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a b s t r a c t

A multitracer-gas method was proposed to study the secondary air (SA) mixing along the bed height in a
circulating fluidized bed (CFB) using carbon monoxide (CO), oxygen (O2), and carbon dioxide (CO2) as
tracer gases. Experiments were carried out on a cold CFB test rig with a cross-section of 0.42 m � 0.73 m
and a height of 5.50 m. The effects of superficial velocity, SA ratio, bed inventory, and particle diameter on
the SA mixing were investigated. The results indicate that there are some differences in the measure-
ment results obtained using different tracer gases, wherein the deviation between CO and CO2 ranges
from 42% to 66% and that between O2 and CO2 ranges from 45% to 71% in the lower part of the fluidized
bed. However, these differences became less pronounced as the bed height increased. Besides, the high
solid concentration and fine particle diameter in the CFB may weaken the difference. The measurement
results of different tracer gases show the same trends under the variation of operating parameters.
Increasing superficial velocity and SA ratio and decreasing particle diameter result in better mixing of the
SA. The effect of bed inventory on SA mixing is not monotonic.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights reserved.

1. Introduction

Circulating fluidized bed (CFB) boilers are widely used in
gasesolid combustion in industry owing to their advantages of low
pollutant emissions, wide fuel adaptability, and intensive gasesolid
mixing [1]. Secondary air (SA), which is commonly used in CFB
boilers, has an important effect on gas mixing and oxygen con-
centration distribution in the furnace, eventually affecting com-
bustion processes and NOx/N2O emissions [2e6]. As the CFB boiler's
capacity and steam parameters increase, SA injection and mixing in
the furnace become one of the most important issues due to the
increase in cross-sectional area of the furnace [1].

The injection of SA influences the gasesolid hydrodynamics in a
CFB. Researches were conducted through both experiments and
numerical simulations, including in a fluidized bed test rig [7e16]
and large-scale CFB boilers [17e19]. It has been established that the
SA velocity affects the penetration depth of SA in a power law
correlation, which is also influenced to some extent by the primary
air (PA) flow [7,8]. Specifically, the penetration depth of the SA

increases with the SA velocity and decreases with the PA velocity
and solid concentration [14,18]. However, the studies have largely
focused on the SA mixing at the SA injection area without signifi-
cant consideration for the subsequent gas mixing along the height
of the furnace.

A gas tracer method was typically utilized in the study of gas
mixing in a fluidized bed, and the use of a single tracer gas is
common in such studies [20e32]. The tracer gas was injected into
the fluidized bed, and its concentration distribution was measured
through a sampling probe. This enabled researchers to determine
the gas mixing behavior within the fluidized bed and explore how
it is affected by factors such as solid concentration [21,22], super-
ficial velocity [24,25], and particle properties [29,32] in the fluid-
ized bed. Additionally, the method has been applied to explore the
influence of SA ratio and SA nozzle type on axial and radial gas
mixing, revealing that gas mixing increases with a higher SA ratio
[33e35].

Among the researches, gases including CO2 (relative molecular
mass 44) [23,29e32,34,35], He (relative molecular mass 4)
[24,25,28], H2 (relative molecular mass 2) [26], Ar (relative mo-
lecular mass 40) [22], SF6 (relative molecular mass 146) [21], and
some hydrocarbons including CH4 (relativemolecular mass 16) [20]* Corresponding author.
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and C3H6 (relative molecular mass 42) [27] have been used as tracer
gases. CO2, as a stable and safe gas, was commonly used as a tracer
gas in the experiments. However, different gases with different
properties occur during coal combustion in a CFB boiler. Themixing
characteristics of those gases in the furnace are different due to
their different densities, viscosities and diffusivities. Their different
mixing will influence the gas distribution and,thus, the combus-
tion, heat transfer and emissions in the furnace. The gases mix and
inject differently, even though they have the same velocity. Nam-
kung and Kim [36] reported deviations in results when using CO2
compared to He. It is valuable to test the hydrodynamics with
different tracer gases. Hence, this study proposes using multitracer
gases to investigate gas mixing.

To comprehensively study the SAmixing characteristics in a CFB
furnace, it is essential to examine not only the SA injection area but
also its distribution and effects in the subsequent areas along the
height of the furnace. Additionally, it is important to investigate the
mixing characteristics of various gas phases along the height of the
CFB furnace following SA injection. Although there have been some
studies conducted on SA injection, the aforementioned topics have
not been extensively studied in the literature and hence require
further investigation.

