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ABSTRACT

Chemical Looping Combustion (CLC) is comprised of two reactors, in which direct
contact between air and fuel is avoided. A metal oxide, as oxygen carrier, transports
oxygen from the air reactor to the fuel reactor while circulating between them. Based
on the hydrodynamics coupled with reaction kinetics of oxygen carrier from the
literature, a model for an interconnected fluidized bed reactor has been developed to
optimize the design and operation of the reactor system. The model considers the
chemical reaction of a single particle and a particle population balance for the
calculation of bed particle conversion. The core-annulus and two-phase
hydrodynamic models are assumed for the air and fuel reactors, respectively.
Predictions of the oxygen emission, particle conversion and fuel conversion
efficiency under different operating conditions are presented for a pilot scale CLC
reactor system.

INTRODUCTION

As a promising way of integrating combustion, CO, separation and pollution control with
high efficiency and low cost, Chemical Looping Combustion (CLC) has gained attention in
recent years. As shown schematically in Fig. 1, the CLC is comprised of two reactors: a fuel
reactor and an air reactor. The key to this technology is to develop an effective oxygen carrier
and a reactor system. Different oxygen carriers (metal oxides) have been tested [Lyngfelt et
al. (1)]. Some approaches have been presented for the reactor design and hydrodynamic
studies [Lyngfelt et al. (1); Kronberger et al. (2); Kronberger et al. (3)]. The interconnected
fluidized beds are believed to have the advantages over alternative designs [Lyngfelt et al.
(1)]. However, there are few available reports [Adanez et al. (4)] on the mathematical model
of the CLC reactor system to determine the critical variables for reactor design and operation.
The particle population balance model has received some attention recently to describe the
particles distribution in a circulating fluidized bed [Ramkrishna and Mahoney (5)]. Since the
CLC reactor system is composed of a fast fluidized bed air reactor and a bubbling bed fuel
reactor, a mathematical model can be developed by combining the fluidization properties and
a particle population balance model for calculation of the bed particle conversion. The
purpose of this paper is to develop a model for predicting the performance of the CLC reactor
system, providing valuable data for reactor design and operation, and evaluating effect of the

operation conditions and particle reactivity change.
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Particle properties

Since one particle needs two properties to describe itself, i.e., solid conversion X
(oxidation degree) and particle size R [Ishida et al. (6)], one solid mass distribution function
can be introduced as P(X, R), and the mass fraction of the particles with conversion between

X and X +dX and size between R and R+dR can be expressed as P(x,R)dxdR . As the

particles need the high mechanical strength to minimize the particle breakage, the particle
size is assumed to be constant. Because the particle has porous structure and the gas
penetrates into the particles through the particle grain to react with the active metal oxide (or
metal) distributed evenly in space, we can further assume that the apparent volume of one
particle remains constant and only the particle apparent density changes with the solid
conversion. The particle apparent density can then be described by equation (1), according to

definition of X [Lyngfelt et al. (1)]: Py = Proo — 1= X)) Lo = £0) (D)
Fas,in,i ; - Fegouti ‘* Ich,out,I
N Pasini(X,R) asind Cegouti | Pesoui Pes,outi(X,R)
Cas Solid — Ssii Gas Solid —
am 1 Cogoi Wab,i Pani| ~ Cogb Wep,i Peri o7
v Paoi(X) | S+ o Pebi(X)
Fas,out,i _ ¢ ch i 4 ; Fesini
. 5N, esini cs,in,i
Pos,out,\(X,R) Pasouti CCQJW } Pcs,‘m,i(X,R)
Fig. 1. Proposed CLC reactor system Fig. 2. Flow structure in air reactor

General particle mass balance equation

If a group of particles with mass of # in a fixed space volume can be described by the
particle mass distribution function P,(X,R), and a solid stream F, with mass distribution

function P,(X,R) is fed into the volume, and a solid stream F;, with mass distribution
function P (X,R)is drained out from the volume, a mass balance on the particles with
conversion between X and X +dX and size between R and R+ dR in unit time is given as

Levenspiel et al. (7)]: 2
[ p (D] FOPO(X’R)_F]P](X,R)_Wd[Ph(X,Ra),;(X,R,C)]+WPh(X,R(;y();,)R,C) L, @
@ (-

where , __ Pioo Y(X.R.C) = dX is the reaction rate of particles at a given pressure and
P100 — PO dt
temperature. Since J‘ J’ P(X,R)dxdR —1» Integrating of equation (2) over all sizes and

all X and R
; ives: WB,(X,R)y(X,R
conversions gives: g g, WEX, Ry (X.R,C) _, )

all X and R a_(l_X)

