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Abstract: To study the gas-solid flow characteristics in a
chemical looping combustion system integrated with a moving
bed air reactor, a 3D full-loop numerical model was
established using the Eulerian-Eulerian approach integrated
with the kinetic theory of granular flow. The solid circulation
mechanism and gas leakage performance were studied in
detail. The simulation results showed that in the start-up
process, the solid circulation rate first increased to
approximately 5 kg/s and then dropped to approximately 1.2
kg/s; this observation was related to the dynamic control of
the pressure distribution. In this system, the gas leakage
between the inertial separator, upper air reactor, and lower air
reactor was restrained by adjusting the pressure difference,
thus obtaining optimal gas flow paths. When the pressures at
the outlets of the inertial separator, upper air reactor, and
lower air were 7.4, 11.0, and 14. 6 kPa, respectively, the gas
leakage ratio was less than 1% in the system.
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two-stage air

hemical looping combustion (CLC) has been devel-
C oped as a combustion method that can realize inher-
ent separation of carbon dioxide "', A typical CLC sys-
tem mainly includes an air rector (AR) and a fuel reactor
(FR). Oxygen and heat are continuously transported from
the AR to the FR by an oxygen carrier (OC). The coal-
direct chemical looping combustion (CDCLC) is a coal-
fired CLC approach".
The final CDCLC configuration for future practical ap-
plications remains under exploration. In our previous
studies, a CDCLC system comprising a circulating fluid-
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ized bed ( CFB) FR, a counter-flow moving bed
(CFMB) AR, an inertial separator, and a loop seal was
built up. The results proved the feasibility of the configu-
ration design for CDCLC .
stage AR was proposed to improve the carrying capacity
of the gas flow in the AR and the power capacity of the

Moreover, a novel two-

CDCLC system. The novel AR was composed of two
CFMBs connected in series, which also showed potential
advantages in terms of the reaction performance and run-
ning cost.

To explore the feasibility of the improved CDCLC sys-
tem with a two-stage AR, alteration of experimental ap-
paratus would be time-consuming and expensive. With
the development in numerical techniques and improved
computational capacity, computational fluid dynamics
(CFD) modeling has been widely adopted to study the
complicated gas-solid flow behaviors"” . Thus far, only
a few CFD simulations have been performed on coal-fired
CLC, most of which have focused on single reactors™™ .
In practice, not all the results obtained from single reactor
simulations can be directly applied to a CDCLC system,
because the coupled effect between the reactors cannot be
neglected.

In our previous study, a 3D full-loop numerical
model was established for an improved CDCLC system
with a high-flux CFB as the FR, two CFMBs connected
in series as the two-stage AR, a down-comer, an inertial
separator, and a loop seal'”’. To obtain deeper insights
into the gas-solid flow dynamics in the system, the solid
circulation process and optimization of gas flow paths
were studied in detail in this work.

1 Simulation Condition

1.1 Mathematical model

The comprehensive 3D model was built based on our
previous study'*’. For each phase, mass and momentum
conservation equations were solved. The standard k-g tur-
bulence model was used to describe the turbulent gas
flows. The kinetic theory of granular flow ( KTGF)'"
was applied to calculate the conservation of the particle
fluctuation energy, where the kinetic energy of the mov-
ing particles was expressed using the granular tempera-
ture. A detailed description of the models can be seen
elsewhere'*'.
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1.2 Geometry and meshing

Fig. 1 shows the 3D model of the improved CDCLC
system.
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Fig.1 Three-dimensional model of the improved CDCLC sys-
tem

For the CFB FR, the inner diameter was 60 mm, and
the reactor height was 5.8 m. Two identical CFMBs con-
nected in series were adopted as the AR, and the inner di-
ameter and reactor height were 0. 418 and 0. 400 m, re-
spectively. Considering the computational accuracy and
speed, the calculation domain of 638 795 cells was finally
selected for this study after the grid independence test.

