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Thermal tracing is a simple method for studying solids mixing in fluidized beds.
However, the measurement of temperatures is influenced by both mixing and heat
transfer, which limits its usefulness for inferring mixing quantitatively. In this work, a
semiempirical model is developed to quantify lateral solids mixing in fluidized beds.
The model couples the tracer mass balance, the enthalpy balance of tracers and bed
particles, and the response dynamic of thermometers. A series of tests is pezrformed
in a lab-scale fluidized bed, with particle sizes of 0.28–0.45, 0.45–0.6, 0.6–0.8, and
0.8–1.0 mm, and fluidizing velocity from 0.3 to 2.3 m/s. By evaluating the measured
transient temperatures using the model, the lateral dispersion coefficient (Dsr) is deter-
mined to be between 0.0002 and 0.0024 m2/s. Its reliability is confirmed by bed
collapse experiments. Finally, the values of Dsr is compared with a collection of data in
the literature. VVC 2011 American Institute of Chemical Engineers AIChE J, 58: 745–755, 2012
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Introduction

Fluidized bed technology is widely used in physical and
chemical processes, e.g., granulation, drying, coating, fluid
catalytic cracking, and solid fuel combustion/gasification.
The performance of a fluidized bed is highly influenced by
the mixing of particles. Solids mixing has thus been a sub-
ject of continued interest of study in fluidization engineering
since the 1950s (see review articles1–8) and has developed
into a broad topic. Mixing dynamics in a dense (bubbling/
slugging/turbulent) fluidized bed1,2 are much different from
those in a fluidized bed riser.3 Overall motion characteris-
tics,1,2 axial mixing,4 and lateral mixing5 are also studied
using different methods. The overall motion characteristics
in a dense bed or a riser can be visualized by tracking an
individual radioactive tracer, which provides valuable infor-

mation that can be used for inferring the mixing rate.8 Axial
mixing in a riser has been studied extensively using a stimu-
lus-response method with various tracers and characterized
by residence time distribution.4,9 The lateral mixing in a
riser, although much less investigated, has been effectively
studied by phosphor10 and heated tracing methods.11,12 These
effective methods for investigating mixing in a riser cannot
be applied directly in a dense bed study due to much higher
solid concentration. In this study, the lateral solids mixing in
the dense bed is focused on because the lateral mixing is
much less favorable than axial mixing.1

Particle tracing methods for lateral solids mixing

Several techniques using a single tracer or a batch of trac-
ers have been developed for measuring solids mixing in the
dense zone of fluidized beds. By tracking a single particle
continuously, the characteristics of particle motion can be
effectively revealed.13–16 In addition, solid dispersion coeffi-
cient can be calculated based on the trajectory.13,14 More
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commonly, the dispersion coefficient is determined by meas-
uring the dispersion of a batch of tracers and modeling using
a Fickian-type diffusion equation.5 The employed tracers
include different chemicals (Here, it is classified as Type I
tracer),17,18 different particle sizes (I),19,20 colored (II),2,21,22

heated/cooled (III),23,24 subliming (III),25,26 reactive to pro-
duce gaseous (IV),5,27 specifically designed porous carbon-
loaded (IV),28 magnetized from a slice of bed particles
(V),29 and radioactive (V)30 tracers.

Type I experiments obtain tracer mixing directly, but they
have to be performed at given intervals, which is both time-
consuming and tedious. Type II experiments allow nonintrusive
image analysis through which the details of hydrodynamics are
also obtained, but they are limited to two-dimensional (2-D)
facilities. Type III experiments enable on-line measurements
at multiple points simultaneously. They also do not contami-
nate bed particles, which avoid the separation of tracers.
However, the quantitative analysis of measured temperatures
is not easy. Type IV techniques are designed to provide
convenient methods for solids mixing. They were only
developed recently and, to date, their applications are still
few. Finally, Type V experiments provide detailed informa-
tion on particle trajectory, solids flow pattern, etc. They are
precious tools in solids mixing study, but their high cost and
complexity prohibit their widespread use.