In this study, a novel multitracer-gas method was employed to
investigate the injection and mixing of SA along the bed height in a
CFB. The tracer gases, composed of carbon monoxide (CO), oxygen
(O2) and carbon dioxide (CO2) were fed into the CFB through a SA
nozzle. The concentrations of these gases were measured instan-
taneously and simultaneously at multiple points along the height of
the riser. The effects of superficial velocity (u0), secondary air ratio
(SAR¼ QSA/(QPA þQSA)), bed inventory (quantified by the static bed
material height, H0) and particle diameter (dp) on the injection and
mixing of SA were studied.

2. Experimental

2.1. The multitracer-gas method

Themultitracer-gas method is based on the fundamentals of the
conventional gas tracer method, with the addition of utilizing
multiple component gases as the tracer gas. This methodology
confers the ability to study the mixing of gases with different
characteristics, thereby providing distinct advantages.

Multiple gases were selected with consideration given to the
density of the tracer gas and the measurement accuracy of the
tracer gas comprehensively. These gases were premixed with the
SA prior to entering the furnace. The mixing characteristics of the
gases were studied by measuring the concentration profile of the
tracer gas in the riser.

As mentioned above, a tracer gas should have similar physical
characteristics to the operating medium to ensure similar hydro-
dynamics. For representativeness of tests run with air at room
temperature, the relative molecular mass of a tracer gas should be
close to 29, which is the relative molecular mass of air. By using
the multitracer-gas method, three gases, CO, O2 and CO2, were
selected as the tracer gases in the tests. Among them, CO has a
relative molecular mass closest to that of air and serves as a
monitor for measurement accuracy. O2 has a slightly higher rela-
tive molecular mass than air and is the main gas involved in
combustion in the SA. A higher O2 flow rate was used to ensure a
noticeable response from the gas sensors when using O2 as a tracer
gas. CO2 has a larger relative molecular mass than air and is often
used for gas tracing and applied as a reference in this study. At
room temperature, these three gases are stable and do not react
with each other.

2.2. Test rig and experimental conditions

Fig. 1 shows the schematic of the CFB test rig with a multitracer-
gas measuring system. It is composed of a CFB cold test rig, an air
supply system, an induced air system, a multitracer-gas measure-
ment system, and a data acquisition system. The CFB cold test rig
consists of a riser with a pant leg at its bottom, as well as six cy-
clones and their corresponding solid return system. The riser has a
cross-sectional area of 0.42 m � 0.73 m and a height of 5.50 m. At
the bottom of the riser, the internal wall of the pant leg is 1 m high
above the air distributors.

The air blower supplied both PA and SA. The PA entered the bed
through the air distributors at the bottom to fluidize the solid bed
material, while the SA was injected into the bed through the SA
nozzles located around the riser. The gasesolid flow moved
through the furnace and exited from the upper part of the riser
before being separated in the cyclones. The separated gas was then
released into the environment after passing through a bag filter,
while the separated solid particles were returned to the bottom of
the riser through the standpipes and loop seals. The flow rates of
the PA and SA were measured using airfoil flowmeters and rota-
meters, respectively.

Fig. 2 shows the arrangement of the SA nozzles. The pant-leg
contains two layers of SA nozzles on each side of its internal wall,
located at heights of 0.40 m and 0.60 m. Additionally, one layer of
SA nozzles is present on each side of the external wall of the pant
leg at a height of 0.60 m. Each layer of SA nozzles has eight nozzle
units.

In order to state this clearly, the SA nozzles were identified and
differentiated according to their height and position on the pant
leg. The nozzles on the external surface were referred to as outside
upper secondary air (OUSA), while those on the internal upper layer
were called inner upper secondary air (IUSA). Furthermore, the
nozzles located on the internal lower layer were named inner lower
secondary air (ILSA). In addition, the central SA nozzles were
identified as the fourth nozzles of each layer from the front wall. To
avoid the effect of the riser wall, during the tests, the multitracer-
gas was injected into the riser through the central SA nozzle of
OUSA on the left wall.

Three sizes of glass beads were used as bed material in the ex-
periments. Their properties are shown in Table 1. The glass bead II
with a mean diameter of 0.12 mm was used as the bed material in
most tests. The other two types of glass beads were used in the

Fig. 1. Schematic of the CFB test rig with a multitracer-gas measuring system.
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comparative experiments. In addition, the operating parameters of
the experiments are given in Table 2.

