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Solids mixing data of high quality is one of the most crucial steps for quantitative
studies, but it is a difficult task to obtain in a fluidized bed especially with a 3D config-
uration. Therefore a novel sampling technique is developed with bed collapse method,
for measuring lateral mixing of feed particles in a 3D fluidized bed. The sampling tool
is designed using a ‘‘bottom-to-top sampling’’ idea. Its development, configuration and
measurement repetition are discussed in detail. The effects of mixing time, fluidizing
gas velocity, and particle size of bed material on the tracer distribution are investi-
gated. A quantitative comparison of lateral dispersion coefficient shows that our
results agree fairly well with measurements and predictions of correlations for lab-
scale fluidized systems in previous studies. The presented 2D profiles of the lateral
mixing can be used to validate fundamental solids mixing models or verifying conven-
ient measurement techniques. VVC 2010 American Institute of Chemical Engineers AIChE J,

57: 1459–1469, 2011
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Introduction

In fluidized bed combustors, lateral mixing of fuel particles
fed into the bed influences distribution of the reacting par-
ticles and volatile gas over its cross section. If the mixing
rate is smaller than that of the volatile release, the volatile
distribution would be uneven.1–4 Since it is important for
design of fuel feed ports, there has been a continued interest
in the lateral solids mixing in fluidized beds.5 It is usually
characterized by an effective dispersion coefficient, but the
values are disconnected.5 In the literature solids mixing in
the lateral direction is less concerned than that in the axial
direction which is studied more extensively characterized by
residence time distribution.6–8

Studies on solids mixing can be classified into two types
mainly: interpretation of solids mixing mechanics, and esti-

mation of mixing rate quantitatively. Various measurement
techniques have been designed to elucidate solids mixing
mechanics. A pulsed gas is injected into an incipient fluidiz-
ing bed composed of two layer particles in different colors,

to observe mixing induced by a single bubble.9–11 Positron
emission particle tracking technique is employed to track a
single particle trajectory continuously.12 New developments

have been also made for PEPT technique, such as Multiple-
PEPT,13 and positron emission tomography (PET).14 Mag-
netic resonance tomography (MRT), a very expensive mea-

surement technique, is applied to study small-scale fluidized
systems with a very high spatial.15 These studies, providing
detailed information on bubble dynamic, particle trajectory,

solids flow pattern, etc., do play an important role in knowl-
edge of solids mixing mechanics in fluidized beds.

Through much efforts, qualitative mechanisms of solids
mixing are well understood.16,17 It is recognized that solid
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mixing is highly related with bubbles. As a bubble rises, it
carries particles up in its wake and simultaneously pushes
emulsion solids aside. The exchange of particles takes place
between the ascending and descending emulsion solids.
When it is close to the bed surface, the bubble bursts spread-
ing the particles upon the bed surface. Some of the particles
subsequently fall down and enter into the dense bed again,
resulting in a gross circulation of solid phase. However, the
solids mixing mechanisms are difficult to model or describe
quantitatively.

Another type of studies on solids mixing is to estimate an
overall solids mixing rate. A number of studies measured
dispersion of a batch of tracers and fit the lateral mixing by
a Fickian-type diffusion equation.5 In this way, solids mixing
induced by different factors, such as bubble movement and
gross emulsion circulation, are lumped in an effective disper-
sion coefficient. However, the coefficient values are scattered
in a broad range of 0.0001–0.1 m2/s, resulting in scale up of
solids mixing rate a challenging task.

Therefore, in the future, systematic experimental and theo-
retical investigations of solids mixing should be emphasized.
The systematic experimental investigation, fundamental sol-
ids mixing model, or the combination of the both, can pro-
vide valuable tools.

As regards the experimental study, such a tracing tech-
nique that enables accurate, continuous, multipoints, and
noncontaminated measurement, is still lacked for 3D fluid-
ized beds. For instance, different chemical tracing method is
not suitable for measuring tracers at several locations simul-
taneously17,18; thermal or dry ice tracing method contains
uncertainties3,19,20; color tracing method is limited to 2D
beds or countable number of bed particles21; PEPT or MRT
are complex and expensive.12,15 All these factors result that
solids mixing data reported in the literature are not adequate.
Efforts are still being made to develop new techniques to
measure solids mixing.22–25

As regards the fundamental model, CFD simulation can
provide insight into the behaviors of fluidized systems, such
as Euler-Euler and Euler-Lagrangian models.26,27 Neverthe-
less, it is a more challenging task for models to predict sol-
ids mixing than hydrodynamics only. Some authors reported

