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" Impinging streams signiﬁcantly improve the desulfurization efﬁciency in a CFB reactor.
" The lateral gas ﬂow in the impingement zone intensiﬁes the gas–solid mass transfer.
" A method is developed to estimate the gas–solid residence time in the impingement zone.
" The residence time is signiﬁcantly inﬂuenced by the gas velocity and the solid to gas mass ratio.
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a b s t r a c t
A reactor design combining impinging streams and a circulating ﬂuidized bed reactor (IS-CFB) was developed to improve the gas–solid mixing in ﬂuidized beds. The Eulerian two-ﬂuid model and a sulfation
model for a CaO/ﬂy ash sorbent were used for numerical simulations of a pilot-scale IS-CFB reactor,
and the simulation results indicate that the introduction of impinging streams to a CFB reactor signiﬁcantly improves the desulfurization efﬁciency from 89.5% to 95.1%, due to the more homogeneous radial
particle volume fraction distributions and the much larger effective SO2 capture zone. The lateral gas ﬂow
in the impingement zone intensiﬁes the gas–solid mass transfer. Effects of the bed bulk density and the
impinging particle material on the desulfurization efﬁciency were also investigated. Experiments were
conducted using two Ca-based sorbents in a small-scale IS reactor at 750 °C. The experimental results
show that the Ca/bio-based sorbent gives higher desulfurization efﬁciencies than the CaO/ﬂy ash sorbent,
for the latter which is large and dense cannot be effectively entrained by the impinging streams. A
method for combining experiments and calculations is developed to estimate the gas–solid residence
time in the impingement zone. It is found that the residence time is signiﬁcantly inﬂuenced not only
by the gas velocity but also by the solid to gas mass ratio.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
Sulfur dioxide (SO2) in combustion ﬂue gas is a severe problem
in coal-ﬁred power plants. A dry ﬂue gas desulfurization (FGD)
method for circulating ﬂuidized bed (CFB) reactor has been developed for arid areas, since this technology consumes less water and
has lower investment and operating costs as well as higher desulfurization efﬁciencies at moderate temperatures (600–800 °C). The
moderate temperature desulfurization process is also promising to
realize simultaneous removal of some trace heavy metals [1]. This
process applied in a pilot-scale CFB reactor with a CaO/ﬂy ash hydrated sorbent can reach a desulfurization efﬁciency of over 90% at
a calcium to sulfur molar ratio (Ca/S) of 2.0 [2]. The desulfurization
efﬁciency not only depends on the reaction temperature and the
sorbent reactivity but also relies on the gas–solid ﬂow structure,
⇑ Corresponding author. Tel./fax: +86 10 62796036.
E-mail address: hyqi@mail.tsinghua.edu.cn (H. Qi).
1385-8947/$ - see front matter Ó 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.cej.2012.05.115

such as the contact efﬁciency and the contact residence time between the reactive gas and the sorbent particles. An internal structure and near-wall air ﬂow were used to intensify the gas–solid
mixing, for most of the sorbent particles ﬂowed in the near-wall
regions and the annular-core particle ﬂow structure also made
the sorbent particles concentrate in the near-wall regions, which
decreased the gas–solid contact efﬁciency [2–4].
Due to the excellent mixing of the two phases, impinging
streams (ISs) are always of interest. Impinging streams involve
two streams entering the impingement zone through two closely
spaced inlets along the same axis in opposing directions. Simultaneously, the particles are carried by the IS into the impingement
zone, and will be carried away from the impingement zone after
a few times oscillation. Owing to the fast and unsteady motion,
the mean particle residence time in the impingement zone is
greatly prolonged, and the violent interaction accordingly enhances the heat and mass transfer processes [5]. Impinging stream
designs recently have many applications in chemical reactors and
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Nomenclature

2.1. Geometrical model and numerical conditions for a concept IS-CFB
reactor

Subscript
f
g
is
s

furnace
gas
impinging streams
solid

an actual pilot-scale CFB reactor with a 6.0 m height and a
0.305 m diameter. The ﬂue gas carrying the spent sorbent particles
was injected into the bed to generate impinging streams in the
central zone of the reactor. These then began to ﬂuidize upward
in the bed. The inlet diameter for the impinging stream was
80 mm. The ratio of the fresh sorbent feed rate to the gas ﬂow rate
was designed to satisfy Ca/S = 2.0 [2,21]. The ratio of the gas ﬂow
rate used in the impinging streams to the total gas ﬂow rate was
deﬁned as the impinging stream ratio, a. The inlet SO2 concentration in the fresh ﬂue gas was 1500 ppm. The bed bulk density
(inventory) was 33.3 kg/m3 and the operating temperature was
750 °C. The bed superﬁcial gas velocity was 2.5 m/s, of which part
was used to generate the impinging streams. A CaO/ﬂy ash hy-