2.3. The multitracer-gas measurement system and data processing

The multitracer-gas measurement system consists of three
parts: gas supply, gas injection and gas detection. The multitracer
gases, provided by gas cylinders in a ratio of CO:O2:CO2 ¼ 1:10:2,
were mixed with SA and then injected into the riser through the SA
nozzle. The ratio of multi-tracer gases was selected mainly
considering the measuring responses and range of the gas sensors.
Fig. 3 shows the SA nozzle with the multi-tracer-gas injection
system. During the tests of variable operating parameters, the gas
supply system maintained a constant supply ratio of multi-tracer
gases at the SA nozzle while also controlling the concentrations
to remain consistent, thus avoiding errors caused by deviations in
the initial concentrations.

In the experiments, the gas detection consists of three levels of
measurement points along the bed, with a total of 12 points. A
probe was installed at each point to measure the concentrations of
trace gases using CO, O2 and CO2 gas sensors. The product data
sheets for the gas sensors are presented in Table 3. These sensors
were uniformly installed on the probes and were able to move
horizontally at the measurement level with the probes. The probes
were placed above the central SA nozzle during the tests, as shown
in Fig. 4(a). In addition, as shown in Fig. 4(b), the measurement
levels were positioned at heights (h) of 2.05 m, 3.45 m and 4.25 m

above the air distributors, corresponding to relative bed heights of
h/H 0.37, 0.63 and 0.77, respectively. Here, H represents the height
of the riser, which is measured to be 5.50 m. The distance between
the four measurement points of each level and the riser's left wall is
61, 161, 261 and 361 mm, respectively.

The gas sensor signals were acquired using an A/D converter
(Agilent 34970A) and then transferred to the data acquisition sys-
tem simultaneously. The sensors were calibrated before the
measurements.

Fig. 2. SA nozzles arrangement.

Table 1
Properties of bed material

Parameter Glass bead I Glass bead II Glass bead III

Particle mean diameter, dp/mm 0.10 0.12 0.15
Particle density, rs/kg$m�3 2350 2350 2350
Particle terminal velocity, ut/m$se1 0.67 0.79 0.96
Minimum fluidization velocity, umf/m$se1 0.007 0.011 0.017

Table 2
Values of the operating parameters

Parameter Value

Superficial velocity, u0/m$se1 1.10, 1.25, 1.40, 1.55, 1.70
Secondary air ratio 0.35, 0.40, 0.45, 0.50, 0.55
Particle mean diameter, dp/mm 0.10, 0.12, 0.15
Static bed material height, H0/mm 200, 300, 400

Fig. 3. SA nozzle with multi-tracer-gas injection.

Table 3
Product data sheets of the gas sensors

Gas sensors Model Manufacturer Measurement range Resolution

CO 4CO-500 Honeywell 0e500 ml$m�3 1 ml$m�3

O2 4OXV CITICEL 0%e25% (vol) 0.02% (vol)
CO2 G8 (S) AEGIS 0e2000 ml$m�3 5 ml$m�3
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After penetrating into the riser, the tracer gases mixed with the
air. The dimensionless concentration expression of a certain tracer
gas (one in the multitracer gases) at any point of measurement in
the riser can be determined as follows:

Ci ¼
C � C0
C2 � C0

(1)

where Ci is the dimensionless gas concentration at the measuring
point i, C0 and C are the certain tracer gas concentrations at the
measuring point i before and after the injection of multi-tracer-gas,
respectively. C2 is the tracer gas concentration at the SA nozzle, and
it is calculated as follows:

C2 ¼
Qt;g þ Qsa;g

Qt þ Qsa
(2)

where Qt is the total flow rate of multi-tracer-gas in the SA nozzle,
Qsa is the flow rate of SA air in the SA nozzle, Qt,g is the flow rate of
the certain tracer gas, and Qsa,g is the flow rate of the certain tracer
gas in the SA air. The value of Qsa,g depends on the certain tracer
gas; when the certain tracer gas is O2 or CO2, Qsa,g is nonzero due to
the presence of these gases in the SA air. However, when a certain
tracer gas is CO, Qsa,g is zero.

