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Abstract: The influences of loose gas on gas-solid flows in
a large-scale circulating fluidized bed (CFB) gasification
reactor were investigated using full-loop numerical simu-
lation. The two-fluid model was coupled with the
QC-energy minimization in multi-scale theory (EMMS) gas-
solid drag model to simulate the fluidization in the CFB
reactor. Effects of the loose gas flow rate, Q, on the solid
mass circulation rate and the cyclone separation efficiency
were analyzed. The study found different effects depend-
ing on Q: First, the particles in the loop seal and the
standpipe tended to become more densely packed with
decreasing loose gas flow rate, leading to the reduction in
the overall circulation rate. The minimum Q that can affect
the solidmass circulation rate is about 2.5%of the fluidized
gas flow rate. Second, the sealing gas capability of the
particles is enhanced as the loose gas flow rate decreases,
which reduces the gas leakage into the cyclones and im-
proves their separation efficiency. The best loose gas flow
rates are equal to 2.5% of the fluidized gas flow rate at the
various supply positions. In addition, the cyclone separa-
tion efficiency is correlated with the gas leakage to predict
the separation efficiency during industrial operation.

Keywords: CFB reactor; cyclone separation efficiency; gas
leakage; loose gas.

1 Introduction

The loose gas, which is also known as loose wind or
aeration, is an important approach for controlling the

circulation and flow state of the solid particle materials
inside the circulating fluidized bed (CFB) (Geng et al. 2015;
Guan et al. 2016; Ma, Lei, and Xiao 2018; Wang et al. 2011).
In view of the fact that the industrial-scale CFB gasification
reactor is a complex full-loop system comprised of the
riser, standpipe,multi-stage cyclones, loop seal, and other
parts, the control of the loose gas flow rate, Q, is quite
difficult. IfQ is too low in any part of the system (such as in
the standpipe or loop seal), the particle circulation will be
discontinuous with a low solid mass circulation rate,
resulting in poor heat and mass transporting capability
inside the bed. On the contrary, a large loose gas flow rate
will lead to three problems. First, a high loose gas flow rate
increases the possibility of gas leakage into the cyclones
which reduces the separation efficiency (Huang et al.
2018a, 2018b). Second, it will cause type-B choking in the
standpipe which leads to large pulsations in the CFB sys-
tem (Bi, Grace, and Zhu 1993; Matsen 1982). Finally, too
much nitrogen, which is commonly used as the loose gas
in CFB gasification systems, will be mixed into the syngas,
leading to the reduction in the reaction rates by diluting
the other reactive gases (Liu et al. 2020b). However, in
actual operations, the control of the loose gas is mostly
based on experiences without sufficient theoretical ana-
lyses of the internal flow state. Therefore, numerical
studies of the gas-solid fluidization throughout the full-
loop CFB system are needed to predict the best supply rate
of the loose gas.

Full-loop modeling of the gas-solid flows in the CFB
reactor needs to accurately describe the variousmulti-phase
flow structures in different parts (such as the riser, cyclone,
and standpipe) of the reactor under variable fluidization
conditions. However, it is well known that the fluidized gas-
solid flow is extremely non-uniform due to the strong par-
ticle clustering (Chen 2016). The particle clusters not only
make various parameters fluctuate violently but also
strongly affect the interactions between the gas and the
solids, especially the gas-solid drag (Chen, Dai, andQi 2016;
Dai, Chen, and Qi 2015, 2016; Wang 2020). The existing
numerical methods for industrial CFB simulation, whether
the Eulerian-Eulerian method (i.e., two-fluid model) or the
Eulerian-Lagrange method, still cannot reasonably and
accurately account for the complex drag reduction caused
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by particle clusters (Chen 2016; Chen, Dai, and Qi 2016),
which brings challenges to accuratelymodel thefluidization
process in the CFB reactor.

The gas-solid drag model, QC-EMMS, was developed
to provide an effective drag modeling method based on
the Energy Minimization in Multi-scale theory (EMMS)
(Li and Kwauk 1994). The model includes two mathe-
matical relations describing the feature parameters of the
meso-scale clusters (i.e., the solid holdup and the cluster
size) (Chen 2016). It predicts the gas-solid slip velocity,
drag force reduction, heterogeneity degree of the flow,
and the CFB operating parameters along with the single-
peak relations for various key variables as functions of the
local solid volume fraction (Chen 2016). The QC-EMMS
model can obtain the drag function for various conditions
as has been verified by a series of experimental data
(Chen, Dai, and Qi 2015). Therefore, the QC-EMMS model
was applied in this study to calculate the gas-solid drag in
the entire CFB reactor.