Spent sorbent recirculation

5.5

φ 0.305

y

2. Numerical and experimental conditions

Greek symbols
a
impinging stream ratio, dimensionless
b
drag coefﬁcient between gas and solid phases, N s/m4
e
volume fraction, dimensionless
g
desulfurization efﬁciency, dimensionless
k
bulk viscosity, Pa s
l
shear viscosity, Pa s
na
attrition friction,%
q
density, kg/m3
s
shear stress, Pa

Fresh sorbent feeding

mixers and in wet FGD of coal-ﬁred power plant exhaust [6–8].
Berman et al. [9,10] studied the SO2 absorption with a Ca(OH)2
water suspension in an IS reactor, in which the desulfurization efﬁciency was 94–97% at Ca/S = 1.8. In another gas-continuous IS gas–
liquid reactor, the desulfurization efﬁciency reached 91.8% with a
Ca(OH)2 water suspension at Ca/S = 1.4 [11]. The particle residence
time in the impingement zone is difﬁcult to measure, since this
zone has no physical boundaries and the particles are dispersed.
Radioactive particles as tracers and Monte Carlo simulation have
been used to study the particle residence time, which was estimated to be about 1.0 s or less [12–14].
Two kinds of Ca-based sorbent, a CaO/ﬂy ash hydrated sorbent
and a Ca/bio-based sorbent were used in this work. The CaO/ﬂy ash
hydrated sorbent had been developed for many years and used for
low-temperature and moderate-temperature FGD, for the sorbent
had a coarse and porous composite structure with ﬁne calciumcontaining materials adhered on larger ﬂy ash surfaces [15–18].
The Ca/bio-based sorbent prepared from a mixture of lime and biomass was used for SO2 capture due to its light weight and the biomass was utilized as a dispersion medium to increase the surface
area and pore volume of the sorbents [19,20]. The advantages of
the IS lead to the conceptual design of an IS-CFB reactor combining
impinging streams and a circulating ﬂuidized bed reactor for use
with the Ca-based sorbents to capture SO2. The numerical simulation predictions for a CFB reactor agreed well with the experimental results which were generated from a pilot-scale CFB reactor
[21,22]; therefore, numerical simulations were also used to predict
the mixing behavior in the IS-CFB reactor. To reduce the inﬂuence
of the particle circulating ratio and to greatly reduce the required
amount of sorbent, a small-scale IS reactor was developed to verify
the enhancement effect of the IS on the desulfurization efﬁciency.

calcium conversion rate, dimensionless
reactor height, m
CaO mass fraction in the sorbent, dimensionless
SO2 mass fraction, dimensionless

0.5

T
Tis
u
U
Uis
V
x

X
y
yCaO
Y SO2

1.56

tis

SO2 concentration, dimensionless
particle diameter, lm
SO2 diffusion coefﬁcient, m2/s
CaO molecular weight, mg/mol
CaSO4 molecular weight, mg/mol
exponent of the SO2 concentration, dimensionless
gas phase pressure, Pa
solid phase pressure, Pa
desulfurization reaction rate, s1
desulfurization reaction source term
SO2 concentration, ppm
reaction time, min
residence time for the particles in the upper part of the
furnace, s
residence time for the particles in the impingement
zone, s
reaction temperature, K
temperature in the impingement zone, °C
velocity, m/s
gas velocity in the furnace, m/s
gas velocity in the impinging stream inlets, m/s
volumetric gas ﬂow rate at standard state, L/min
reactor diameter, m

6.0

C SO2
ds
DSO2
MCaO
MCaSO4
n
p
ps
rX
S
[SO2]
t
tf

Impinging streams
x
Flue gas

The concept reactor combining IS and a CFB reactor (IS-CFB) is
shown schematically in Fig. 1, and the reactor size was based on

Fig. 1. IS-CFB reactor structure schematic diagram (Unit: m).
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Table 1
Material properties.
Gas density
3

Table 2
Gas ﬂow rate operating conditions.
Gas viscosity

qg (kg/m )

lg (Pa s)

0.362

41.77  106

Particle diameter

Sorbent density
3

ds (lm)
83

qs (kg/m )
1000

drated sorbent was used and the physical properties are listed in
Table 1.
The Eulerian two-ﬂuid model and a sulfation model for the CaO/
ﬂy ash sorbent were used to predict the particle volume fraction
and SO2 distributions in the riser of a two-dimensional CFB reactor.
Gas turbulence was neglected for its effect was limited in comparison with gas–solid interactions in dense ﬂows in CFB reactors
[23,24]. The simulations were veriﬁed with experimental results
from CFB riser tests [18,22]. The model equations are:
Continuity equation:



*
@
ðek qk Þ þ r  ek qk u k ¼ Sk ; k ¼ g; s
@t

ð1Þ

eg þ es ¼ 1

ð2Þ

M CaSO4  MCaO
rX
Ss ¼ Sg ¼ qs es yCaO
MCaO

ð3Þ

where subscript g means gas phase and s means solid phase, ek is
the k phase volume fraction, qk is the density, uk is the k phase
velocity, Sk is the source term due to the desulfurization reaction,
and yCaO is the CaO mass fraction in the sorbent. MCaO is the molecular weight of the reactant CaO and MCaSO4 is the molecular weight
of the product CaSO4. rX is the desulfurization reaction rate based on
the calcium conversion rate.
Momentum equation:
*
* *
*
*
@
 g þ eg q *
ðeg qg u g Þ þ r  ðeg qg u g u g Þ ¼ eg rp þ r  s
g g bðu g  u s Þ
@t
ð4Þ
*
* *
@
s þ es q *
ðes qs u s Þ þ r  ðes qs u s u s Þ ¼ es rp  rps þ r  s
s g
@t
*