Euler-Euler model over-predicted particle mixing.28 And
Euler-Lagrangian model is limited by its simulation scale of
particle number. At present, the mechanics model of solids
mixing is still lacked.23

After the above review, it seems that the quantitative inves-
tigations on solids mixing offer a challenge to both the experi-
mental and theoretical investigations. It comes to our opinion
that solids mixing data of high quality are precious, for verify-
ing convenient measurement techniques or validating funda-
mental solids mixing models. Considering that most studies on
lateral solids mixing only reported a single dispersion coeffi-
cient to represent the overall process, which is inadequate for
validating solids mixing models, the present work is aimed to
provide detailed and reliable experimental profiles of lateral
solids mixing in a 3D fluidized bed.

In this work, we have developed a novel sampling tech-
nique with bed collapse method for measuring lateral mixing
of feed particles in a 3D fluidized bed. A detailed description
of the sampling method will be given and its robustness is
discussed. The lateral mixing under different conditions of
mixing time, fluidizing gas velocity and particle size are
investigated. The results are compared quantitatively with
previous works.

Compared with other tracing methods, the advantage of
the developed method is reliable and cost effective, and it
can be employed in 3D fluidized beds, but the disadvantage
is laborious. Its limitation is that particle size of tracers
should be different from that of bed material.

Experimental

Apparatus

Figure 1 shows the experimental system, consisting of a
gas supply unit, a 3D fluidized bed, and tracer injection and
detection components. The fluidized bed riser, with a rectan-
gular cross section of 0.3 m � 0.2 m and a height of 2 m,
has a gas distributor with 24 bubble caps and 4.7% open
fraction. A cyclone is installed at the riser exit to capture
fine particles carried away by the fluidizing gas. The lower
part of the front side of the riser is made of transparent Per-
spex, which enables camera recording of fluidization pat-
terns. A window is made on the back side of the riser to put
in/out a sampling tool. A butterfly valve is installed at the
gas supply line to cut off the fluidizing air rapidly.

Materials

The bed material composes of 6600 g sand particles. Sand
is screened in three narrow particle size ranges. Table 1 lists
the particle density, particle size range, and minimum fluid-
ization velocity (Umf) determined by experiments. Sand par-
ticles with the same density, but larger particle size of 0.8–
1.0 mm, are used as tracers. In each run, the mass of tracers

Figure 1. Schematic diagram of fluidized bed apparatus.

The bed has a rectangular cross section of 0.3 m � 0.2 m
and a height of 2 m.

Table 1. Particle Properties of Bed Materials

Material dp (mm) qp (kg/m
3) Umf (m/s)

Sand 0.22–0.28 2600 0.08
Sand 0.28–0.45 2600 0.19
Sand 0.45–0.60 2600 0.41

Umf was determined by experiments.
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is 1370 g. The mass of bed material and tracers are main-
tained constant in differential experimental runs.

Tracer injection

A tracer container with a feed tube is located at the side-
wall of the riser, shown in Figure 1. The feed tube, with an
inner diameter of 38 mm, connects the riser with an angle of
40 degree at a height of 0.15 m above the distributor. A ball
valve is installed in the feed tube. In each run, when the bed
has reached steady-state fluidization, a batch of weighed trac-
ers is poured into the container. Then at one moment, the
valve is opened quickly and the tracers flow into the bed. At
the same time, timing is started. After a specified interval,
i.e., 5, 10, 30 s, the fluidizing gas is cut off quickly and the
bypass valve opened simultaneously, resulting in the bed ma-
terial collapsing. It should be mentioned that the tracers can
flow into the bed solely by the gravity, because the feed port
is located in the splashed zone. There is also a flow of pres-
sured N2 connected to the tracer container. By adjusting the
flow rate of the pressured N2, it can, to some extent, facilitate
or accelerate the tracers flowing into the bed.

Tracer detection

A novel sampling tool is designed to measure the lateral
distribution of tracers. Figure 2 shows its principle, as the
sequence from (a) to (b). It is made up of two plates and 24
sleeves, with the two plates joining the sleeves together, as
shown in Figure 2a. Before each run, the 24 sleeves are
folded, and the two plates pressed together with the bottom
one fixed at the gas distributor, Figure 2b. The sampling tool
is designed to fit the layout of the 24 bubble caps and the
orifices on the bubble caps are above the upper plate when
the sampling tool is folded. Thus, the sampling tool does not
disturb the gas distributing.

After the sampling tool is folded, a batch of weighed bed
material is poured into the bed, with the sampling tool below
the bed material, Figure 2c.