This study analyzes the effect of the loose gas on the
gas-solid flow characteristics of a CFB gasification reactor
to determine a reasonable loose gas flow rate, Q, for
industrial operation. The study used the two-fluid model
coupled with the QC-EMMS dragmodel to describe the full-
loop CFB fluidization processes under various loose gas
flow rates. Q was gradually reduced in various loose gas
supply regions to analyze the resulting variations of the
solid mass circulation rate, gas leakage into the cyclones,
and the cyclone separation efficiency, so as to determine
the best loose gas flow rates in various locations.

2 Schematic of the CFB reactor

The simulated devicewas a 60mhigh CFB coal gasification
reactor (Li et al. 2020; Liu et al. 2020a, 2020b) as shown in
Figure 1. In the field test condition, nitrogen was used as
the fluidized gas that was injected uniformly from the riser
bottom. A certain amount of loose gas N2 was also injected
at three regions (L1∼L3 marked with the red lines in
Figure 1) located at the loop seal, the standpipe, and the
return leg. The injection of loose gas was to return the
particles back into the riser. The solid particles carried out
of the riser by the fluidized gas first flowed into the 1st
cyclone in various flow streams:

(1) The particles separated by the 1st cyclone drop into the
loop seal and then return to the standpipe as they are
driven by the loose gas injected at region L1.

(2) The particles not separated by the 1st cyclone enter the
2nd cyclone for further separation. The separated

particles then drop into the standpipe while the other
particles flow out of the CFB from the 2nd cyclone
outlet.

(3) The particles in the standpipe are driven by the loose
gas injected along region L2 to flow back to the riser
through the return leg. A low flow rate of loose gas was
also injected along region L3 to ensure the smooth
return of the solid particles.

Since the CFB reactor contained three loose gas supply
regions (L1∼L3), the loose gas flow rate, Q, at each region
not only affected the local gas-solid flow states but also
influenced the gas flowdirection and solid circulation rate
in the whole system. However, the flow details inside the

Figure 1: Geometry of the simulated circulating fluidized bed (CFB)
reactor.
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plant could not be analyzed in field tests due to mea-
surement limitations. Therefore, numerical simulations
were used to investigate the internal flow states for
various loose gas flow rates to determine the best supply
rate of the loose gas.

3 Numerical models

The commonly used two-fluidmethod (Benzarti et al. 2014;
Liu et al. 2013) with the kinetic theory of granular flow was
used in the particle flow simulations. The detailed model
equations and solving method could be found in the
previous work (Chen 2016). The drag function, β, in the
momentum equations of the two-fluid model is the key to
the simulation accuracy (Chen 2016). The drag function, β,
for heterogeneous gas-solid flows need to be modified by a
correction factor,Hd, (less than 1) to reflect the reduction of
the homogeneous drag function, βhomo, due to particle
clustering (Chen 2016). In this paper, βhomo was calculated
by the Wen-Yu model with the QC-EMMS model used to
predict Hd (Chen 2016; Chen, Dai, and Qi 2016).

β � Hdβhomo (1)

βhomo �
3
4
CD0

εsεgρg
∣∣∣∣u→g − u

→
s

∣∣∣∣
dp

ε−2.65g , 

CD0 �
⎧⎪⎪⎨⎪⎪⎩

24(1 + 0.15Re0.687)
Re

, Re < 1000

0.44, Re ≥ 1000

 .

(2)

3.1 Drag calculation

The QC-EMMS model, which was established based on
EMMS theory (Li and Kwauk 1994), is a gas-solid drag
model adaptive for non-uniform gas-solid fluidization
(Chen 2016). The model can predict the drag reduction
causedby particle clusterswith the resulting drag function,
β, agreeing well with the experimental results (O’Brien and
Syamlal 1993) as shown in Figure 2.