In this study, a parameter named the lateral diffusion
displacement of the tracer gas was proposed to characterize the SA

movement and mixing along the bed height. Fig. 5 gives the
schematic of the lateral diffusion displacement, which is defined as
the horizontal displacement of the local maximum tracer gas
concentration measured at a certain bed height, denoted as Lx, as
shown in Fig. 5. It is a result of the SA injecting velocity, its diffusion,
and the operating parameters of the system.

In the experiments, the concentrations of tracer gases at various
measuring points were recorded, and their profiles at the same bed
height were obtained. Thus, the lateral diffusion displacement can
be determined according to the position of the local maximum
point of the tracer gas concentration. In the lower part of the flu-
idized bed, the largest value in the concentration profile can be
observed as the local maximum. However, in the middle or upper
part of the fluidized bed, the maximum value of the concentration
profile is not well defined due to themixing of the SAwith themain
gasesolid flow. In this case, the position with a slope of zero in the
concentration profile is chosen as the local maximum. As shown in
Fig. 5, Lx;h1

, Lx;h2
and Lx;h3

represent the lateral diffusion displace-
ment at different bed heights, respectively. To quantify the lateral
diffusion displacement dimensionally, the dimensionless lateral
diffusion displacement, Lxi, was introduced.

Lxi ¼
Lx
L

(3)

where L (L ¼ 0.42 m) is the depth of the riser.
The uncertainties of the measurements on the SA lateral diffu-

sion displacements by multi-tracer gases were mainly caused by
the errors in gas concentrations measured by the tracer gas sensors.
To avoid this error, each measurement was carried on in the steady
state and repeated three times. The uncertainties in the measure-
ments were considered in two aspects: the repeatability of the
experiments and the accuracy of the gas sensors. The resolutions
for CO, O2 and CO2 gas sensors were ±1 ml$m�3, ±0.02% (vol) and
±5 ml$m�3, respectively (Table 3). The standard uncertainties for
the multitracer gas sensors were ±0.2%, ±0.08% and ±0.25%,
considering the measurement ranges, and they may be neglected.
The uncertainties of the repeatability of the SA lateral diffusion
displacements were represented by the standard deviations in the
mean experimental measurements. The standard uncertainties for
CO, O2 and CO2 were ±2 mm, ±5 mm and ±3 mm, respectively. In
particular, the standard uncertainties for the multitracer
gas sensors were ±0.48%, ±1.19% and ±0.71% considering the depth
of the riser. These values illustrate the good repeatability of the
measurements. Additionally, the mean SA lateral diffusion dis-
placements were used in the result analysis.

Fig. 4. Schematic of multitracer-gas measurement system.

Fig. 5. Schematic of the lateral diffusion displacement.
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3. Results and Discussion

3.1. Mixing characteristics of multitracer gases

3.1.1. Distributions of multi-tracer gases along the bed height
Fig. 6 shows the horizontal distributions of the multitracer

gas dimensionless concentrations in the riser at three different
heights. The test was conducted under the conditions of
u0 ¼ 1.7 m$se1, SAR ¼ 0.55, H0 ¼ 200 mm and dp ¼ 0.12 mm. It can
be seen that the results measured by the three tracer gases show a
similar trend. As the height increases, the distributions of multi-
tracer gas concentrations become more uniform, and the largest
concentration values become less clear. Specifically, at h/H ¼ 0.37,
there are the largest concentrations located close to the SA nozzle,
while the center region of the furnace shows more multitracer gas
concentrations at h/H ¼ 0.63 and 0.77. This phenomenon illustrates
that supplying SA to one side of the furnace can effectively support
oxygen supply and extend it at least to the middle of the furnace.
Additionally, the uniform distributions of tracer gas concentrations
in the upper part of the riser can be attributed to the intensified
mixing that occurs in this region of the fluidized bed. Besides, there
are notable differences in the distributions of multitracer gases,
particularly with CO2 compared to O2 and CO. The lateral diffusion
displacement of the SA obtained by the CO2 local maximum con-
centration (Lx;CO2

) is different from that of O2 (Lx;O2
) and CO (Lx;CO),

and the concentration distributions measured by O2 and CO are
relatively similar.

3.1.2. Lateral diffusion displacements of multi-tracer gases along
the bed height

The lateral diffusion displacements of SA along the height of the
riser, as determined by the distribution of tracer gas concentration,
are summarized in Fig. 7. The results clearly show that the lateral
diffusion displacement of SA increases as the height increases, with
a smoother variation in the h/H range of 0.63e0.77. At higher levels
of the riser, particularly at h/H ¼ 0.77, there is a relatively smaller
difference in the displacements among the tracer gases compared
to lower levels. These findings indicate that gases become more
thoroughly mixed as the bed height increases and will reach a state
of mixing balance in the upper region.