After the above preparations, the air blower is turned on
and the gas flow rate is adjusted according to a desired oper-
ating condition. The bed is fluidized for a while to reach
steady-state fluidization. Then injection of the tracers and

‘‘freezing’’ the bed are followed as described in the section
of ‘‘Tracer injection.’’

After the bed collapses, the window on the back side of
the bed is opened. The upper plate of the sampling tool is
brought up very slowly by pulling up wire ropes connecting
with it. As the upper plate is going up, the sleeves are
unfolded which induces the particles to flow into their nearby
sleeves accordingly. As a result, 24 samples are obtained,
Figure 2d. The top view and index of the samples are shown
in Figure 3. Then particles in each sample cell are sucked by
an electric vacuum cleaner, separated by screening, and
weighed. In each sample cell, the mass of bed material and
tracers are marked as m0 and m1, and the local tracer concen-
tration (g) is defined as the ratio of m0 over the sum of m0

and m1.
The sampling tool is designed according to a novel idea:

sampling from bottom to up. It has several advantages. When
sampling horizontally, the resistance between the sampling
tool and particles is large, which could alter the lateral posi-
tions of the particles. In the early stages of the experiments,
we also tried sampling from top to bottom. Unfortunately,
the sampling tool could not be inserted into the bed material
easily. The resistance became much larger as the sampling
tool was pressed down further, leading the sampling depth
was less than 2 cm. Besides, the particles could be crushed
in this way. However, the tool designed with the ‘‘bottom-to-
up sampling’’ idea has been proved to have good perform-
ance. Since the particles can flow automatically into the cells
by the gravity during sampling, the resistance is so small that
particles can be collected easily. A particular advantage is
that there are constantly enough particles in each sample cell,
which enables the sample a good representation of the bed
mixing.

Preliminary Evaluations

During the processes of injection, detection, and separation
of tracer particles, uncertainties may exist. For instance,
maybe the injection velocity influences subsequent mixing;
the tracers are attrited during fluidization and screen. More-
over, due to the fact that the motion of a single particle is
quite random, are the measured distribution of tracers at a
‘‘frozen’’ bed representative or repeatable? These uncertain-
ties are checked first.

To reflect the process of tracer injection and bed collapse,
the pressure drop between two points of P1 and P2 in Figure
1 is monitored by a pressure drop sensor. Figure 4 shows the
pressure drop response in a typical test (dp ¼ 0.28–0.45 mm,

Figure 2. Schematic principle of the sampling tool.

Figure 3. Top view and index of sample cells.
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U0 ¼ 0.6 m/s, t ¼ 10 s), in which the tracers are fed only
by the gravity. The pressure drop trace is started at t ¼ 0 s,
and at t ¼ 5 s it begins to increase because a batch of tracers
begins feeding into the bed, and at round t ¼ 9 s it reaches
a steady-sate value indicating the tracer feeding is com-
pleted. At t ¼ 15 s the pressure drop rises shortly and falls
down to zero, because the fluidizing gas is cut off rapidly.
From the response of the pressure drop, it can be read that
the feeding duration is about 4 s. Given the feeding duration
and total mass of tracers, the feeding velocity of tracers is
calculated to be 0.11 m/s.

During experiments it is found that the feeding duration is
always around 4 s as the tracers are fed only by the gravity.
If the pressured N2 is turned on at 4 m3/h and 0.2 MPa, the
feeding duration can be reduced to be around 2.5 s. Accord-
ingly, the tracer particle velocity is increased to 0.19 m/s. In
the preliminary tests, experiments with different tracer parti-
cle velocity from 0.11 m/s to 0.19 m/s are compared, but we
can not observe noticeable difference of lateral distribution
of tracer concentration between these tests. It indicates that
the mixing of feed particles mainly depends on fluidized bed
dynamics, because the tracers quickly lose their momentum
and are dispersed by the bed material when they are fed at a
low velocity. Therefore, for all the tests listed in Table 2 the
tracers are fed only by the gravity.

The mass balance of the particles before tracing and after
sampling is checked for each run. In each run, the initial
mass of bed material and tracers are constant. The mass of
bed material and tracers collected in the 24 sample cells, are
summed up as sampled mass. There remain some bed mate-

rials and tracers in the bed after sampling. The mass of the
remained particles is added to the sampled mass, yielding
the final mass. The balance of initial mass, sampled mass,
and final mass for five repeated tests on the condition (dp ¼
0.28–0.45 mm, U0 ¼ 1.2 m/s, t ¼ 10 s) are presented in
Figure 5. Experiments show that, in different tests, the final
mass is almost equal to the initial mass of the bed material
or tracers, indicating attrition during experiments is negligi-
ble. Also, the sampled mass always shared �50% of the ini-
tial mass, ensuring the samples a good representation of the
bed mixing.