The model includes two relations for the cluster solid-
holdup, εsc, and the cluster size, dcl, that are integrated

into the EMMS theory to predict Hd (Chen 2016). The
heterogeneity factor, Ψ that indicates the degree of the
flow heterogeneity, in Eq. (3) is a function of different CFB
operating parameters (Liu et al. 2020a, 2020b).

εsc � εs +Ψ
211.74ε 2

s

e(3.098εs+0.9398)2 − 2.42
(εs,mf − εs) (3)

dcl �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣ εsc − εs
εs,mf − εs

[ Up

1− εmax
− (Umf + εmf Up

1− εmf
)]g

Nst
ρp

ρp− ρg − (Umf + εmf Up

1− εmf
)g + 1

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦dp (4)

In this study, the drag correction factor, Hd, was
developed for the field test conditions (0.14 MPa, 100 °C) as
shown in Table 1. Hd is correlated with the local solid
volume fraction, εs, and the gas-solid slip velocity, uslip, as
shown in Figure 3.

3.2 Mesh and boundary conditions

The unstructured tetrahedral mesh was used in the simu-
lation. Fine elements were adopted at the loose gas injec-
tion ports in the three supply regions (L1∼L3) as shown in
Figure 4. To ensure grid independence, the grid size was no
larger than 300 times of the particle diameter in Table 1
(Chen 2016; Liu et al. 2020b).

Figure 2: Drag reduction reproduced by the QC-EMMS model
(Chen 2016; Li et al. 2020; Liu et al. 2020b).

Table : Conditions for calculating the drag correction factor.

Parameters Particle Nitrogen Superficial gas velocity Ug, m/s

Density, kg/m Sauter mean diameter, μm Density, kg/m Viscosity, Pa·s

Values   . . × 
−

.
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Nitrogen was used as both the fluidized gas and the
loose gas with sand used for the bed material. The gas and
solid phase properties are listed in Table 1. The fluidized gas
and loose gas inlets were all set as velocity inlets. The 2nd
cyclone outlet was set as a pressure outlet with the pressure
equal to 0.14 MPa. The non-slip condition was used for the
gas phase along the walls, and partial-slip condition was
used for the particulate phase according to the previous
study (Benyahia 2012). The solid flow rate at the solid inlet
(indicated by the brown arrow in Figure 1) was set equal to

that at the 2nd cyclone outlet through an user-defined
function to ensure the solid material balance in the CFB.

3.3 Loose gas flow rate settings

The simulations were first conducted for the loose gas flow
rate, Q, used in the field tests given as Case T in Table 2 to
verify the simulation accuracy. Q in regions L1 and L2 in
Case T were both high loose gas ratios, ζ, (i.e., the ratio of
the loose gas flow rate to the fluidized gas flow rate) higher
than 10%.

Then, two groups of cases (A and B) were used to
predict the influence of loose gas to find the best loose gas
supply rates at various locations. Since that loose gas flow
in region L3 was found to have little influence on the CFB
flow state during the field test, only Q in regions L1 and L2
were reduced in Cases A and B. Each group consisted of 6
settings of Q with various loose gas ratios, ζ.

Initially, the CFB contained a total sandmass of 4 tons.
Some of the sand was uniformly distributed in the riser
with the rest packed in the loop seal and the standpipe.
Each simulation had a total time of 300 swith a time step of
2 × 10−3 s. The simulations were all carried out on the
commercial simulation platform ANSYS Fluent, and the
calculation time spend for each case was about 2 days.

4 Results and discussion

4.1 Analysis of gas-solid flow states

The predictions for the field test conditions, Case T, are
analyzed first to verify the simulation accuracy aswell as to
analyze the internal flow states.

4.1.1 Riser pressure drop

During the field tests, the pressure drop in the riser was
measured by pressure probes. As shown in Figure 5, the
simulated axial pressure drop, Δp, in riser agrees well with

Figure 3: Drag correction factor used in the simulations.

Figure 4: Mesh structures at the various loose gas supply regions.

Table : Loose gas flow rate settings.

Case T* A A A A A A B B B B B B

Q, Nm
/h .      . .