It can be concluded that a convenient, easily implemented,
and reliable technique for measuring solids mixing will be
attractive. Thermal tracing (Type III tracer) is such a simple
approach, but with the referred disadvantages. Valenzuela
and Glicksman (1984) used the method for investigating
local solids mixing behaviors in a 2-D fluidized bed.31 West-
phalen and Glicksman (1995)11 and Koenigsdorff and Wer-
ther (1995)12 used it for measuring radial dispersion coeffi-
cient in the upper region of a circulating fluidized bed. It is
also employed by several other authors for studying solids
mixing in fluidized beds.24,32–35 However, the measured tem-
peratures are influenced by both mixing and heat transfer.
To overcome this disadvantage, Westphalen and Glicksman
(1995) developed a model, which included energy balance of
tracers, bed particles and gas, as well as tracer mass balance,
to estimate radial particle diffusivity in the core region of a
bed riser, but they could not apply it for solids mixing in the
bottom bed.11

This study aims to improve the thermal tracing method by
building and testing a semiempirical model for analyzing
measured temperatures and for quantifying solids mixing in
fluidized beds. The present model couples the mass balance
of the tracers, the enthalpy balance of the tracers and bed
particles, and the thermometer response function. Its overall
framework is similar to that developed by Westphalen and

Glicksman (1995), but the treatment of tracer feed source,
heat transfer source, and thermometer response characteristic
are different.

The following sections are arranged as follows: The ‘‘Ex-
perimental’’ section gives an essential description of the
thermal tracing test. The ‘‘Model’’ section presents the pro-
posed thermal tracing model. Then, the ‘‘Results’’ section
presents the evaluated results for a range of operating condi-
tions. In the ‘‘Discussion’’ section, the reliability of the
results from the thermal tracing model is compared with the
bed collapse tests and a summary of literature data.

Experimental

Experimental conditions

The mixing tests cover a combined range of bed particle
size (dp) and fluidizing velocity (U0), as listed in Table 1.
Several levels of fluidizing velocity are investigated for each
of the bed particles. In each test, the bed material comprises
6600 g sand particles and the tracers are heated sand par-
ticles whose mass is 1370 g. It is found that 1370 g tracers
are enough to enable a repeatable mixing behavior. Too few
tracers cannot enable reproducibility of the measurement,
and too many tracers would alter the bed hydrodynamics.
The minimum fluidization velocities (Umf) for the sand par-
ticles with dp ¼ 0.28–0.45, 0.45–0.6, 0.6–0.8, and 0.8–1.0
mm are experimentally determined to be 0.19, 0.41, 0.60,
and 0.69 m/s, respectively.

Apparatus and procedure

The fluidized bed has a cross section of 0.3 m � 0.2 m
and a height of 2 m (Figure 1), which is described in detail
elsewhere.19 It is equipped with tracer feed and detection
components. A tracer container with a feed tube is located at
the sidewall. The feed tube, with an inner diameter of 38
mm, connects the bed at a height of 0.15 m above the dis-
tributor. A ball valve is installed in the feed tube. In each
test, when the bed has reached steady-state fluidization, the
tracers are poured into the container. Then at one moment,

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. Test Conditions

dp (mm) U0 (m/s)

0.8–1.0 0.93 1.16 1.33 1.56 1.78 2.22
A1 A2 A3 A4 A5 A6

0.6–0.8 0.69 0.93 1.22 1.56 1.89
B1 B2 B3 B4 B5

0.45–0.6 0.56 0.79 1.22 1.56 1.89
C1 C2 C3 C4 C5

0.28–0.45 0.32 0.56 0.83 1.16
D1 D2 D3 D4
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the valve is opened quickly, the tracers flow into the bed, and
then mix with the bed particles. The tracers can flow into the
bed by gravity because the feed port is located in the splashed
zone above the bed surface. The pressure drop between the
two points P1 and P2 in Figure 1 is monitored to reflect the
tracer injection process. It is found from the pressure drop
measurement that the feeding duration is approximately 4–5 s.