To investigate whether the measured tracer concentrations
at one mixing time are representative, five runs are repeated
for a test condition (dp ¼ 0.28–0.45 mm, U0 ¼ 1.2 m/s, t ¼
10 s). Figure 6a presents the lateral tracer concentration pro-
files (g) for one of the five repeats, and Figure 6b the aver-
aged g with error bar for the five repeats. It can be seen that
the measurements on dispersion of a batch of particles is
well repeatable and the maximal error is below 3%. There-
fore, the dispersion of a batch of tracers is measurable, and
the measurements are repeatable not only qualitatively but
also quantitatively.

Results and Discussion

Several levels of fluidizing gas velocity (U0) and mixing
time (t) are investigated for each bed material (dp) listed in
Table 1. Their combinations are given in Table 2. In a test,
the mass of the bed material and tracers in each of the 24
sample cells are recorded, yielding a lateral distribution of
tracer concentration (g). The complete set of the lateral dis-
tribution of g is reported in an Appendix table.

Mixing process with time

Figure 7 illustrates the lateral mixing process of tracers at
t ¼ 5, 15, and 30 s, with bed material particle size (dp) of
0.28–0.45 mm and fluidizing gas velocity (U0) of 0.6 m/s.
Each instantaneous distribution shows that the local tracer
concentration decreases with the distance from the tracer
source. As time proceeds, the concentrations at different

Table 2. Test Conditions

Set dp (mm) U0 (m/s) t (s)

S1 0.22–0.28 0.6 10
S2 0.22–0.28 1.2 10
M1 0.28–0.45 0.6 5, 10, 15, 20, 30
M2 0.28–0.45 1.2 5, 10, 15, 20, 30
M3 0.28–0.45 1.7 10
M4 0.28–0.45 2.3 10
L1 0.45–0.60 0.8 10
L2 0.45–0.60 1.2 10
L3 0.45–0.60 1.7 10
L4 0.45–0.60 2.3 10

Figure 5. Illustration of balance of initial mass, sampled
mass, and final mass for bedmaterial and tracers.

Five repeated tests, R1–R5, on the condition (dp ¼ 0.28–
0.45 mm, U0 ¼ 1.2 m/s, t ¼ 10 s) are shown for example.

Figure 4. Pressure drop response in a typical test (dp

5 0.28–0.45 mm, U0 5 0.6 m/s, t 5 10 s) due
to tracer injection and bed collapse.
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positions are leveled off, indicating the tracers are gradually
dispersed from the feed port.

Figure 8 illustrates the lateral mixing process at t ¼ 5, 15,
and 30 s, under the condition of dp ¼ 0.28–0.45 mm and U0

¼ 1.2 m/s. With U0 increased from 0.6 m/s to 1.2 m/s, the
tracer concentration differences at different sample cells
become smaller, but the evolvement of the tracer concentra-
tion distribution for both the conditions are similar. The

results presented in Figures 7 and 8 are self-explanation that
the feed particles are gradually dispersed from the tracer
source with time. Usually, the lateral mixing is fitted by a
Fickian-type diffusion equation.5,16

Mixing under different conditions

Examples of the tracer concentration profiles at the condi-
tions of different gas velocity and particle size are presented
in (i) Figure 9a for bed material composed of dp ¼ 0.22–0.28
mm sand, (ii) Figure 9b for dp ¼ 0.28–0.45 mm, (iii) and
Figure 9c for dp ¼ 0.45–0.60 mm. The samples form No. 1
to 6 are plotted. Each figure shows the effect of fluidizing ve-
locity on the tracer concentration profile, with constant parti-
cle size and mixing time.

It is clear from Figure 9 that the tracer concentration distri-
bution becomes more even with increase in fluidizing gas ve-
locity. It is a consistent conclusion that fluidizing gas veloc-
ity has an active influence on solids mixing. As U0 is
increased, the bubble dynamics become more intense which
promote solids mixing.

In Figure 10, U0 is plotted as a parameter and dp as a vari-
able. It shows the effect of dp on the tracer concentration
profile with U0 ¼ 1.2 m/s. The mixing under the condition of
dp ¼ 0.22–0.28 mm is better than the other two conditions.
This finding is useful in practice: in fluidized bed combus-
tors, while the flow rate of fluidizing air is determined by
fuel consumption, it is feasible to improve solids mixing by
controlling the bed material with a distribution of smaller
particle size.