Particle population balance model in air reactor

The air reactor is characterized by a core-annulus structure, the hydrodynamics
parameters can be referred to the literatures [Loffler et al. (8)]. As shown in Fig. 2, the air
reactor is divided into a series of cells with height ofdZ , for the i cell, considering mass
balance on particles with conversion between X and X +dX and size between R and

R +dR in the core as the following:

dib, (X,Ry(X,R,C,, ) W, P, (X,R)y(X,RC,,)) 4
o SlbntorBinasd i B B G s =0 ()
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where: 5.(X,R)=-ID,, %t k. ﬁmg@d%gwm)m ©hemical Looping Combustion

ch,i Vab,l
Integrating Equation (4) over all sizes and conversions gives:

W, 4 W, P, (X,R)y(X,R,C,,,
cs ini_Fz'v auti_Dm — +Dac — + J. > > ( )7 £ )
o Vi Vb a-(1-X)

ab i Jor all and R

F dXdR =0 ®)

Similarly, the mass balance equation for particles with conversion between X and
X +dX and size of Rand R+dR in the annulus of the i" cell:

B X RAX R Cpy )] Wy By X RNXRC,
Els,ilLipllfiILi ()(;R)_Eis,uuziparou;i ()(’R)_VKM d[ > ( )}/( 5 )]+ - > ( )7( a )_Ssi(XR)ZO (6)
' ' dx a—(1-X) :
Integrating Equation (6) over all sizes and conversions gives:
w, W, . W, P, (X,R)y(X,R,C, ,,
Fm“m,i - Fas,om‘,i +D, 2l D, 20 .” @ ”b"( )7( a8b, )dXdR =0 (7)
Vch,f Vah i for all and R a-— (1 - X)
For the mass balance of oxygen in core region of the i cell, we have equation:
W, P, (X,R)r(X,R,C,, ,,)dXdR
ch,om,i - ch,m,i = _( £ {h',( )r( (é’h") + Sg,i) (8)
all X and R a-(1-X)
where: Sg,l. =K, (ch,b,i - Cag,b,i)Zir rw.dZ

There is no axial flow of gases in the annulus, the mass balance of oxygen in annulus region
of the i" cell gives: ; _ W Pus (X, R)7(X,R,C,,, )dXdR 9)
ol a—(1-X)

all X and R

ag.,b,i

N

Assuming that the gases and solid are well mixed, we have:
Pcb,[ (X, R) = Pcs,ou[,i (X,R) ’ Pab,i (X’ R) = Pas,out,i(X’ R) H ;cb,[ = ;m,om,[ H pab,i = pas,out,i s ch,out,i = ch,b,i

The boundary conditions are:
At Z=0:forsolids, F . =F, p

cs,in,1

(X,R) =P(X,R)y Pesing = Pio> Fasous =0
for oxygen, ch,m,l =Fy» Cegin1 = Co,0

g
At 7z = g :forsolids F =0

as,in,L

Particle population balance model in fuel reactor

The fuel reactor model development is based on the assumption that it is operating as a
bubbling fluidized bed with two phases. The solids in the emulsion phase are assumed to be
completely mixed. The determination of hydrodynamic parameters in the fuel reactor can be
referred to the literature [Donald (9)]. The flow structure can be simplified as shown in Fig. 3.

For the fuel mass balance over a differential height of dZ, in the bubble phase, we have:

d (U aps C fiet 8)
dz :

and in the emulsion phase,

10
=Kpeay(Cfer e = C juer 15) ( )

(1-8)U € pte Sa,K, (C Corl) ! a Yi=6)p H Py, (X,R) y(X,R,C,, ,)dXdR (1 1)
wf € my - Ay K p (C fier fuel e p €y P gy L - (-x)
The Boundary condition at Z =0 Cruet.nin = Cpuctein = Co

As shown in Fig. 3, considering the population of a group of particles with conversion
between X and X +dX and size between R and R+dR , the solid mass balance can be

written as: d[P, (X,R)y(X,R,C W, P.(X,R)y(X,R,C 12
FRCR) ~ FRCER) - FRER) P (xR, (PRI CRC )] WX RP ARG o (12)

dx a—(1-X)
Integrating Equation (12) over all sizes and conversions gives
WPy (X, RY(X, R, C 4, JAXAR 13
F+Fy—F. —F, - Py (X, R)Y( el ) ( )
a-(1-X)
all X and R