ζ, % . . . . .  . .
Q, Nm

/h . .      .
ζ, % . . . . . .  .
Q, Nm

/h 

*Field test conditions.
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the field test data measured with relative errors less than
9%. The low superficial gas velocity, Ug, of 1.7 m/s causes
the particles to accumulate at the riser bottom, resulting in
the formation of a dense phase region and a large Δp.
Above the dense phase region, the pressure drop is quite
small due to the dilute particle distribution there. Axial
pressure drop shows a clear division between bottom-
dense and upper-dilute regions.

4.1.2 Solid volume fraction

Consistent with the axial pressure drop distribution shown
in Figure 5, the particles in the riser accumulate near the
riser bottom. As can be seen from the instantaneous solid
volume fraction, εs, distribution in Figure 6A, B, strong
particulate fluctuations exists in the gas-solid flow field.
The simulation reproduced the core-annular flows, which
is the typical structure in the CFB chemical reactor, along
the riser radius as seen in the time-averaged distributions
(Weber et al. 2018).

The loose gas flow rates,Q, in region L1 at the loop seal
and region L2 at the standpipe have loose gas flow ratios, ζ,
both larger than 10%. The particles in the loop seal and in
the standpipe are fluidized with solid volume fractions of
about 0.4 as shown in Figure 6C, D. However, such strongly
fluidized flows caused by the high Q will reduce the gas
sealing of the particles in the standpipe and loop seal,
which may increase the gas leakage into the cyclones and
reduce the cyclone separation efficiency (Huang et al.
2018a, 2018b). Therefore, additional studies are needed to
evaluate the effectiveness of the loose gas supply rates in
various locations, the degree of gas leakage, and the sep-
aration efficiencies of the two-stage cyclones in the CFB.

4.1.3 Gas leakage and cyclone separation efficiency

As shown in Table 3 and Figure 7, some of the loose gas
leaks into the cyclones due to the ineffective solid particle
seals in the standpipe and loop seal caused by the high
loose gas flow rates:

(1) Since the L1 loose gas supply region is close to the two
cyclones with the lowest pressure in the CFB, the loose
gas supplied from region L1 all leaks into the two cy-
clones since the gas leakage ratio, δ, (i.e., the ratio of

Figure 5: Pressure drop distribution along the height of the riser.

Figure 6: Distributions of the solid volume
fraction in different parts of the reactor.
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the gas leakage flow rate into the cyclones to the total
supplied loose gas flow rate) is equal to 100%. About
50% of the loose gas from L1 leaks into the 1st cyclone
while the rest flows into the standpipe and then leaks
into the 2nd cyclone.

(2) 48.2% of the loose gas supplied from region L2 leaked
into the 2nd cyclone through the standpipe with the
rest flowing into the riser through the return leg due to
being entrained with the circulating particles.

(3) The loose gas from region L3 all directly flows into the
riser through the return leg without leakage.

The results show that the gas leakage problems in the CFB
are serious. The gas leakage flow rate into the 1st cyclone,
q1, is 191.4Nm

3/hwhile that into the 2nd cyclone, q2, is even
higher with a flow rate of 270.2 Nm3/h (summing the flow
rates of gas leakage from L1 and L2, q2,1 and q2,2). The gas
leakage causes the upward gas flow at the bottom of the
two cyclones with positive axial velocities, uaxis, as shown
in Figure 8, which reduces the swirling intensity and then
the effective separation space in the cyclones (Huang et al.
2018b). Therefore, the separation efficiencies, η, of the 1st
and 2nd cyclone are only 83 and 78%,which are lower than
the design efficiencies of over 90%.

The field test measurements verify the simulation ac-
curacy when using the QC-EMMS model. The simulation
results show the gas leakage and low cyclone separation
efficiency problems caused by the excessive loose gas flow
rate,Q. Therefore, further simulationswere performedwith
lowerQ in CaseAandB (Table 2) to investigate the effects of
loose gas flow rates, so as to determine the best loose gas
supply rate in various locations.

4.2 Influences of the loose gas flow rate

4.2.1 Particle flow patterns

Figure 9 shows the influence of the loose gas flow rate from
region L1 (loop seal) on the particle flow patterns. As the
loose gas ratio in region L1, ζ1, decreases, the friction
resistance between particles in the loop seal increases,

leading to the denser solid distribution and the higher
height of the particle seal as shown in Figure 9A. Then, the
reduction of the particle return rate from the loop seal to
the standpipe reduces the height of the particle seal in the
standpipe with decreasing ζ1 as shown in Figure 9B. This
then reduces the particle return rate from the standpipe to
the riser, which slows down the particle circulation in the
entire CFB.