1.3 Numerical procedure

The pressure-based method was adopted to solve the
governing equations''!. The time step was 0.5 ms, and
20 iterations were set for each time step to ensure conver-
gence of most time steps.

2 Results and Discussion

The particle has a diameter of 0. 65 mm and a density
of 2 558 kg/m’. Initially, the outlet pressures of the sep-
arator, upper CFMB of AR, and lower CFMB of AR
were set to 7.4, 10.0, and 17.5 kPa, respectively.

2.1 Solid circulation mechanisms

Particle circulation would affect oxygen and heat trans-
fer in CDCLC systems. With gas introduced to the sys-
tem, solids initially packed in the system were entrained
by gas and moved upwards in the FR. Subsequently, sol-
ids from the FR outlet can realize regeneration in the two-
stage AR owing to effective separation of the inertial sep-
arator. Finally, through the loop seal, the solids returned
to the FR. Two monitoring surfaces were set to monitor
the solid circulation rates, located at the bottom section of
the FR and the top of the down-comer. Fig.2 shows the
comparison between the solid circulation rate fluctuations

monitored at the two faces. After a computational time of
approximately 2 s, particles were detected in the bottom
section of the FR, indicating that the solids were gradual-
ly transported from the down-comer to the FR. The solid
circulation rate increased to a maximum value of approxi-
mately 5 kg/s and then gradually decreased because of the
dynamic pressure balance. The solid circulation rate fluc-
tuated at approximately 1.2 kg/s steadily when solid cir-
culation was achieved. The solid circulation rates moni-
tored at the down-comer presented similar trends as those
monitored at the bottom of the FR. The close solid circu-
lation rate of 1.2 kg/s at the steady state proved the ef-
fective separation of solids to the down-comer. However,
there was a time delay between the two curves, which
was due to the movement of particles from the FR to the
down-comer.
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Fig.2 Comparison between solid circulation rate fluctuations
monitored at the bottom of FR and the top of down-comer

2.2 Regulation of gas flow paths

Owing to the addition of another CFMB as the AR, the
complexity of gas flow paths and the risk of gas leakage
between different components were inevitably increased in
the improved CDCLC system. Considering the disadvan-
tages, it is essential to restrain gas leakage between the
different components in the improved CDCLC system.

The pressure gradient was the fundamental cause of the
gas leakage, and hence the leak ratios could be minimized
through the pressure regulation. Two parameters Y, ,, and
Y, are used to represent the fraction of the FR gas flow-
ing out from the upper CFMB outlet and the fraction of
upper CFMB inlet gas exiting from the separator outlet.
Similarly, gas leakage between the two CFMBs could be
defined as the fraction of the upper CFMB inlet gas pass-
ing into the lower CFMB,
CFMB inlet gas passing into the upper CFMB, which

and the fraction of lower

could be expressed by two parameters Y, , and Y, ., Te-
spectively.
2.2.1 Effects of pressure difference on gas leakage

performance
The separator outlet pressure and upper CFMB AR out-
let pressure were set to 7.4 and 17.5 kPa, respectively.
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The pressure difference AP, between the inertial separator
and upper CFMB outlet was changed from 2.1 to 5.1
kPa. Fig.3(a) shows the distributions of the gas leakage
ratios (Y, Y, ). Higher AP, could better restrain the
FR gas flowing to the upper CFMB. There was almost no
gas leaking from the upper CFMB to the separator when
AP, ranged from 2.1 to 3.6 kPa; however, a further in-
crease in AP, could lead to more upper CFMB inlet gas
flowing to the separator. As it was difficult to keep the
two gas leakage ratios to zero at the same time, and a lit-
tle FR gas flowing into the upper CFMB was allowed, the
optimal pressure difference AP, of 3. 6 kPa was finally
chosen for the system, which could make sure that no up-
per CFMB gas flow into the separator, and FR gas leak-
age fraction Y, was less than 1%.
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Fig.3 Effects of the pressure difference on the gas leakage ra-
tios between the separator and upper CFMBs. (a) AP,;(b) AP,