3.2. Secondary air mixing characteristics with multitracer gas
method

3.2.1. Effect of superficial velocity
Fig. 8 illustrates the lateral diffusion displacements of multi-

tracer gases at different bed heights and superficial velocities in the
range of 1.10e1.70m$se1. The lateral diffusion displacement of each
tracer gas increases slightly with the increase of superficial velocity.

In the tests, the SARwas kept constant while the superficial velocity
varied. As the superficial velocity increased, the flow of SA
increased, promoting SA injection into the bed. However, the solid
suspension density in the SA injection region also increased as the
flow of PA increased, impeding SA injection. As a result, the lateral
diffusion displacement of SA shows a slight increase with the su-
perficial velocity.

The variations of lateral diffusion displacement with superficial
velocities measured by multitracer gases are different. The lateral
diffusion displacements measured by O2 and CO are very close to
each other but slightly deeper than those of CO2. This difference is
most notable at h/H ¼ 0.37, remains consistent under different
superficial velocity test conditions, and gradually converges as the
bed height increases. This may imply the function of different gas
characteristics. Notably, at h/H ¼ 0.37, when the superficial velocity
increases to 1.4 m$se1, the lateral diffusion displacements
measured by CO and CO2 increase significantly. This may be due to
the transition of the gasesolid flow regime in the riser [28]. The
lighter CO is most sensitive to this change.

3.2.2. Effect of secondary air ratio
Fig. 9 displays the lateral diffusion displacements of multitracer

gases at different heights with SARs of 0.35, 0.40, 0.45, 0.50 and
0.55. The results illustrate a positive correlation between the lateral
diffusion displacements of each tracer gas and SAR. During the
tests, the SAR was changed by reducing the SA flow rate while

Fig. 6. Distributions of multitracer gases along the bed height.

Fig. 7. Lateral diffusion displacements of multitracer gases along the bed height.
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keeping the PA flow rate constant. As SAR increases, the SA velocity
also increases, resulting in a significant diffusion kinetic energy of
SA and deeper lateral diffusion displacement in the fluidized bed,
which leads to better mixing of gases.

The variations of lateral diffusion displacement with SAR of
multi-tracer gases in the tests are similar. At h/H ¼ 0.37, the rela-
tionship between the lateral diffusion displacement of SA and SAR
does not follow a linear trend, but rather exhibits a power expo-
nential relationship, in agreement with findings reported by Chen
et al. [8]. This variation is more noticeable in the measurement
results of CO. Moreover, it should be noted that SA mixing is still
affected by the SAR in the upper region, though the effect is less
than that in the lower bed.

3.2.3. Effect of bed inventory
Except for the operating parameters related to gas velocity, solid

concentration also affects SA mixing in the fluidized bed. Fig. 10
reveals the differences in lateral diffusion displacements of multi-
tracer gases at varying bed heights and different bed inventories

corresponding to static bed material heights of 200 mm, 300 mm
and 400 mm. The results show that the lateral diffusion displace-
ment of each tracer gas increases at first and then decreases with
the increase of the bed inventory. Notably, the lateral diffusion
displacements decrease clearly when the static bed material height
increases to 400 mm, especially at h/H ¼ 0.37.

In a fluidized bed, the increase of bed inventory has two effects
on the SA mixing. On the one hand, the increasing of the gasesolid
suspension density, caused by increasing bed inventory, elevates
the lateral diffusion resistance of SA injection [18]. On the other
hand, an increase in bed inventory may intensify turbulence in the
fluidized bed, thereby enhancing gas mixing [37]. The effect of bed
inventory on the SA mixing in the fluidized bed is the compre-
hensive result of the above two factors. When the bed inventory is
low, the SA mixing is mainly affected by the enhancement of the
turbulence intensity, thus the SAmixing is enhanced.When the bed
inventory is high, the higher gasesolid suspension density will
have a strong inhibitory effect on the lateral diffusion of the SA.
Hence, the SA mixing is weakened. In conclusion, the lateral

Fig. 8. Variations of SA lateral diffusion displacement with superficial velocity.

Fig. 9. Variations of SA lateral diffusion displacement with SAR.