The tracers are prepared using the following steps. First, a
batch of weighed tracers is heated to 100�C in an oven.
Then the tracers are kept in the oven for another 30 mins,
which enables the particles to reach thermal equilibrium.
Next, the tracers are quickly poured into the tracer container
kept warm by a heater band. Finally, the tracers are fed into
the bed at one moment. Note that the present tracer prepara-
tion method cannot ensure the tracers are at exactly 100�C.
Heat balance calculation, using Eq. 13 below, shows that the
tracer temperatures in different tests are in the range of 90–
103�C. Tracer temperature can be influenced by the final
tracer temperature in the oven, the process of transferring
tracers from the oven to the container, and the period when
the tracers in the container are waiting for feeding. In the
modeling below, the calculated temperature using Eq. 13 is
used as the input of the tracer temperature instead of 100�C.
In further studies of thermal tracing tests, it is better to seek
other ways for preparing heated tracers, such as using a flu-
idized device to heat and feed tracers.

A group of thermocouples indicated in Figure 1 are used
to monitor local temperatures. One thermocouple monitors
the temperature below the distributor. Six thermocouples,
denoted as Nos. 1 to 6, are arranged in a line at a height of
0.07 m above the gas distributor to monitor lateral tempera-
ture profiles in the dense bed. Another five monitor tempera-
tures at a height away from the dense bed. The employed
thermocouple is naked, with a point head of 1.1 mm diame-
ter, ensuring quick response to the transient temperature.
Figure 2 illustrates its response characteristic: the thermo-
couple reaches 90% of the change within 0.5 s when it is
suddenly moved from air into hot water. The heat-transfer
coefficient at the thermocouple in water is different from
that in fluidized beds; thus, it is incorporated into the ther-
mocouple response function as described in the ‘‘Model’’

section. Another kind of thermometer, a PN thermistor,
which shows a slower response, is tested, as given in the
‘‘Discussion’’ section.

Model

The objective is to quantify lateral solids mixing in a
fluidized bed by modeling the coupled effects of mixing,
heat transfer, and transient temperature measurement errors.
Figure 3 depicts the overall model framework, taking into
account the mass balance of the tracers, the enthalpy balance
of the tracers and bed particles, and the thermometer
response characteristic. Assigning a value for the lateral sol-
ids dispersion coefficient (Dsr) the model predicts a spatio-
temporal temperature distribution, which is then compared
with the measured temperatures.

Simplifications

Many of the published works employ a Fickian-type diffu-
sion equation to fit the complex lateral mixing process,5 In
this method, mixing induced by different factors, such as
local bubble movement and gross emulsion circulation, is
lumped into an effective dispersion coefficient. The present
model adopts the diffusion equation for tracer mass disper-
sion. Vertical mixing of solids is preferred over lateral mix-
ing because the motion of bubbles is promoted in a vertical
direction.1 Experimental investigations concerning solids
mixing in the fluidized bed bottom zone reveal a uniform
vertical tracer distribution.25 Thus, in the model below, the
tracers are assumed to be vertically uniform.

Tracer mass balance

Solids mixing in the bottom zone (including dense bed
and splashed zone) is modeled, and the modeling geometry
is shown in Figure 4. Tracer mass concentration is defined
as Ct : m/A [kg tracers/m2 cross-section area], which repre-
sents tracer mass per cross-section area. Almost no elutria-
tion of particles was observed due to narrow particle-size
distribution. Its conservation can be described by the 2-D
dispersion equation:

@Ct

@t
¼ Dsr

@2Ct

@x2
þ @2Ct

@y2

8>>:
9>>;þ Sfeed (1)

Figure 2. Response characteristic of the thermocouple.

The thermocouple is suddenly placed from air into hot water.

Figure 3. Overall framework of the developed model.