*

þ bðu g  u s Þ

ð5Þ

V (L/min)

U (m/s)

Uis (m/s)

tf (s)

Tis(±5 °C)

27.7
31.7
35.6
39.6

0.75
0.85
0.96
1.07

18.60
21.29
23.91
26.59

0.80
0.70
0.63
0.56

680
665
650
630

 is the shear
where p and ps are the gas and solid phase pressures, s
stress:

h

*

*

i



2
3

*
M SO2
@
rX
ðeg qg Y SO2 Þ þ r  ðeg qg Y SO2 u g Þ ¼ eg qg DSO2 rY SO2  qs es xCaO
M CaO
@t

*
@
ðq es XÞ þ r  ðqs es u s XÞ ¼ qs es r X
@t s

rX ¼ kðTÞ  gðXÞ  C nSO2

ð9Þ

where T = 1023 K, C SO2 ¼ 1500 ppm. The parameter, n, is the exponent of the SO2 concentration equal to 0.88 since the reaction is
in the rapid reaction stage (X 6 0.5 for Ca/S = 2.0). These equations
were solved using the commercial software FLUENT 6.3.26. The
source terms due to the desulfurization reaction, the drag coefﬁcient between the gas and solid phases and the calcium conversion
reaction were implemented with FLUENT UDF functions.
During the simulations, particles escaping from the top outlet
were sent back to the riser via the impinging stream inlets to maintain a constant inventory in the riser. The calcium conversion at the

T1

Impingement zone

T2

P1
Powder
dispersion
generator

SO2

O2

ð8Þ

where X is the calcium conversion rate. rX for the CaO/ﬂy ash hydrated sorbent sulfation model [18] is expressed as:

Impinging stream inlet

N2

ð7Þ

where Y SO2 is the mass fraction and DSO2 is the diffusion coefﬁcient
for SO2 with a value of 2.88  105 m2/s.
Calcium conversion equation:

Furnace

P2

ð6Þ

where, the solid phase bulk and shear viscosities, ks and ls are
determined with the Kinetic Theory of Granular Flows (KTGFs)
[25]. b is the momentum exchange coefﬁcient (drag coefﬁcient) between the gas phase and the solid phase, calculated from the QLEMMS (Qi/Li-Energy Minimization Multi Scale) model [26].
SO2 species equation:

Flue gas analyzer

Simulated
mixture gas



sk ¼ ek lk ru i þ ðru i ÞT þ ek kk  lk r  ukI; k ¼ g; s

Inlet without
impinging stream

Impinging stream inlet

T3

Screw feeder

T4
T5

Outlet for bed materials

Fig. 2. Impinging stream reactor experimental system diagram.
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Table 3
Chemical compositions of the lime, ﬂy ash and biomass ash (%).

Lime
Fly ash
Biomass ash

SiO2

Al2O3

Fe2O3

CaO

MgO

K2O

Na2O

P2O5

TiO2

SO3

Ignition loss

3.64
48.45
51.08

0.34
36.64
9.72

0.44
5.12
4.74

86.45
2.86
14.84

3.51
1.02
3.72

1.01
1.01
6.45

0.05
0.44
2.10

0.11
0.50
1.34

0.013
1.27
0.44

–
–
1.32

4.39
2.69
4.25

Fig. 3. Fly ash and the Ca-based sorbent particle size distributions.

Table 4
Speciﬁc weights of the CaO/ﬂy ash sorbent and the Ca/bio-based sorbent.
Sorbent

CaO/ﬂy ash
sorbent
Ca/biobased
sorbent

Loading
Weight loss at Mass fraction Sorbent weight at
750 °C (%)
of CaO (%)
ambient temperature density
(kg/m3)
(kg/kg CaO)
6

19.6

5.43

1000

24

84.3

1.56

310

impinging stream inlets was set equal to the value at the top outlet
to simulate the real solid circulation. The pressure at the riser outlet was set equal to the atmospheric pressure with all the gradients
of the other variables set to zero at the outlet. No slip velocity wall
conditions were used for both phases. A 15  58  1 orthogonal
grid was used for the computational domain with local grid reﬁnement applied near the bed walls. The transient analysis used a
0.001 s time step to simulate the gas–solid two-phase ﬂow and
the desulfurization reaction. The ﬂow was ﬁrst simulated without
reactions, and then the reaction model was included after the ﬂow
became steady. A previous study showed that the predicted riser
pressure drop and desulfurization efﬁciency agreed well experimental data, with relative errors of 2.96% and 5.68%. Those results proved the accuracy of the two-phase model as well as the
sulfation model [22]. This work predicts the two-phase ﬂow and
desulfurization in the IS-CFB reactor. Results are given for the effects of various variables including the impinging stream ratio,
bed bulk density, impinging stream velocity and impinging particle
material on the desulfurization efﬁciency.
2.2. An IS reactor experimental setup
The experiments were conducted in a small size IS reactor. The
experimental system shown in Fig. 2 consisted of an 8 kW heating