The entrainment solid flow F, , the recycle solid flow F, can be expressed by the elutriation
cottSihtbnd CY RIgREAIERARY. Considering the well mixed flow in the bed, we have: 2
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Hy
Wey = pay IA_/ (1-0)1-¢,,)dZ (14)
0

The mass of particles in the bed is:

Carryover
Crfuel,B,out C fuel,e,out Fz,P2(X,R) __Lost

e

Bubbling |Emulsion
phase phase

Ca Qutflow
transfer F1,Ph(X,R)

praz|Cfuel,B,Zz+dz | Cfuel,e.z+dz

Solid distribution function P, 14um

C fuel.B.Z Cfuel,e.z
Wy, Py (X,R)|Returen
— Fr,Pr(X.R)
P By
100
= a0
Crtuel.B,in Crtuel,e,in Feed 98 04T g3 &0

Fo,Po(X,R)

Solid conversion X particle radius R, wm

Fig. 3. Flow structure and solid flows in Fig. 4. Solid mass distribution function
fuel reactor of inputting particles

Reaction rate of single particle

From the available published equations on reaction rate of single particles, the following
reaction rates equations of NiO/Y SZ particle oxidation and reduction proposed by Ishida et al.
(8) were adapted. These equations were developed based on the packed bed experimental
data using particle sizes between 1 to 3.2 mm.

(15) (16)
dax 6Cp, x1000 / py; x 32 dx 3b %1000 x C 4y / py;
7(X,R.Co,) = — == 1 V(X,R,Cme/):?: i 2
- 3 2 3 3
D ST B R, R(X D, RX
RK 4.0 Deo RK s, K,, D,, K,

where coefficients, D, , K, ,and K, are given by Ishida et al. (6).

RESULTS AND DISCUSSION

According to the above rate equations, the oxidation rate is higher with lower solid
conversion and reduction rate is higher with higher solid conversion. This is because both
cases represent the reactions in the outer layer of particles. Therefore for the following
simulation, the solid conversion of input particles of air and fuel reactors, whose solid
distribution functions are shown in Fig. 4 and Fig.10, are set as 0~2% and 98%~100%,
respectively. We choose a pilot scale CLC reactor system shown in Fig. 1, which consists of
an air reactor with diameter of 0.1 m and height of 6 m and a fuel reactor with diameter of
0.48 m for simulation. Because of the kinetic rate data [Ishida et al. (6)] used for this
simulation, we assume that the operating temperatures are 1273K and 873K for the air reactor
and fuel reactor, respectively, oxygen and H, are used as reactants. The purpose of this
section is to test whether the model gives expected responses to certain model parameters
such as pressure, superficial gas velocity, and solids circulation rate and solids inventory.

Simulations for air reactor

This section examines the oxygen profile along the reactor height as a function of
operating conditions for reactor design purposes. Fig.5 indicates that higher superficial gas
velocity requires larger air reactor height to absorb more input oxygen. This is to
compensate for the decrease in the mean residence time of oxygen with increasing
supgrfictal.gasd yighogdtyuoCampared with increasing superficial gas velocity, operating
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reactor under high pregsurg.is a;befier; selution. &&ﬁgﬂ&gﬁg&m&qp for the CLC reactor

system. As shown in Fig. 6, when the pressure is increased from 0.1 MPa to 1.0 MPa (which
means 900% increase in oxygen mass flow rate), the reactor height of 3.5 m is enough for
complete conversion of oxygen. Fig. 7 shows the output oxygen concentration is strongly
depended on the solid circulation rate, especially when the reactor operates under high
pressure.

28
& 3
@ m
4%
n 35
E &
13
! \E\\EL\,
. o \:\ - =
1.5 2 25 o 0.01 0.02 0.03 0.04 0.05
Oxygen concentration kmol/m3 x1 0'3 Oxygen concentration kmol/m3
Fig. 5. Oxygen concentration distribution the Fig. 6.0xygen concentration distribution in
core for different superficial gas velocity the core for different pressure (U, =6m/s,

(Pressure=0.1MPa, Gs=100kg/m2.s, T=1273K) G5=100kg/m2.s, T=1273:K)