The complete set of the lateral distribution of tracer con-
centration under different conditions of gas velocity and par-
ticle size is listed in an Appendix table. As reviewed in the
Introduction section, solids mixing data of high quality are
precious for validating solids mixing models, whereas a sin-
gle dispersion coefficient representing the overall mixing pro-
cess is inadequate for validating solids mixing models. The
reported 2D profiles of the tracer concentration can be used
to validate solids mixing models or verify other convenient
measurement techniques.

Lateral dispersion coefficient

A number of studies reported the values of effective dis-
persion coefficient in fluidized beds.5 For comparison with
their measurements, the dispersion coefficient is calculated

Figure 6. (a): Lateral tracer concentration profiles for
five repeats at the condition (dp 5 0.28–0.45
mm, U0 5 1.2 m/s, t 5 10 s); (b): Averaged
values with error bar of the tracer concentra-
tions for the five repeats.

Figure 7. Lateral tracer concentration profiles measured at t 5 5, 15, and 30 s, with dp 5 0.28–0.45 mm and U0 5
0.6 m/s.
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here. For a 3D fluidized bed in this study, the lateral mixing
can be described by a 2D Fickian-type diffusion equation,

@C

@t
¼ @

@x
Dsr

@C

@x

� �
þ @

@y
Dsr

@C

@y

� �
þ Sfeed (1)

where C is tracer mass concentration per cross-section area
(kg/m2), Sfeed tracer source (kg/m2s) determined by the
experimental condition, and Dsr effective lateral solids
dispersion coefficient (m2/s) which lumps together convective
and diffusion terms.

Equation 1 is solved with proper initial and boundary con-
ditions. If the initial condition is set by concentrations meas-
ured at 5 s, Sfeed is zero and the boundary condition qC/dx
¼ 0, qC/dy ¼ 0. If the initial condition is set by zero, Sfeed
is calculated as Sfeed ¼ tracer mass/duration of feeding trac-
ers/initial spread area of tracers. While the tracer mass and
duration of feeding tracers are determined, the initial spread
area has to be assumed. An assumption is 4 cm � 5 cm
around the feed point. During the preprimary calculation, the
sensitivity of the initial spread area on the prediction of
tracer distribution is checked. It is found there is no evident
difference of predictions as the initial spread area is changed
within a reasonable range.

The solution of Eq. 1 is a distribution of tracer mass con-
centration per cross-section area. It is first converted to a dis-
tribution of tracer mass fraction, g, and then compared with
measurements. Different values of Dsr are selected for Eq. 1,
until the error between the prediction and measurement is
small enough.

Figure 11 shows the evolvement of tracer concentration
profiles, predicted by Eq. 1 with Dsr ¼ 0.0005 m2/s. Also,
the concentrations at sample cells from No. 7 to 12 are
extracted and compared with measurements at dp ¼ 0.28–
0.45 mm and U0 ¼ 0.6 m/s. With Dsr ¼ 0.0005 m2/s, Eq. 1
matches the measured concentrations mostly. Although the
predicted and measured concentrations do not agree well
near the bed wall at t ¼ 10, 15, and 20 s, their difference
disappears almost at t ¼ 30 s.

An alternative method for matching the predicted and
measured concentrations is to assume a distribution of Dsr,
not a single value. Figure 12 illustrates the distribution of
Dsr over the cross section, the predicted tracer concentration
profiles accordingly, and their comparisons with the mea-
surement, for the condition considered in Figure 11. To
match the prediction and measurement, the values of Dsr

near the bed wall at t ¼ 10 s have to be assumed very small.
As time proceeds, the difference of Dsr near the bed wall
and in the core region decreases. At t ¼ 30 s, a uniform dis-
tribution of Dsr enables the predicted concentrations match
the measured ones. The above uneven distribution of Dsr

inferred from the measurement at a very short time interval,
indicates solids mixing is faster in the core region than the
wall region, which agrees with the flow structure in fluidized
beds: bubble dynamics are more intense in the core region.
Given sufficient time for mixing, Dsr is predicted to be uni-
form, because the tracers move around in the core region
and near the bed wall.

Since a single value of Dsr is acceptable to match the pre-
dicted and measured tracer concentration profiles generally,

Figure 8. Lateral tracer concentration profiles measured at t 5 5, 15, and 30 s, with dp 5 0.28–0.45 mm and U0 5
1.2 m/s.