As shown in Figure 10, reducing the loose gas ratio in
region L2, ζ2, increases the solid volume fraction in the
standpipe and reduces the height of the particle seal.
However, when ζ2 is too low, the particle seal height in the

Table : Gas leakage from the three loose gas supply regions.

Supply
region

Gas leakage into
the st cyclone,

q, Nm
/h

Gas leakage into
the nd cyclone,

q, Nm
/h

Gas leakage
ratio, δ, %

L . . 

L  . .
L   

Figure 7: Schematic diagram of the loose gas flow directions.
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standpipe increases due to the reduction of the particle
return rate from the standpipe to the riser under high
particle friction. The variation of ζ2 has no influence on the
flow state in the loop seal.

4.2.2 Solid mass circulation rate

As shown in Figure 11, the solid mass circulation rate, Gs,
has similar variations with ζ1 and ζ2:

(1) When ζ1 or ζ2 is over 2.5%, Gs does not change with the
loose gas flow rate. This means that the particle driving
capability of the loose gas has reached saturation and
Gs in the CFB has reached a maximum for the existing
superficial gas velocity, Ug.

(2) When ζ1 or ζ2 is less than 2.5%, the loose gas flow rate
significantly affects the solid mass circulation rate. As
the loose gas ratio decreases, the flow resistances of
the particles in the loop seal and standpipe increaseFigure 8: Axial velocity distributions in the two cyclones.

Figure 9: Solid volume fraction distributions
for various loose gas ratios, ζ1 (Case A).

Figure 10: Solid volume fraction
distributions for various loose gas ratios, ζ2
(Case B).
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(Section 4.2.1), which reduces the particle flow rate
returning from the standpipe to the riser and then the
overall Gs.

Thus, the simulated minimum loose gas ratio, ζmin, to
maximize Gs is 2.5%. Larger loose gas flow rates cannot
increase the particle circulation in the CFB butwill increase
the gas leakage into the cyclones which reduces the sep-
aration efficiency as noted in Section 4.1.3. It should be
noted that the similar variation of Gs with loose gas flow
rate are also reported in some studies by using full-loop
circulating fluidized bed simulation (Geng et al. 2015; Guan
et al. 2016; Lee et al. 2014). However, due to the differences
in CFB reactor structure, particle properties, and operating
conditions, the values of ζmin in various studies are
different from each other and also inconsistent with the
value of 2.5% in this work.

4.2.3 Cyclone separation efficiency

Reducing the loose gas flow ratio, ζ, causes particles to
accumulate more tightly in the loop seal or standpipe
(Section 4.2.1) which more effectively seals the gas flow.
Therefore, the gas leakage rates into the 1st cyclone, q1, and
into the 2nd cyclone, q2, (sum of q2,1 from region L1 and q2,2
from L2) are both significantly reducedwith decreasing ζ as
shown in Figure 12.

Analysis of the simulated cyclone separator efficiency,
η, for all the simulation cases showed that η decreases
linearly with increasing relative gas leakage rates, q*,
(i.e., the ratio of the gas leakage rate, q, to the fluidized gas
flow rate) as shown in Figure 13. The predicted trend is
consistent with the experimental and simulation results
fromHuang et al. (2018a, 2018b). The swirling intensity and
the tangential gas velocity in the cyclones become lower
with the increasing gas leakage. Then, more particles
inside the cyclones cannot be effectively separated butflow
out of the CFB reactor directly. Figure 13 shows that
increasing q* by 0.05 reduces the separation efficiency by

3%. The separation efficiency exceeds 90% with no gas
leakage (q* = 0).

It can be concluded that reducing the loose gas flow
rate improves the cyclone separation efficiency. However,
an excessively small loose gas flow rate will reduce the

Figure 11: Variations of the solid mass
circulation rate with the loose gas ratios at
L1 and L2.

Figure 12: Gas leakage rates into the cyclones for various loose gas
ratios.

