3.2. Profiles of Velocity, Solids Volume Fraction

The final profiles of:

- superficial velocity (m/s)
- interstitial velocity (m/s)
- solids volume fraction (-)
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- pressure (bar).

The velocities profiles inside the air reactor are proposed in Figure 5.
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Figure 5. Velocities profiles inside the air reactor, adapted from (using logarithmic scale) [55].

As it can be seen from Figure 5, the bed of the air reactor is full of particles up to the
height of 1–2 m; in this way, the interstitial velocity is higher than the superficial velocity
and decreases rapidly when the freeboard begins. These numbers are correspondent to the
order of magnitude of the velocities, which are reported in Kronberger et al., 2005 [7]. The
solids volume fraction in the air reactor is presented in Figure 6.
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Figure 6. Solids volume fraction in the air reactor [55].

As said before in Figure 6, it can be seen that the lower part of the air reactor hosts a
bed of particles, which then decrease their concentration. The pressure trend inside the air
reactor is shown in Figure 7.
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Figure 7. Pressure trend in the air reactor [55].

In the air reactor, there is the need to entrain the greater part of the solids in the flow
of air, to bring them to the cyclone, and then recirculate them. Thus, after 2 m of height, the
particles result to be very rarified.
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Finally, we propose in Figure 8 the description of the fluidization regime based on the
Grace diagram and theory [56]. The two parameters described in the graph are given by
the following equations:

u* = Re/dp* (30)

dp* = Ar1/3 (31)

Ar = dp
3
ρg(ρp − ρg)g/υp (32)

Re = ρgudp/µg (33)

The Reynolds number is that referred to the particles given by the following equation
(taken from [57]): where:

- ρg is the density of the gas;
- u is the velocity of the gas (m/s);
- dp is the diameter of the particles (m);
- µg is he gas viscosity (cp).

ρ ρ − ρ υ

ρ μ

ρ

μ

Air Reactor (AR)

0.001
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U
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=
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dp* = Ar1/3
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umf
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Fixed Bed

Fast Fluidization

Bubbling 
Bed

Figure 8. Pressure trend in the circulating riser. Modified from [58,59].

As it can be seen from the scheme, we have a flow regime that is comprised between
the turbulent and the fast fluidization regime. We have been iterating with this while
finalizing the design, according to the proposed methodology, to doublecheck being in the
appropriate fluidization regime.

4. Conclusions

The paper has presented a model for the dimensioning of an air reactor to be coupled
to a gas turbine of the power of about 12 MW, based on the hot air mass flow requirements
to produce such a power. The fluidized bed is designed by choosing geometry parameters
and making a detailed analysis of the influence of geometry on velocity profiles, solids
concentration, and pressure drop characteristics. It can be seen from the analysis presented
in this paper that the diameter of the fluidized bed is mainly influenced by the mass flow of
the air in the reactor, while the height of the reactor is mainly influenced by the elutriation
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and transport disengaging height calculations. A further step will be to couple the air
reactor model with a model of the fuel reactor and to introduce more effective models of
chemical reactions. A complete enthalpy balance of reduction and oxidation reactions can
be realized through CFD software.
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