Figure 9. Effect of U0 on tracer concentration distribution at t 5 10 s for three bed materials: (a) dp 5 0.22–0.28
mm; (b) dp 5 0.28–0.45 mm; (c) dp 5 0.45–0.60 mm.

Sample cells from No. 1 to 6 are plotted.
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Eq. 1 with a const value of Dsr is solved to match measure-
ments for conditions covering the range of two levels of fluid-
izing gas velocity for each of the three bed materials. Their
comparisons are shown in Figure 13. In each plot the test index
and a proper value of Dsr are indicated. The reported values of
Dsr lie in the range of 0.0005–0.0035 m2/s.

Compared with existing correlation and values

A number of works reported the values of Dsr in dense flu-
idized beds and several correlations were also proposed.5,24

Table 3 lists the correlations of Dsr published in journals. It
should be noted that Eq. 2 can be only applicable for fast
bubbles which satisfies ubub,r [ 2umf/emf. Figure 14 compares
their predictions with the results exacted from Figure 13. The
Dsr is plotted as a function of U0 – Umf. The agreement
between the predictions and our measured data are good,
expect that the measurements in the present work are some-
what smaller than the predictions. A possible reason is that
in the present work the tracers are larger than that of the bed
materials.

Since Niklasson et al.5 made an exhaustive list of
measurements on Dsr with the corresponding experimental

conditions, such a summarized list is not repeated here. From
Figure 2 or Table 1 of the paper by Niklasson et al.,5 we
note that while the values of Dsr are scattered in a broad
range of 0.0001–0.1 m2/s, most of them lie in a smaller range
of 0.0002–0.0050 m2/s. The range of Dsr in several works
agrees with our measurements: Berruti et al.,18 Bellgardt and
Werther,19 Salam et al.,30 and Bi et al.31 measured Dsr to be
around 0.0002–0.0020, 0.0007–0.0026, 0.0005–0.0020, and
0.0004–0.0016 m2/s, respectively. But Dsr measured by Shi
and Fan,17 and Winaya et al.24 are smaller, being around
0.0001–0.0008 and 0.0004 m2/s, respectively, probably
because their experiments were conducted in 2D fluidized
beds with very small thickness where bubble dynamics were
oppressed. Besides, a few works conducted in wider facilities
under high fluidizing velocities reported Dsr to be around (or
larger than) 0.01 m2/s. From industrial application or scale-
up view, these measurements are more valuable, but the
number of reports in this range is much fewer. The above
comparisons indicate that Dsr depends not only on particle
and fluidizing gas properties but also on the size of fluidized
beds. The further reason for the effect of bed size on Dsr is
left open here, because the measurements obtained in wider
fluidized beds are not sufficient. Probably a validated funda-
mental solids mixing model can be helpful to investigate this
question.

Compared with thermal tracing method

The tracer concentration profiles presented above can be
used to validate solids mixing models or verify convenient
measurement techniques. To give an example of the applica-
tion, the above mixing data are used to verify measurement
from the thermal tracing method. Thermal tracing method
can investigate solids mixing behaviors on-line, and the
heated/cooled tracers do not contaminate bed material. But
the disadvantage is uncertainties for inferring the local tracer
concentration from the temperature measurements.3 Here the
thermal tracing measurement is compared with the reliable
measurements preliminarily.

When the bed has reached steady-state fluidization, a batch
of 100C tracers is fed into the bed. All the operating

Figure 11. A single value of Dsr for matching the predicted and measured tracer concentration profiles.

(a) 1st Row, evolvement of tracer concentration profiles predicted with Dsr ¼ 0.0005 m2/s, the initial condition set by concentrations
measured at 5 s; (b) 2nd Row, comparisons of prediction and measurements at dp ¼ 0.28–0.45 mm and U0 ¼ 0.6 m/s. Comparisons of
sample cells from No. 7 to 12 are shown.

Figure 10. Effect of dp on tracer concentration distribu-
tion at t 5 10 s with U0 5 1.2 m/s.

Sample cells from No. 1 to 6 are plotted.
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parameters including particle size of the tracers, are kept the
same as test M2 (dp ¼ 0.28–0.45 mm and U0 ¼ 1.2 m/s).
Twenty-four thermistors are located at positions according to
sample cells illustrated in Figure 3, at a same height of 0.12
m above the gas distributor.