To determine the optimal pressure difference AP, be-
tween the upper CFMB outlet and lower CFMB outlet,
pressure difference AP, was kept to 3.6 kPa to minimize
the gas leakage between the separator and upper CFMB.
Fig. 3(b) shows the distribution of the gas leakage ratios
(Y u» Yyo) with AP, ranging from 1.5 to 4.5 kPa.
Y,, . decreased with increasing AP,, demonstrating that a
higher AP, was helpful in preventing the upper CFMB in-
let gas from flowing to the lower CFMB. The gas leakage
from the upper CFMB to the lower CFMB disappeared,
when AP, increased to 4.0 kPa. Meanwhile, with the in-
crease of AP,, Y, .,
gradually increased. The critical value occurred at AP, =
3.5 kPa. To minimize the gas leakage between the two
CFMBs, the pressure difference AP, of 3.6 kPa at the in-
tersection of two curves was finally selected as the opti-
mal AP, for the system, which could ensure that the gas

leakage ratios (Y, Y, ..) were both less than 1% .

initially kept at near-zero and then

u, al *

2.2.2 Gas distributions at three outlets

To verify the feasibility of the optimal pressure differ-
ence in minimizing the gas leakage, an improved CDCLC
system was operated by setting the separator outlet pres-
sure P_, the upper CFMB outlet pressure and the lower
CFMB outlet pressure to 7.4, 11.0 and 14. 6 kPa, re-
spectively (AP, =3.6 kPa and AP, =3.6 kPa). Fig. 4
shows the gas distributions in three outlets of the im-
proved CDCLC system. In the separator outlet, the gases
included the FR inlet gas accounting for the major propor-
tion of 84. 2% and the loop seal inlet gas taking up
15.8% , indicating that there was no leaking gas from the
AR. As for the upper CFMB outlet, the gas from its own
inlet occupied the highest percentage of 94. 6%, and the
total leaking gas just took up a small proportion, and
hence, the gas leakage into the upper CFMB had been
successfully restrained. In the lower CFMB, 82.3% of
the outlet gases were from its own inlet. The gas leaking
from the upper CFMB just occupied 0. 4% , demonstra-
ting minimization of the gas leakage between two
CFMBs. Thus, the optimal AR outlet pressures were able
to effectively restrain the gas leakage between different
components of the CDCLC system, which was beneficial
for achieving high CO, capture efficiency and stable gas-
solids flow states.
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Fig.4 Gas distributions at three outlets of the improved CD-

CLC system with optimal outlet pressures. (a) Separator outlet;
(b) Upper CFMB outlet; (c¢) Lower CFMB outlet

3 Conclusions

1) During the start-up process, the solid circulation
rate first increased to approximately 5 kg/s and then de-
creased to approximately 1.2 kg/s, and the trend was re-
lated to the dynamic control of the pressure distribution.



Numerical simulation of solid circulation mechanism and gas flow paths in a chemical looping combustion system

275

2) When the pressure difference between the inertial
separator outlet and the upper CFMB outlet ( AP,) and
the pressure difference between the upper CFMB outlet
and lower CFMB outlet (AP,) were both adjusted to 3.6
kPa, the gas leakage between the inertial separator and
two CFMBs were effectively restrained, with the gas
leakage ratios being less than 1% under the involved con-
ditions. This can be beneficial for realizing a high CO,
capture efficiency and a stable movement of the solids in
the system.

3) With the separator outlet pressure, upper CFMB
outlet pressure and lower CFMB outlet pressure set to
7.4, 11.0, and 14. 6 kPa, respectively, reasonable gas
flow paths were achieved. The gases at the separator out-
let included 84.2% FR gas and 15. 8% loop seal gas;
94.6% of the gases at the upper CFMB outlet were from
its own inlet and 82.3% of the gases at the lower CFMB
outlet were from its own inlet.
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