Fig. 4. Calcium conversion rates for the two sorbents.

furnace (custom-made), a stainless steel reactor (custom-made)
1200 mm in high and 52 mm in diameter, a powder dispersion
generator (PALAS, RBG-2000), a screw feeder (VTV, YN70-20C), a
ﬂue gas analyzer (RBR, ecom-J2KN) and simulated mixture gas.
The desulfurization efﬁciencies with and without IS were studied
using three midlevel inlets at 600 mm height and one bottom inlet,
each with a 7 mm diameter. The third midlevel inlet was perpendicular to the diameter connecting the other two which produced
strongly interacting streams.
To generate impinging streams, the sorbent particles generated
by the powder dispersion generator were carried by the ﬂue gas to
the two opposing inlets, and the ﬂue gas was all delivered through
the two jets. For the ﬂow without IS, the screw feeder supplied the
sorbent particles to the third middle inlet, and the ﬂue gas was all
input though the bottom inlet. The powder dispersion generator
and screw feeder controlled the sorbent supply rate (error of 3%)
while the mass ﬂow controller measured the gas ﬂow rate (error
of 2%). The gas and solid ﬂow rates through the two opposing inlets
were equal. The total gas–solid ﬂow rates were equal with and
without IS.
The design operating temperature was 750 °C (error of ±5 °C).
The gas ﬂow rate at standard state, V, and gas operating conditions
are listed in Table 2, where U is the gas velocity in the furnace and
Uis is the impinging stream velocity. If a large gas ﬂow rate is used,
the bag ﬁlter cannot effectively collect particles. As the volumetric
ﬂow rate increased, the residence time, tf, for the gas in the upper
furnace and the temperature, Tis, in the impingement zone both decreased, while the other four test temperatures as shown in Fig. 2
stayed at 750 °C. Conversely, for the pilot-scale CFB reactor, when
the gas velocity increased Tis kept constant due to the ﬂue gas from
an oil burner. The design inlet SO2 concentration was 1500 ppm.
The outlet SO2 concentrations were measured by the ﬂue gas analyzer. The desulfurization efﬁciency, g, was calculated from the ratio of the difference between the inlet and outlet SO2
concentrations to the inlet SO2 concentration. The ﬂue gas analyzer
measurement error ranged from 10 to 20 ppm. The experimental
error on the desulfurization efﬁciency ranged from 3% to 5%.
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Fig. 5. Simulated SO2 concentrations and particle volume fraction distributions averaged over each cross section (a = 20% for the IS-CFB reactor).

2.3. Ca-based sorbent
Experiments have been conducted using the CaO/ﬂy ash sorbent
to capture SO2 in a pilot-scale CFB reactor and a sulfation model for
the CaO/ﬂy ash sorbent has been developed [18,21]; therefore, the
CaO/ﬂy ash sorbent is used in the concept IS-CFB reactor for
numerical simulations. When the CaO/ﬂy ash sorbent is injected
into the IS reactor the desulfurization efﬁciency decreases. Accordingly, a Ca/bio-based sorbent with light weight is developed to verify the enhancement effects of impinging streams on the
desulfurization efﬁciency.
The lime was from the Shougang Building Materials Chemical
Plant, the ﬂy ash was from the Beijing Shijingshan Power Plant,
and the biomass (sawdust) was from the Daxing District, Beijing.
Their chemical compositions measured by an ARL ADVANT
XP+type X-ray ﬂuorescence spectrometer are listed in Table 3.
The lime particles were crushed to less than 20 mm in size. The
ﬂy ash particle size distribution measured by a Malvern Mastersizer 2000 was shown in Fig. 3 with a volume mean particle diameter
of about 75 lm. The lime and ﬂy ash were slurried together with
water for 1 h with a lime to ﬂy ash mass ratio of 1:4. The slurry
was then ﬁltered through a vacuum ﬁlter to form a ﬁlter cake.
Then, the ﬁlter cake was dried in an infrared desiccator to produce
the CaO/ﬂy ash sorbent powder holding less than 10% water with a
volume mean particle diameter of about 120 lm. The Ca/bio-based
sorbent was prepared from lime and sawdust. After comparison of
the effects of different size particles, the sawdust was sieved to
0.5–1.0 mm particles. The lime and sawdust were both immersed
in water with a lime to biomass mass ratio of 9:1. Then the biomass
slurry and the lime slurry were blended together. The slurry was
agitated for 30 min and then ﬁltered through a vacuum ﬁlter to
make a semi-dry ﬁlter cake. Then, the ﬁlter cake was dried in an
infrared desiccator to form a dry sorbent cake with a water content