Figure 15 presents the transient temperatures at monitor
probes from No. 1 to 12. The temperature rise depends on
the distance of the monitor probe from the feed port. The
largest temperature rise is found for No. 1 and 7 which

are nearest from the feed port. The smaller temperature
rise is found for probes further from the feed port. For
comparison, a zoom-in view of Figure 15a is presented in
Figure 16a. And the tracer concentration in Figure 8 is
rearranged in Figure 16b: by plotting the tracer concentra-
tion against time with sample cell ID as a parameter. It is
noted that the trend of the transient changes presented in
the Figures 16a, b are very similar, while the heat tracing
measurements are somewhat delayed by several seconds. It

Figure 13. Comparisons of measurements and prediction with Dsr.

Each plot reports a proper value of Dsr, with experimental run index indicated.

Figure 12. A distribution of Dsr for matching the predicted and measured tracer concentration profiles.

(a) 1st Row, distribution of Dsr; (b) 2nd Row, evolvement of tracer concentration profiles predicted with the corresponding Dsr, the initial
condition set by concentrations measured at 5 s; (c) 3rd Row, comparisons of prediction and measurements at dp ¼ 0.28–0.45 mm and
U0 ¼ 0.6 m/s. Comparisons of sample cells from No. 7 to 12 are shown.
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demonstrates that the result from the thermal tracing
method is helpful to estimate the solids mixing rate. The
detailed/quantitative interpretation for the temperature
measurements should consider the couple effects of the
mixing and heat transfer, which is being conducted in the
ongoing work.

Conclusions

A brief review of solids mixing in fluidized beds shows
that quantitative investigations should be emphasized in the
future studies, but the quantitative investigations offer a chal-
lenge to both the experimental and theoretical investigations.
The reliable and detailed solids mixing data would be pre-
cious in quantitative investigations.

A novel sampling technique is developed applied with bed
collapse method to obtain reliable lateral mixing profiles of
feed particles in a 3D fluidized bed. The sampling tool is
designed using a ‘‘bottom-to-top sampling’’ idea. An exten-
sive set of measurements on the distribution of tracer par-
ticles are carried out for different mixing time, fluidizing gas
velocity and particle size.

A quantitative comparison of lateral solids dispersion coef-
ficient shows that it is greatly influenced by the size of fluid-
ized beds. Our results agree fairly well with the measure-
ments and predictions of correlations for lab-scale fluidized
systems by previous studies.

The reported 2D profiles of the tracer concentration can be
used to validate solids mixing models or verify other conven-
ient measurement techniques. A preliminary validation of
thermal tracing method is given.

Table 3. Correlations of Lateral Solids Dispersion Coefficient

References Correlations

16 Dsr ¼ 3
16

d
1�d a

2dbububub;r
ubub;rþ2umf=emf

ubub;r�2umf=emf

� �1=3
�1

� �
Eq. 2

29 Dsr ¼ 0:013 u0 � umfð Þh0 Dbed

h0

� �0:5
u0�umfð Þ2

gh0

� ��0:15

Eq. 3

17 Dsr ¼ 0:46 u0 � umfð Þh0 u0�umfð Þdpqg
lg

� ��0:21
h0
dp

� �0:24 qp�qg
qg

� ��0:43

Eq. 4

18

Dsr ¼ 0:185 1� 0:44þ 2:87h=h0ð Þ r=Rð Þ5
� �

u0 � umfð Þdp
u0 � umfð Þdpqg

lg

 !�0:25
h0
dp

� �1:45 qp � qg
qg

 !�0:43 Eq. 5

19 Dsr ¼ 0:00067þ 0:023 1
H

RH
0

d
1�d

ffiffiffiffiffiffiffiffiffiffiffi
gd3bub

q
dh Eq. 6

Figure 14. Comparisons of Dsr with predictions by cor-
relations.

Figure 15. Transient temperature profiles due to a pulsed feeding of heated particles at dp 5 0.28–0.45 mm and U0

5 1.2 m/s.

(a) Monitor points from No. 1 to 6; (b) monitor points from No. 7 to 12.
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Figure 16. Comparisons of measurements from two tracing methods at dp 5 0.28–0.45 mm and U0 5 1.2 m/s.

(a) Transient temperature profiles from No. 1 to 6 (a zoomed-in view from Figure 15a); (b) transient tracer concentration profiles at sam-
ple cells from No. 1 to 6 (by plotting tracer concentration presented in Figure 8 against time with sample cell ID as a parameter).
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Appendix

Manuscript received Sept. 5, 2009, and revision received July 2, 2010.