Assigning a value for dispersion coefficient in the model, it
predicts a spatio-temporal temperature distribution which
can be directly compared with the measured temperatures.
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where Dsr is the effective dispersion coefficient and Sfeed is the
tracer mass source. In the model, it is assumed that there is an
initial distribution of the tracer feed around the feed point
(Afeed). Sfeed is zero outside Afeed, whereas within Afeed, it is
determined by

Sfeed ¼ Mfeed= Afeedtfeedð Þ t � tfeed
0 t > tfeed

�
(2)

where Mfeed is the tracer mass and tfeed is the tracer feed
duration. According to the experimental condition, the value
of Mfeed is 1370 g and that of tfeed is 5 s. However, the value of
Afeed has to be assumed. Afeed is assumed to be 4 cm � 5 cm
around the feed point. During preprimary calculations no
evident difference in temperature predictions is observed, as
Afeed is changed within a reasonable range.

With the following initial and boundary conditions:

t ¼ 0; Ct ¼ 0

t > 0;
@Ct

@x

����
x¼0;L

¼ @Ct

@y

����
y¼0;B

¼ 0
(3)

Equation 1 yields a transient distribution of the tracer mass
concentration, Ct. It is converted to a nondimensional
parameter:

g ¼ Ct

Ct þ Cb

(4)

where Cb is the mass concentration of bed particles, and g is
the local tracer mass fraction.

Mixing temperature

Given a local volume in the dense bed, which contains
tracer particles, bed particles, and gas, local temperature can
be calculated as

Tmix ¼ cpsmtTs þ cpsmbTb þ cpgmgTg
cpsmt þ cpsmb þ cpgmg

(5)

Since the gas density is smaller than particle density by three
orders of magnitude, the contribution of gas to Tmix is
negligible

Tmix ¼ mtTt þ mbTb
mt þ mb

¼ gTt þ 1� gð ÞTb (6)

According to Eq. 6, Tt and Tb, as well as g, should be known
for predicting Tmix. Therefore, the enthalpy balance of the
tracers and the bed particles are built to obtain Tt and Tb,
respectively.

Enthalpy balance

Enthalpy concentration of the tracers is defined as Ht ¼
CtcpsTt [J/m2 cross-section area], which represents the
tracer enthalpy per cross-section area. It is balanced by the
accumulated term, the heat transported with the tracer dis-
persion, and the heat transferred from the fluidizing gas and
bed particles:

@Ht

@t
¼ Dsr

@2Ht

@x2
þ @2Ht

@y2

8>>:
9>>;þ SH;feed þ Sgt þ Sbt

t ¼ 0;Ht ¼ 0

t > 0;
@Ht

@x

����
x¼0;L

¼ @Ht

@y

����
y¼0;B

¼ 0 ð7Þ

where SH,feed (¼SfeedcpsTt) is the enthalpy source due to the
tracer feed, Sgt is the heat transfer from the gas to the tracers,
and Sbt is the heat transfer from the bed particles to the tracers.

Similarly, enthalpy concentration of the bed particles is
defined as Hb ¼ CbcpsTb [J/m

2 cross-section area]. Its conser-
vation equation is

@Hb

@t
¼ Dsr

@2Hb

@x2
þ @2Hb

@y2

8>>:
9>>;þ Sgb þ Stb

t ¼ 0;Hb ¼ CbcpsTb0

t > 0;
@Hb

@x

����
x¼0;L

¼ @Hb

@y

����
y¼0;B

¼ 0 ð8Þ

where Sgb is the heat transfer from the gas to the bed particles,
and Stb (¼–Sbt) is the heat transfer from the tracers to the bed
particles.

The source terms of Sgt, Sbt, and Sgb in Eqs. 7 and 8 are
calculated by a similar method. Sgb, for example, is deter-
mined by the limiting values of

Sgb ¼ min
6esH
dp

hgbDTgb;qgU0cpgðTg0 � TeqÞ
8>>:

9>>; (9)

where the first term on the right-hand side is the convective
heat transfer between the gas and the particles, and the second
term is determined by assuming a local thermal equilibrium.
The parameter of 6esH/dp represents the heat transfer surface
area per unit volume shown in Figure 4.