Figure 13: Cyclone separator efficiency for various gas leakage flow
rates.
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circulation rate in the CFB (Section 4.2.2). For these rea-
sons, the best loose gas supply is to set the loose gas ratios
in regions L1 and L2 both to 2.5% (i.e., the minimum loose
gas ratio, ζmin, that maximizes Gs) so as to ensure the
highest cyclone separation efficiency for the highest par-
ticle circulation rate in the CFB.

4.2.4 Correlation for the cyclone separation efficiency

The cyclone separation efficiency, η, of the CFB plant
cannot be measured in the field, so a correlation is needed
for η based on the predicted results for the cyclone sepa-
ration efficiency during industrial operation. The Lapple
formula was used to calculate the separation efficiency, η0,
without gas leakage into the cyclone (Lapple 1950):

η0 � 1
1 + (d50/dp)m, d50 �

��������
9μgw

2πρpVinN

√
, 

N � 1.68ln(1 + 0.566Vin)
(5)

In Equation (5), d50 is the particle diameter with a
separation efficiency of 50%, w and Vin are the inlet port
width and the inlet gas velocity into the cyclone, and N is
the effective spiral number for separation.m is an empirical
coefficient related to the cyclone structure obtained by
correlating the predicted separation efficiency for gas
leakage rates less than 10 Nm3/h. The correlation gave m
equal to 1.21 with fitting errors less than 2%.

The proportionality between the gas leakage flow rate
and the loose gas ratio shown in Figure 12 for the cyclone
design shown in Figure 7was used tomodify the separation
efficiency given by Eq. (5) to predict the separation effi-
ciency reduction caused by gas leakage shown in Figure 13:

η � η0(1 − kζ 0.3), k � 0.01 × (−0.5Vin + 19.93) (6)

When Eq. (6) is used for the 1st cyclone of the CFB, ζ is
taken as the loose gas ratio in the loop seal, ζ1. For the 2nd
cyclone, the calculation uses the total loose gas ratio from
the loop seal and the standpipe (i.e., ζ1 + ζ2). The loose gas
ratios and the other parameters can be substituted into Eqs.
(5) and (6) to predict the current cyclone separation effi-
ciency during industrial operations.

5 Conclusions

(1) The gas-solid flows inside the full-loop CFB reactor
were studied using numerical simulations. Aminimum
loose gas ratio, ζmin that maximizes the solid mass
circulation rate is about 2.5%. Thus, a further increase

of the loose gas flow rate over ζmin only aggravates the
gas leakage into cyclones and reduces the cyclone
separation efficiency. Therefore, the best loose gas
supply is setting the loose gas ratios near ζmin.

(2) A correlation was developed for the cyclone separation
efficiency as a function of the gas leakage. The corre-
lation can be used in industrial applications to predict
cyclone separation performance.
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Nomenclature

CD0 single particle drag coefficient
dcl particle cluster size μm
dp single particle size μm
d50 single particle size for the cyclone separation efficiency of

50% μm
D diameter m
g gravitational acceleration m/s2

Gs solid mass circulation rate kg/m2s
h local riser height m
H total riser height m
Hd drag correction factor
m empirical coefficient related to the cyclone structure
N effective spiral number for separation
Nst mass-specific energy consumption for suspending particles

J/kg
q gas leakage rate into the cyclones Nm3/h
q* relative gas leakage rate into the cyclones
Q loose gas flow rate Nm3/h
Re particle Reynolds number
u local velocity m/s
uaxis local axial velocity m/s
uslip local gas-solid slip velocity m/s
Ug superficial gas velocity m/s
Umf minimum fluidization velocity m/s
Up superficial solid velocity m/s
Vin cyclone inlet gas velocity m/s
w cyclone inlet port width m

Greek letters

β heterogeneous drag function Ns/m4

βhomo homogeneous drag function Ns/m4

δ gas leakage ratio %
Δp pressure drop kPa
ε volume fraction
εmax maximum gas volume fraction
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εmf minimal fluidization gas volume fraction
εs,mf minimal fluidization solid volume fraction
εsc solid hold-up in the clusters
ζ loose gas ratio %
ζmin minimum loose gas ratio to maximize solid mass

circulation rate %
η cyclone separation efficiency %
η0 cyclone separation efficiency without gas leakage %
μg gas viscosity Pa⋅s
ρ density kg/m3

Ψ heterogeneity factor

Subscripts

g gas phase
s, p solid phase
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