of less than 5%. The drying time was 0.5–1.0 h for drying temperatures of 150 °C. The sorbent cakes were crushed and sieved to ﬁne
particles for use in the IS reactor. All the particles were less than
15.0 lm in size, with a volume mean particle diameter of about
3.5 lm as shown in Fig. 3.
The sorbent weight at ambient temperature per kilogram CaO
was deﬁned as the speciﬁc weight calculated based on the weight
loss and the CaO fraction. As the biomass was heated to 750 °C in
N2 in a thermogravimetric analyzer (TGA, TA Q500), the biomass
began to decompose at 240 °C and was completely calcined to biomass ash at 750 °C. As the two sorbents were heated to 750 °C in
N2, the weight losses were shown in Table 4. After calcinations,
the CaO fractions in the sorbents were calculated, and then the
speciﬁc weights were obtained as shown in Table 4. The ﬂy ash
loading density was about 1200 kg/m3 and the ﬂy ash mass fraction in the sorbent was about 80%; therefore, the loading density
of the CaO/ﬂy ash sorbent was about 1000 kg/m3 larger than the
Ca/bio-based sorbent of about 310 kg/m3. The two sorbents had
approximately equal calcium conversion rates, which were measured in the TGA with an equal CaO mass, as shown in Fig. 4. The
composition of the reactive gas was ﬁxed at 1 vol.% SO2, 5 vol.%
O2, and the balance gas being N2. The reactive gas was admitted
to start the run at 750 °C. The dry gas ﬂow rate at ambient conditions was 100 ml/min.

3. Results and discussion
3.1. Numerical simulations
3.1.1. Enhancement effects of impinging streams on the CFB reactor
The axial distributions of the SO2 concentration, [SO2], and the
particle volume fraction, es, averaged over each cross section are
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a

b

Fig. 6. Radial particle volume fraction (a) and SO2 concentration (b) distributions
(a = 20% for the IS-CFB reactor).

shown in Fig. 5. The particle volume fraction distribution is much
more homogeneous in the IS-CFB reactor for the highest particle
volume fraction is much lower than in the CFB reactor, which indicates the effectiveness of the gas–solid mixing. The outlet SO2 concentration for the IS-CFB reactor is 74 ppm less than the 158 ppm
for the CFB reactor. Thus, the desulfurization efﬁciency is increased
from 89.5% to 95.1%. The desulfurization efﬁciency of 89.5% in the
CFB reactor was veriﬁed by experimental results in a CFB reactor
[22]. The effective SO2 capture zone in the IS-CFB reactor is much
longer than in the CFB reactor. For the IS-CFB reactor, the particle
volume fraction is relatively homogeneous in the zone from
0.5 m to 5.5 m. For the CFB reactor, almost all the sorbent particles
gather together in the zone from 0 m to 1.5 m, where the SO2 concentration decreases from 1500 ppm to 200 ppm. Above the 1.5 m
height, the SO2 concentration changes very little since the particle
volume fraction is near zero. For the IS-CFB reactor, the SO2 concentration distribution decreases from 1450 ppm to 450 ppm from
0.5 m to 1.0 m height, which means 50% SO2 is removed in this
0.5 m with a relatively small amount of sorbent, compared to the
very limited SO2 reduction in the same section of the CFB reactor
with more sorbent.
The radial distributions for the particle volume fraction and the
SO2 concentration at the 0.5 m and 1.0 m heights in the two reactors are shown in Fig. 6. At the 0.5 m height, the particle volume
fraction in the IS-CFB reactor is low in the center and much high
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near the wall, with the same trend found in the CFB reactor. The
proﬁles of the particle volume fraction distribution were consistent
with previous pilot-scale experimental results [27]. At the 1.0 m
height, the shape of the particle volume fraction distribution for
the IS-CFB reactor is the opposite of the ‘core-annular’ structure
in the traditional CFB reactor, with the SO2 concentration higher
in the center and approaching zero near the wall. Thus the impinging streams improve the particle volume fraction distribution and
homogeneity of the gas–solid phase; therefore, the mass transfer
coefﬁcient and gas–solid reaction rate are also increased.
The gas velocity ﬁeld in a vertical center plane is shown in Fig. 7.
In the impingement zone, the lateral gas ﬂow is very strong as the
gas ﬂow impinges the opposing jet ﬂows, which improves the gas–
solid mass transfer. The axial gas velocity distribution in the cross
section of the IS-CFB reactor is more homogeneous than for the
conventional CFB reactor, as shown in the square. The ﬂow ﬁelds
above the impingement zone for both reactors are similar with little lateral gas ﬂow movement. The axial gas velocity is low near the
wall and higher in the central zone.
The impinging streams have been shown to signiﬁcantly improve the desulfurization efﬁciency, while this effect has been still
underestimated in the numerical simulations. The particles expose
fresh surface to the reactive gas and the mass transfer coefﬁcient
increase, which is not considered for the IS-CFB reactor, leading
to a low desulfurization efﬁciency.
3.1.2. Effects of impinging stream parameters and impinging particle
materials on the desulfurization efﬁciency
The impinging stream parameters were then optimized to maximize the desulfurization efﬁciency and minimize the bed pressure
drop. The impinging stream ratio, a, and the bed bulk density, qbed,
were varied individually in simulations while all the other parameters were held constant. Fig. 8 shows that, when increasing a from
10% to 50%, the desulfurization efﬁciency increases initially and
reaches the maximum between a = 20–40%, and then decreases.
The desulfurization efﬁciency increases continuously with increasing bed bulk density, which means that more sorbent improves the
desulfurization. The ﬁgure also shows that even a bed bulk density
of only 3/4 (25 kg/m3) that of the CFB reactor (33.3 kg/m3) gives a
much high desulfurization efﬁciency in the IS-CFB (93%). Since the
bed bulk density is proportional to the bed pressure drop, the ISCFB reactor gives a much higher desulfurization efﬁciency with a
much lower bed pressure drop than the CFB reactor.
The impinging particle material (fresh sorbent or circulating
spent sorbent) is very important for the desulfurization process
in the IS-CFB reactor. The impinging velocity, Uis, is also very
important in the IS reactor. The effects of these two parameters
on the desulfurization efﬁciency are investigated. To produce a
higher Uis with the same ﬂow rate, the IS inlet diameter was reduced from 80 mm to 10 mm. The increasing velocity creates a
lower inlet particle concentration. Therefore, the inlet particle concentration was set to eis = 0.02 to be more realistic. The impinging
stream ratio (a = 40%) and bed bulk density (qbed = 33.3 kg/m3)
were hold constant. When the fresh sorbent was used, the circulating spent sorbent was still sent back to the reactor to the circulating inlet of the CFB reactor.
Table 5 shows that the desulfurization efﬁciency decreases from
95.0% to 93.4% as the impinging stream velocity increases, and is
still higher than the desulfurization efﬁciency in the CFB reactor
(89.5%). The desulfurization efﬁciency is lower for the fresh sorbent
than the circulating spent sorbent. The calcium conversion of the
spent sorbent entering the reactor is about 50% while the calcium
conversion of the fresh sorbent is 0. Thus, according to the sulfation
model [18], the reaction rate of the fresh sorbent is about 5 times
that of the spent sorbent; however, the ﬂow rate of the circulating
spent sorbent is about 100 times that of the fresh sorbent, and the
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Fig. 7. Gas velocity distribution in the vertical center plane (a = 20% for the IS-CFB reactor).