—— Gs=50kg/m2.s
5 5 —=— Gs=95kg/m2.s
—— Gs=200kg/m2.s

Lo 5
w

a a

a 2 o 0

O I |

Sold ditibuton unction P, 1m
2
o

0.04 0.05

Fig. 7. Oxygen concentration distribution in Fig. 8. Solid mass distribution functions of
the core for different solid circulation rate input particles A

(Up=6m/s, pressure=2.0MPa, T =1273K)
Simulation for fuel reactor
Effect of mass solid distribution function of input particles

Input particles that have the different mass solid distribution function may result in
different fuel conversion efficiency even if they have the same average solid conversion and
average particle size. Figs. 8 and 9 show two input streams of solids, A and B, which have
the same average solid conversion (87.5%) and the same average particle size (149 pm) with
different solid mass distribution functions. Most of the particles in Solid stream B are in the
higher solid conversion range which has a higher reduction rate [Ishida et al. (6)], as a result,
solid stream B can achieve higher fuel conversion efficiency. Under the conditions of
Ue=0.15m/s, pressure=0.1MPa, T=873K,G=100kg/m”>.s and W=102kg, fuel conversion
efficiencies for solid streams A and B are 79.0% and 95.7%, respectively.

Effect of superficial gas velocity, pressure, solid circulation rate and bed loadings

In this section, we have applied two different reduction reaction rates: the higher reaction
rate is calculated from Equation (16), while the low reaction rate is taken as 1% of the higher
reaction rate. Fig. 11 allows us to examine the maximum superficial gas velocity to achieve
100% fuel conversion for a given solids circulation rate and it shows that with increasing
superficial gas velocity, the fuel conversion efficiency deceases. This is because higher
superficial gas velocity means higher fuel mass flow rate and less reaction time of fuel. For

the lower reaction rate, the extent of decrease of fuel conversion efficiency is more
gub]lisheggy ECI Digital Arghi’ves, 2007 y 5
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signifigant,, The, reslscineFig. o Findisate. thatfael .canhe: somplgiely sonsumed,for high

reaction rate when pressure is increased from 0.1 MPa to 1.0 MPa. However when the
pressure is further increased to 2.0 MPa, the fuel conversion efficiency is decreased to 68.3%.
Under these conditions, the output particles have been completely converted, and there is no
oxygen remaining in the reacted particles. However, for the case of the low reaction rate, the
fuel conversion efficiency is mainly controlled by the reaction rate at high pressure as the
calculation indicates reductions in the solid conversion of output particles to 33.7% and 9.6%
for pressures of 0.1 MPa and 2.0 MPa, respectively.

Solid distribution function P, 1um

Sold distribution function P, 1fum

particle radius R, pm

Solid conversion X particle radius R, wm

Fig. 9. Solid mass distribution functions of Fig. 10 .Solid mass distribution function of
input particles B input particles
100 100
o8 T N 1 95
o, 96 \\ +H . 90
g 94 ~ e as
P - P
g 920 § 75
88 — E
I oo g
84 65
802,04 0.06 0.08 0.1 0.12 0.14 0.16 6OD 0.5 1 1.5 2

Superficial gas velocity m/s Pressure in fuel reactor MPa

Fig.11.Fuel conversion efficiency for different Fig.12.Fuel conversion efficiency for

superficial gas velocity (Pressure=0.1 MPa, different pressure in fuel reactor (Uy=
T=87§OI§, Gs=100kg/m2.s, W=119 kg) 0.075 r1£10/s,T=873K,Gs=100 kg/mz.s,W=1 19kg)
zz ‘\“ s " o5 // .

% rol| - ] — —

P ool - - P

§ = i - o iemcenis

P P

F 20t E ol )
Fig. 13. Fuel conversion efficiency for Fig. 14. Fuel conversion efficiency for
different solid circulation rates different bed loadings in fuel reactor
(Up=0.075 m/s, T=873 K, W=110 kg, (Uo=0.15 m/s, Pressure = 0.1 MPa,
Pressure = 0.1 MPa and 20 MPa) T =873 K, Gs = 100 kg/m’.s)