Fig. 10. Variations of SA lateral diffusion displacement with bed inventory.
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diffusion displacement of the SA increases at first and then de-
creases as the bed inventory increases.

The variations of lateral diffusion displacement with the bed
inventory of multitracer gases show the same trend. The solid
concentration in the riser is the highest when the static bed ma-
terial height is 400 mm, and the lateral diffusion displacements of
SA measured by different tracer gases are the closest at h/H ¼ 0.37.
This can be attributed to the fact that the effect of the solid con-
centration on the mixing of different tracer gases is more sub-
stantial in the lower part of the fluidized bed than that of the tracer
gas density.

3.2.4. Effect of particle diameter
Fig. 11 shows the lateral diffusion displacements of multi-tracer

gases at different heights, considering particle diameters of 0.10,
0.12 and 0.15 mm. The results indicate that the lateral diffusion
displacement of each tracer gas increases with decreasing particle
diameter, presumably due to enhanced turbulence in the bed when
particle diameter is finer [32]. This trend is more obvious in the
upper part of the fluidized bed. These observations are consistent
with the application of fluidization pattern reconstruction in the
design of CFB boilers [38,39]. In addition, when the particle diam-
eter is 0.10 mm at h/H ¼ 0.77, the differences in lateral diffusion
displacements measured by different tracer gases are relatively
small. This finding implies that gas mixing in the upper portion of
the fluidized bed is more influenced by gasesolid flow
turbulence than the gas density.

3.2.5. Deviations in multitracer gases
According to the definition of SA lateral diffusion displacement,

the data obtained from the tests using the multitracer-gas method
were summarized and processed in a nondimensional manner.

To compare the results obtained by different tracer gases, the
deviations between two gases were calculated using the following
equation:

Dev¼ Lxi;max � Lxi;min

Lxi;max
� 100% (4)

where Lxi,max represents the maximum dimensionless lateral diffu-
sion displacement between the tracer gases, while Lxi,min represents
the minimum dimensionless lateral diffusion displacement.

Fig. 12 illustrates the deviations in the lateral diffusion dis-
placements of multitracer gases. The deviations are more pro-
nounced at h/H ¼ 0.37 in the dense lower part of the fluidized bed,
particularly between CO2 and the other two gases. The deviation is
42% to 66% between CO2 and CO, and 45% to 71% between CO2 and
O2. However, when h/H > 0.37 in the dilute upper part of the flu-
idized bed, the deviations in lateral diffusion displacements ob-
tained by multitracer gases become notably smaller. The maximum

deviation is 41% between CO2 and O2 at h/H ¼ 0.63. Similar de-
viations were reported by Namkung and Kim [36] in their study of
gas mixing, as illustrated in Fig. 12. The deviation between CO and
O2 remained within 30% at any height of the fluidized bed.

Based on the test results, an empirical formula for the SA lateral
diffusion displacements of multitracer gases is summarized and
proposed. Previous works indicate that the mixing of SA in a flu-
idized bed is affected by superficial velocity (u0), secondary air ratio
(SAR), bed inventory (H0), and particle diameter (dp) [23,24,29,34].
In addition, this work obtains results on the SA lateral diffusion
along the bed height with different gases of different properties.
Hence, two more important factors, the bed height and the tracer
gas diffusivity (Dt, Table 4), are raised to be part of the dimen-
sionless group of the empirical formula. Therefore, the empirical
formula describing the SA lateral diffusion displacement is sum-
marized as follows according to the test results:

Lxi ¼16:543

 
Dt

umfL

!1:270 
u0
umf

!0:355

�

SAR0:722
�
H0

H

��0:369�dprs
Lrg

�2:860�h
H

�1:278
(5)

Fig. 11. Variations of SA lateral diffusion displacement with particle diameter.

Fig. 12. Deviations between results obtained by multitracer gases.

Table 4
Gas diffusivity (atmospheric pressure, 25 �C) [40]

Dt � 104/m2$se1

COeair 0.212
O2eair 0.213
CO2eair 0.162
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where u0=umf is the ratio of superficial velocity to minimum
fluidization velocity and represents the dimensionless superficial
gas velocity, SAR is the secondary air ratio and represents the
dimensionless secondary air flow rate, H0=H is the ratio of static
bedmaterial height to bed height and represents the dimensionless
bed inventory, dprs=Lrg (rg is the air density, 1.18 kg$m�3) is the
dimensionless representation of particle diameter, h=H represents
the relative bed height, and Dt=umfL is the ratio of gas diffusivity to
the minimum fluidization velocity and depth of the riser, and
represents the dimensionless tracer gas diffusivity.