Table A1. Complete Set of the Lateral Distribution of Tracer Mass Fraction

Row 1 Row 2 Row 3 Row 4 Row 1 Row 2 Row 3 Row 4 Row 1 Row 2 Row 3 Row 4

S1 M1-30 M3

0.281 0.411 0.492 0.317 0.276 0.282 0.281 0.305 0.206 0.197 0.202 0.199
0.266 0.314 0.381 0.276 0.238 0.256 0.270 0.272 0.211 0.199 0.194 0.181
0.194 0.211 0.189 0.161 0.199 0.192 0.218 0.235 0.197 0.195 0.197 0.183
0.125 0.152 0.150 0.138 0.135 0.160 0.188 0.190 0.193 0.191 0.187 0.174
0.080 0.105 0.126 0.114 0.134 0.142 0.170 0.167 0.193 0.190 0.181 0.181
0.057 0.075 0.089 0.088 0.116 0.118 0.123 0.124 0.182 0.172 0.171 0.176

S2 M2-5 M4

0.201 0.212 0.208 0.202 0.314 0.308 0.319 0.318 0.182 0.182 0.188 0.182
0.202 0.202 0.201 0.194 0.277 0.286 0.267 0.257 0.180 0.195 0.185 0.185
0.193 0.203 0.197 0.191 0.229 0.207 0.194 0.218 0.176 0.174 0.179 0.182
0.181 0.200 0.198 0.181 0.155 0.194 0.154 0.162 0.180 0.166 0.179 0.180
0.169 0.175 0.178 0.189 0.093 0.114 0.114 0.112 0.172 0.178 0.166 0.163
0.160 0.172 0.167 0.180 0.072 0.079 0.079 0.075 0.167 0.166 0.163 0.171

M1-5 M2-10 L1

0.505 0.749 0.734 0.417 0.234 0.242 0.244 0.243 0.386 0.410 0.378 0.360
0.396 0.607 0.503 0.363 0.232 0.229 0.237 0.240 0.348 0.310 0.314 0.289
0.156 0.216 0.215 0.203 0.212 0.215 0.216 0.205 0.254 0.198 0.179 0.204
0.021 0.049 0.042 0.037 0.164 0.185 0.192 0.182 0.101 0.125 0.131 0.139
0.007 0.014 0.012 0.010 0.147 0.160 0.172 0.175 0.062 0.071 0.103 0.078
0.003 0.001 0.004 0.005 0.134 0.142 0.154 0.156 0.036 0.042 0.045 0.050

M1-10 M2-15 L2

0.380 0.704 0.666 0.418 0.202 0.200 0.196 0.198 0.281 0.289 0.294 0.322
0.334 0.562 0.502 0.350 0.184 0.195 0.182 0.177 0.252 0.252 0.271 0.263
0.150 0.211 0.203 0.182 0.183 0.188 0.186 0.172 0.199 0.220 0.245 0.217
0.067 0.069 0.073 0.097 0.175 0.185 0.177 0.173 0.148 0.178 0.193 0.166
0.026 0.030 0.034 0.049 0.158 0.181 0.168 0.157 0.103 0.122 0.148 0.144
0.013 0.016 0.012 0.013 0.146 0.161 0.154 0.155 0.092 0.093 0.101 0.098

M1-15 M2-20 L3

0.352 0.633 0.562 0.380 0.197 0.193 0.184 0.189 0.196 0.206 0.219 0.205
0.302 0.423 0.350 0.363 0.188 0.183 0.185 0.177 0.204 0.202 0.203 0.204
0.174 0.185 0.204 0.184 0.182 0.185 0.180 0.173 0.185 0.188 0.189 0.192
0.096 0.108 0.149 0.123 0.175 0.177 0.186 0.176 0.189 0.185 0.190 0.184
0.063 0.067 0.093 0.087 0.187 0.179 0.178 0.178 0.180 0.169 0.172 0.166
0.034 0.043 0.049 0.051 0.177 0.177 0.180 0.188 0.162 0.162 0.154 0.151

M1-20 M2-30 L4

0.345 0.485 0.408 0.336 0.175 0.181 0.184 0.191 0.193 0.193 0.191 0.189
0.277 0.317 0.296 0.324 0.186 0.187 0.191 0.186 0.198 0.201 0.200 0.202
0.163 0.186 0.208 0.224 0.180 0.185 0.183 0.173 0.180 0.189 0.186 0.175
0.152 0.148 0.172 0.155 0.183 0.187 0.188 0.170 0.181 0.197 0.179 0.180
0.115 0.102 0.108 0.106 0.186 0.189 0.186 0.178 0.188 0.176 0.169 0.167
0.117 0.071 0.077 0.081 0.175 0.175 0.176 0.184 0.174 0.169 0.156 0.165
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