As shown in Fig. 13, increasing solid circulation rate can improve the fuel conversion
efficiency significantly for both the high and low reaction rates. For a given bed loading, a
small solid circulation rate means a larger mean particle residence time which leads to a
higher conversion of particles. However, if the solid circulation rate is too small, there is not
enough oxygen in the particles to achieve high fuel conversion efficiency. Increasing solids
circulation will reduce the mean particle residence time in the fuel reactor and therefore,
solids inventory. The higher total solids transferred between fuel reactor and air reactor will
provide enough oxygen to achieve higher fuel conversion efficiency, even for the low
reaction rate. From Fig. 14, fuel conversion efficiency is a strong function of bed loading
especially for the low reaction rate. For the high reaction rate, the effect of bed loadings is not

sig%ﬁ&g@}; gggyl}ﬁg 8 1hspasticles attaining enough conversion within a short residence time;
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Under the typical testing operation conditions in Table 1, for a steady-state interconnected
fluidized bed reactor shown in Fig. 1, we can obtain the results shown in Table 1. In this case,
the heat capacity of the CLC reactor system is 45 KW. The solid conversion difference is
7.1%. The temperatures in the air reactor and fuel reactor as 1273K and 873K, respectively,
were chosen based on the kinetic data available [Ishida et al. (6)].

For this particular case study, the fuel reactor can consume more fuel with higher solid
conversion difference of particles at any specific solid circulation rate, and the corresponding
higher solid conversion difference cannot be compensated in the air reactor since the air
superficial velocity cannot be increased unlimitedly under atmospheric pressure. Therefore,
the power capacity of the CLC reactor system depends on the maximum amount of oxygen
which can be absorbed by particles in the air reactor.

Table 1 Typical testing operation conditions and results

Conditions

Solid circulation rate 100 kg/m*s  Bed height of fuel reactor 0.5m

U, for air reactor 6 m/s Pressure 0.1 MPa
U, for fuel reactor 0.075 m/s Temp. in air reactor 1273 K
Bed loading in fuel reactor 113.6 kg Temp. in fuel reactor 873 K
Result for air reactor Result for fuel reactor

X of input particles 91.9% X of input particles 99%

X of output particles 99% X of output particles 91.9%
Oxygen conversion efficiency 100% Fuel conversion efficiency  99.8%

CONCLUSION AND SUMMARY

e Particles in the fuel reactor with different solid mass distribution functions will result in
different fuel conversion efficiency, even though they may have the same average solid
conversion and average particle size.

e If the reaction rates are high enough, the fuel conversion efficiency and the oxygen
available for combustion have a strong dependency on the solid circulation rate. But if
the reaction rates are low, the performance of reactor system mainly controlled by the
reaction rates.

e If the required power capacity and working pressure are determined, the model can
predict the minimum solid circulation rate, bed loadings, bed dimensions and appropriate
superficial gas velocity under the conditions of complete fuel conversions.
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NOTATIOIN

a, :Bubble surface area per unit volume. & :Stoichiometric coefficient of solid reactant (-)
c :Gas concentration (kg/m’ for oxygen, kmol/m® for fuel)

»pflidittapsfengaekficient from core to annulus (m/s) 7
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b, :Soligl transfer, costhieisptfrom ANMIMS FOCUBIMYSin Fluidization Engineering Art. 113 [2007]

F: Mass flow rate (kg/s for solid and oxygen, kmol/s for fuel)
G, :Solid circulation rate (kg/m>.s)  : Height of bed (m)

K, : Gas transfer coefficient between bubble and emulsion (m/s)
P : Solid mass distribution function (') r:Radius of core (m) R : Particle radius (m)

S : Mass flow rate of solid or oxygen transferred from core to annulus
(kg/s for solid, kmol/s for oxygen)
T : Temperature (K) U : Velocity of gas or solid (m/s) U, : Superficial gas velocity (m/s)

¥V : Volume (m®) W : Mass of the solid in a bed or in a space volume (kg)

X : Solid conversion of particle (Oxidation degree) (-), X : Average solid conversion (-)
Z : Location of bed along the height (m)

p : Particle density (kg/m’) p : Average particle density (kg/m’)
Pioo» Po» Py - Apparent density of particle with X of 100%, 0% and X respectively(kg/m?)
a : Mass of oxygen for complete conversion of 1 kmol fuel (kg)

7 : Reaction rate, i.e. “ (s7') & : Volumetric fraction of bubbles (-) & : Voidage (-)

dt
Subscripts:
0: Initial input  1: Output 2: Entrainment  a: Annulus ai: Air reactor abs: Absolute
b : Bed or a small space volume B : Bubble phase  ¢: Core e: Emulsion phase

£ : Fuel reactor  firel : Reactant gas in fuel reactor g: Gas i: Thei™cell in: Input
mf :Minimum fluidization O, : Oxygen out: Output r:Recycle s: Solid
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