Fig. 13 compares the results obtained from the empirical for-
mulawith the corresponding test data measured by the multitracer
gases. The average differences between empirical and measured
values for CO, O2 and CO2 are 13.16%, 14.41% and 15.33%, respec-
tively, with an overall average difference of 14.30%. It is evident that
the dimensionless lateral diffusion displacements measured by
different tracer gases are different. CO2 spreads more weakly
compared to O2 and CO. This can be understood due to its higher
relative molecular mass and smaller diffusivity. A very important
conclusion may be drawn that gases generated in a CFB furnace
have different mixing characteristics due to their different physical
properties. Different gases have different densities, viscosities, and
diffusivities, and these factors influence their mixing and diffusion
characteristics in the gasesolid flow in the CFB. In the lower dense
phase, the high solid concentration is unfavorable to gas mixing.
CO2, having a larger relative molecular mass, results in a smaller
lateral diffusion displacement than that of CO and O2. Besides, ac-
cording toTable 4, the diffusivity of CO2 is significantly smaller than
that of CO and O2. This also has a negative influence on CO2 mixing.
In the upper dilute phase, the solid concentration is lower, and the
small amount of particle exchange existing in the gasesolid flow in
the fluidized bed promotes the gasmixing [37]. The lateral diffusion
displacements of multitracer gases are relatively closer. In sum-
mary, the properties of tracer gases may need to be considered
when addressing the complex issues of gas mixing in a CFB furnace.
The empirical formula provides references for studying gas mixing
along the bed height in a CFB and tests using one or more tracer
gas methods.

4. Conclusions

A multitracer-gas method was put forward to investigate the SA
mixing characteristic along the bed height in a CFB. Experiments
were conducted to investigate the effects of superficial velocity,
SAR, bed inventory, and particle diameter on the mixing of SA. The
main conclusions are as follows:

(1) The multitracer-gas method can be used to measure the
mixing of gases with different characteristics in a fluidized
bed. It is effective and may serve as a reference for experi-
ments that involve measuring the hydrodynamics of
different gases simultaneously.

(2) Differences were observed during experiments measuring
the mixing of SA in a CFB using multitracer gases. The results
obtained from CO and O2 gases are more consistent with
each other compared to those obtained from CO2. Particu-
larly, the deviations are 42%e66% in CO2 and CO and 45%e
71% in CO2 and O2 in the lower part of the fluidized bed. It is
possible that these differences may be attenuated by the
higher solid concentration and finer particle diameter in the
CFB.

(3) The variation trends of SAmixing asmeasured bymultitracer
gases are consistent. The increasing of superficial velocity
and SAR have a positive effect on the SA mixing. However, a
larger bed inventory and particle size hinder the SA mixing.
The combined results may be expressed by the empirical
formula for multi-tracer gases.
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Nomenclature

C gas concentration at measuring point i after the
injection of multi-tracer-gas, ml$m�3

Ci dimensionless gas concentration at measuring point i
C0 gas concentration at measuring point i before the

injection of multi-tracer-gas, ml$m�3

C2 gas concentration at the secondary air nozzle, ml$m�3

Dt gas diffusivity, m2$s�1

Dev deviation between tracer gases
dp particle mean diameter, mm
H height of the riser, m
H0 static bed material height, mm
h height of the measuring level, m
h/H relative bed height
L depth of the riser, m
Lx lateral diffusion displacement of secondary air, m
Lxi dimensionless lateral diffusion displacement of

secondary air
QPA flow rate of primary air, m3$h�1

QSA flow rate of secondary air, m3$h�1

Qsa flow rate of secondary air in a secondary air nozzle,
m3$h�1Fig. 13. Comparisons between empirical calculations and test data.
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Qsa,g flow rate of a certain tracer gas in secondary air, m3$h�1

Qt flow rate of multi-tracer-gas, m3$h�1

Qt,g flow rate of a certain tracer gas in multi-tracer-gas,
m3$h�1

umf minimum fluidization velocity, m$s�1

ut particle terminal velocity, m$s�1

u0 superficial velocity, m$s�1

rg air density, kg$m�3

rs particle density, kg$m�3
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