spent sorbent is easily broken into pieces by the impinging particles, which exposes more surface to the reactive gas. The total
desulfurization capacity of the recirculation spent sorbent is then
higher than that of just circulating fresh sorbent once through
the reactor. The spent sorbent can then be fully used in the process.

3.2. Experimental veriﬁcation
3.2.1. Effects of impinging streams on the desulfurization efﬁciency
The CaO/ﬂy ash sorbent was used to investigate the effects of
impinging streams on the desulfurization efﬁciency. The desulfurization efﬁciencies at Ca/S = 2.0 with and without IS are shown in
Fig. 9. The average desulfurization efﬁciencies decreased from
83.5% to 72.8% after the impinging streams were introduced. The
measurements of the desulfurization efﬁciencies at Ca/S = 1.0 were
repeated to verify the experimental reproducibility. The results
were similar with the average desulfurization efﬁciencies decreasing from 69.2% to 54.5% after the impinging streams were introduced. After all the experiments were ﬁnished to obtain
sufﬁcient bottom material for the subsequent calculations, the
material at the reactor bottom was weighed to calculate the ratio
of the bottom material to the supplied material. The ratio was
63.3% for the IS case and 35.1% for the non-IS case.

Fig. 8. Effects of the bed inventory and impinging stream ratio on the desulfurization efﬁciency in the IS-CFB reactor (qbed = 33.3 kg/m2s for the various a while
a = 20% for the various qbed).
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Table 5
Effect of impinging particle material on the desulfurization efﬁciency (a = 20%).
Impinging particle material

Uis (m/s)

g (%)

Circulating spent sorbent
Circulating spent sorbent
Fresh sorbent

5.16
15.25
15.25

95.0
93.4
92.9

Fig. 9. Effect of impinging streams on the desulfurization efﬁciency for the two
sorbents (T = 750 °C, Ca/S = 2.0).

Fig. 10. Effect of the impinging velocity on the desulfurization efﬁciency for the Ca/
bio-based sorbent (T = 750 °C).