Thermometer response characteristic

Thermometer readings can deviate somewhat from the
actual transient change of Tmix because it takes time for
the thermometer to develop a response. According to the
unsteady heat conduction theory, the thermometer response
characteristic can be described by the following equation:

Figure 4. Modeling geometry.

The tracers are assumed to be uniform in the vertical direction.
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dTpr
ds

¼ � Ap

qpcpVp

hpf Tpr � T1
� �

(10)

where Tpr is the thermocouple reading, T1 is the actual
temperature of the surrounding environment, and hpf is the
heat-transfer coefficient between thermocouple and surround-
ing environment. The combined parameters of Ap/qpcpVp,
which are physical properties of the thermometer, are constant.

Given the response test for the naked thermocouple (Figure
2), with Nup ¼ 2 in still water, by fitting the solution of Eq. 10
with the thermocouple’s reading, the value of Ap/qpcpVp is
obtained. Thus, the thermocouple response characteristic is

dTpr
ds

¼ �0:004hpf Tpr � T1
� �

(11)

In the modeling of thermal tracing test, T1 represents Tmix

from Eq. 6, and hpf is calculated by

Nup ¼ 2þ 0:6� 1:8ð ÞRe0:5p Pr0:333 (12)

where the coefficient of the second term in the right-hand side
is assigned as 1.2 in the present simulation based on the recent
experimental studies.36

Initial temperatures of the tracers

As described in the ‘‘Experimental’’ section, the present
tracer preparation method cannot ensure the tracers are
exactly at 100�C. Initial tracer temperature is determined by
heat balance calculation instead of being set as 100�C. It is
calculated according to the bed temperature at time t and
heat loss

Tt;0 ¼ 1

cpsMt

cpsTb;tMb þ cpsTb;tMt � cpsTb;0Mb

þcpgqgugAbed

R t
0
DTg ds

8>>:
9>>; (13)

where Tt,0 and Tb,0 are the initial temperatures of the tracers
and the bed particles, Tb,t is the bed temperature at time t, and
DTg is the gas temperature rise when going through the bed.
Heat balance calculations show that the tracer temperatures in
different tests are in the range of 90–103�C.

Calculation procedure

Given a value for Dsr, Eqs. 1, 7, and 8, a system of partial
different equations, are solved iteratively using the finite vol-

ume algorithm.37 Applying their results, g, Tt, and Tb, into
Eq. 6 yields the mixing temperature, Tmix. Placing Tmix into
Eq. 11, an ordinary differential equation, simulates the
dynamic response of the thermometers, Tpr. Then, Tpr at
monitors Nos.1 to 6 are compared with the measured results
at one mixing time, where the parameter root mean square
error (RMSE) is introduced to help select a time at which
the comparison of prediction with measurement is made.
RMSE is defined as

RMSEt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

Ti;t � Tave;t
� �

=N
q

(14)

where Ti,t is the temperature response of monitor i at time t, N
is the number of monitors, and Tave,t is the average temperature
response of the N monitors. During calculation, three mixing
times, corresponding to RMSE at 2.5, 3.5, and 4.5 K,
respectively, are selected for comparison of prediction with
measurement.

Results

An illustrative example of model comparison with
experiment

Figure 5 illustrates an example of the model prediction.
Given Dsr ¼ 22 cm2/s, the model sequentially predicts the
transient behaviors of tracer mass fractions (g), mixing tem-
perature (Tmix), and thermometer reading (Tpr), as shown in
Figures 5a–c, respectively. The variation of g shows a clear
mixing process. After about 25 s, g at different positions
reaches equilibrium and remains constant. The variation of
Tmix is similar to that of g, but one difference is that Tmix

decreases constantly with time because the heat of bed mate-
rials is transferred to the fluidizing gas and carried away
continuously. The variation of Tpr, which includes the lag of
thermometer response, is very close to that of Tmix because
the employed thermometer has a quick response.