The results show that the CaO/ﬂy ash sorbent, which is large
and dense, cannot be effectively entrained by the impinging
streams, thus large amounts of sorbent drop to the reactor bottom.
The CaO/ﬂy ash sorbent is relatively dense, so the gas velocity is
too small to entrain the sorbent particles. The bed superﬁcial gas
velocity was 2.5 m/s in the concept IS-CFB reactor, and ranged from
0.75 m/s to 1.07 m/s in the IS reactor. The desulfurization efﬁciency
in the concept IS-CFB reactor is higher than in the small IS reactor
for two main reasons. First, the residence time for the reactive gas
is about 2.2 s in the 5.5 m long IS-CFB reactor, but is less than 0.8 s
in the 0.6 m long IS reactor. Secondly, even though the inlet Ca/S
ratios are equal for the two reactors, the actual Ca/S ratio in the
IS-CFB reactor is much higher than in the IS reactor since a large
amount of spent sorbent stays in the IS-CFB reactor.
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The desulfurization efﬁciency is also dependent on the size of
the impingement zone relative to the reactor length and volume.
The effective SO2 capture zone is longer in the IS-CFB reactor than
in the CFB reactor as shown in Fig. 5, so the 0.6 m length is not long
enough for the particles to react with the reactive gas. Previous
studies showed that the desulfurization efﬁciency decreases as
the impinging distance decreases in the range tested here and that
there is an optimal ratio of the impinging distance to the IS inlet
diameter that gives the highest desulfurization efﬁciency for a given design [8,11].
The Ca/bio-based sorbent, which has small particles and a low
speciﬁc density, was used to verify the effects of the impinging
streams on the desulfurization efﬁciencies with the results for
Ca/S = 2.0 shown in Fig. 9. Unlike for the CaO/ﬂy ash sorbent, the
average desulfurization efﬁciencies for the Ca/bio-based sorbent
increased from 55.4% to 82.6% with the impinging streams. For
Ca/S = 1.0, the results were similar with the average desulfurization efﬁciencies increasing from 46.0% to 78.9%. The inventory at
the reactor bottom was signiﬁcantly lower with the impinging
streams as the gas ﬂow carries many more sorbent particles and
the gas–solid contact time increases. When the gas velocity is relatively low, sorbent particles need to be small and light to be carried by the impinging streams; however, when the gas velocity is
relatively high, larger, heavier particles are desirable because they
have more inertia to penetrate into the opposing stream so they
initially oscillate and then spiral upwards leading to longer residence times in the impingement zone.
Experiments were also conducted using the Ca/bio-based sorbent in the pilot scale CFB reactor. The Ca/bio-based sorbent had
lower desulfurization efﬁciencies than the CaO/ﬂy ash sorbent,
since the Ca/bio-based sorbent particles were smaller and less
dense so they did not circulate as long in the ﬂuidized bed, but ﬂew
out of the cyclone and were collected by a bag ﬁlter.
3.2.2. Residence time in the impingement zone
The effect of the impinging velocity on the desulfurization efﬁciency was investigated to estimate the residence time in the
impingement zone for the Ca/bio-based sorbent particles. The tests
used ﬁve Ca/S ratios (1.0, 2.0, 3.0, 4.0 and 6.0) with the results
shown in Fig. 10. The desulfurization efﬁciency reached 96.3% at
Ca/S = 1.0 and Uis = 18.60 m/s. Thus the IS reactor can give a high
desulfurization efﬁciency in a relatively short time. The intensive
particle collisions break the particles into pieces to expose more
unreacted fresh surface to the reactive gas, which improves the
gas–solid mass transfer [7,28]. As shown in Fig. 10, the desulfurization efﬁciency decreases as the impinging velocity increases. Large
impinging velocities have two negative effects on the desulfurization efﬁciency by reducing the impingement zone temperature
which further reduces the sorbent activity, by reducing the total
gas–solid residence time in the furnace.
The material balance equation gives:

g ¼ X  Ca=S

ð10Þ

As shown in Fig. 4, the calcium conversion rate, X, and the reaction
time, t, are linearly related for X 6 0.5 in the rapid reaction stage
(stage I); therefore, the desulfurization efﬁciency is linearly related
to the reaction time. Fig. 10 shows that X > 0.5 for Ca/S = 1.0 while
X 6 0.5 for Ca/S = 2.0, 3.0, 4.0 and 6.0, so the latter four Ca/S ratios
(2.0, 3.0, 4.0 and 6.0) are then used to calculate the desulfurization
efﬁciencies. The four solid lines in Fig. 11 come from Fig. 10. The total gas–solid contact time includes the residence time in the upper
furnace, tf, and the residence time in the impingement zone, tis. For a
given furnace length, the residence time in the upper furnace decreases as the gas velocity increases, as shown in Table 2. If the furnace length could be changed, the residence times in the upper
furnace could be made equal at the various gas velocities (or
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Fig. 11. Calculation of the residence time based on the experimental data (T = 750 °C).

denoting different points in Fig. 11. Taking tf = 0.56 s as an example
and setting the ratio of the desulfurization efﬁciencies to the residence times to be equal gives:

gA
tf ;A þ t is;A

¼

gA0
tf ;A0 þ tis;A0

¼

gB
t f ;B þ tis;B

ð11Þ

tf ;A0 ¼ t f ;B ¼ 0:56 s

ð12Þ

tis;A0 ¼ t is;A

ð13Þ

Deﬁning DgAB = gA  gB and DtAB = tA  tB, Eqs. (11)–(13) can be arranged to give:

DgAB
DgA0 B
¼
Dtf ;AB þ Dtis;AB Dt is;AB
Dtis;AB ¼

Fig. 12. Effect of the Ca/S ratio on the residence time for the Ca/bio-based sorbent
(T = 750 °C).

impinging stream velocities). The desulfurization efﬁciencies could
then be calculated as indicated below. The calculated results are
shown as the hollow symbols in Fig. 11. For convenience, Ca/
S = 2.0 will be used as an example with the symbols A, A0 , and B

DgA0 B
 Dt f ;AB
DgAB  DgA0 B

ð14Þ

ð15Þ

The desulfurization efﬁciencies at A, A0 and B can be read from
Fig. 11 and the residence times in the upper furnace can be obtained
from Table 2. DgAB, DgA0 B, and Dtf,AB in Eq. (15) are all known and
Dtis,AB can then be calculated. For Ca/S = 2.0, as Uis increases from
18.60 m/s to 26.59 m/s, tf decreases to 0.24 s, g decreases from
67.8% to 67.1%, and tis increases by about 0.01 s. For Ca/S = 3.0, 4.0
and 6.0, the residence times in the impingement zone increase by
0.05, 0.11 and 0.16 s. This study assumes that the inlet temperature
decrease can be neglected. The distance from the midlevel inlet to
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the location where the temperature reaches 750 °C is 150 mm,
which is 25% of the total 600 mm length. If all the temperatures
in the furnace were reduced to the midlevel temperature, 630 °C,
the desulfurization efﬁciency would be reduced by no more than
7% [18] and if the temperatures in this 150 mm region were reduced
to 630 °C, the desulfurization efﬁciency would be reduced by no
more than 2%.
The residence time for the other gas ﬂow rates were also compared with the residence time for Uis = 26.59 m/s, with the time
differences, Dtis, shown in Fig. 12. For Ca/S = 2.0 and 3.0, the time
differences ﬁrst increase and then decrease as the gas velocity increases. These trends are consistent with Wu’s description [7];
although the trends are not very obvious. For Ca/S = 4.0 and 6.0,
the time differences clearly increase with the gas ﬂow rate. The results show that the residence time is signiﬁcantly inﬂuenced by the
Ca/S ratio as well as the gas ﬂow rate. For Ca/S = 2.0, 3.0, 4.0 and
6.0, the solid to gas mass ratios are calculated to be 0.93  102,
1.39  102, 1.85  102 and 2.78  102. This ratio refers to the
carried solid-particle mass per mass of gas. As the mass of solid
particles carried by the gas increases, the particle residence time
increases. For the CaO/ﬂy ash sorbent, the solid to gas mass ratio
is 3.24  102 for Ca/S = 2.0, so residence time is not improved
by larger particle sizes.
The residence time in the impingement zone is less than 0.16 s
in this study; however, it is a relatively large proportion of the gas–
solid residence time in the upper furnace, which is 0.56–0.80 s. The
residence time is smaller in this study than in other studies [7,12–
14] since the residence time in the impingement zone is related to
the reaction zone size as well as the operating conditions. Wu [7]
showed that the gas–solid residence time in the impingement zone
initially increases and then decreases with increasing impinging
stream velocity. Thus, an appropriate impinging velocity will give
an optimal residence time. However, a very large impinging velocity will increase the energy consumption and result in a short gas–
solid residence time in the upper furnace. If this effect is greater
than the effect of the gas–solid residence time in the impingement
zone, then the impinging velocity should not be increased.
4. Conclusions
The numerical simulation results indicate that the introduction
of impinging streams to the CFB reactor signiﬁcantly improves the
desulfurization efﬁciency from 89.5% to 95.1%. Different from the
conventional CFB reactor, the IS-CFB reactor makes the radial particle volume fraction distribution in the cross section more homogeneous and the effective SO2 capture zone much larger. The
lateral gas ﬂow in the impingement zone intensiﬁes the gas–solid
mass transfer. The IS-CFB reactor gives a much higher desulfurization efﬁciency with a much lower bed pressure drop than the CFB
reactor. The spent sorbent can be fully used in the IS-CFB reactor.
The desulfurization efﬁciency in a large IS-CFB reactor is higher
than in a small IS reactor due to a longer gas–solid residence time
and a higher actual Ca/S ratio in the large reactor.
Experimental results show that the Ca/bio-based sorbent gives
higher desulfurization efﬁciencies than the CaO/ﬂy ash sorbent,
for the latter which is large and dense cannot be effectively entrained by the impinging streams. When the gas velocity is relatively low, sorbent particles need to be small and light to be
carried by the impinging streams. A method for combining experiments and calculations is developed to estimate the gas–solid residence time in the impingement zone, and the residence time was
found to increase by about 0.16 s for the Ca/bio-based sorbent in
this work. The results show that the residence time is signiﬁcantly
inﬂuenced not only by the gas velocity but also by the solid to gas
mass ratio.
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