Although g is a direct measure of tracer dispersion, it is
not easy to measure. In contrast, Tpr, although an indirect
measure of tracer dispersion, can be measured conveniently
using the thermal tracing test. Figure 6 compares Tpr, pre-
dicted by the model with Dsr ¼ 22 cm2/s, with the measured
temperatures at Test B5 (dp ¼ 0.6–0.8 mm, U0 ¼ 1.89 m/s).
Two calculations using the model are performed to demon-
strate the influence of heat transfer. One calculation is per-
formed without heat transfer, assuming that the heat source

Figure 5. Model prediction of (a) tracer mass fraction, (b) mixing temperature and (c) thermometer reading.

Dsr ¼ 22 cm2/s, at the monitors from Nos. 1 to 6.
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terms of Sgt, Sbt, and Sgb in Eqs. 7 and 8 are zero, and the heat
transfer in the other calculation is normal. A reasonable agree-
ment between the measured temperatures and the prediction
with heat transfer is noted, but the calculation without heat
transfer gives an incorrect prediction of the temperature.

Lateral solids dispersion coefficient

Figure 7 compares the measured and calculated tempera-
ture responses at different lateral positions for different fluid-
izing velocities and constant particle size. In each figure, the
calculated temperature profiles are plotted as solid lines and
the calculated value of Dsr is indicated. The general behavior
of the computed temperature is consistent with the measure-
ment. By increasing fluidizing velocity from 0.69 to 1.56 m/s,
temperature equilibrium is achieved faster and, as expected,

the determined value of Dsr is increased from 2 to 15 cm2/s.
As fluidizing velocity is increased, the bubble dynamics
become more vigorous, which promote solids mixing.

The calculated and measured temperatures are generally in
agreement, except for the first few seconds after the tracer
feed. Note that the prediction of the monitors at Nos. 1 and
2, which are closer to the feed point, is lower than the mea-
surement, indicating an overprediction of the tracer disper-
sion. Some calculations performed by Liu and Chen (2010)19

assume smaller values of Dsr near the bed wall and larger
ones in the bed core region, yielding a very good agreement
between calculated and measured temperatures. However, a
constant value of Dsr is assumed upon calculation, which is
more practical and common in literature. Furthermore, the
above mentioned disagreement disappears gradually with
time. Given enough seconds for mixing, it is acceptable to
simplify lateral mixing by assuming a constant value of Dsr

in the dispersion model. Actually, in the studies by Winaya
et al. (2007)28 and Liu and Chen (2010),19 by assuming a
constant value of Dsr in the dispersion model, the disagree-
ment is also noted at the beginning of mixing between meas-
ured transient tracer profiles and dispersion model.

The tests are also performed for dp ¼ 0.28–0.45, 0.45–0.6,
and 0.8–1.0 mm under different fluidizing velocities. In each
test, the measured transient temperature profiles are com-
pared with model predictions, yielding a value of Dsr. The
results are not shown individually because they are similar
to those presented in Figure 7.

Figure 8 shows the RMSE of the transient temperature
profiles, defined by Eq. 14, as a function of time for all the
tests performed with different particle sizes. RMSE, the
deviation of temperature distribution, can indicate the mixing
process. A reasonable agreement between calculated and
measured RMSE can be seen for each test, except that the
disagreement at the beginning of the tracer feed which has a
limited influence on the overall prediction. Therefore, such a

Figure 6. Comparison of model prediction with Dsr 5
22 cm2/s, with measurement at Test B5 (dp 5
0.6–0.8 mm, U0 5 1.89 m/s).

The model prediction with heat transfer effect (solid lines)
and without heat transfer effect (dash lines) are compared.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 7. Measured (symbols) and calculated (lines) temperature responses at the monitors from Nos.1 to 6 for
different fluidizing velocities with dp 5 0.6–0.8 mm.

(a) U0 ¼ 0.69 m/s; (b) U0 ¼ 0.93 m/s; (c) U0 ¼ 1.22 m/s; (d) U0 ¼ 1.56 m/s. In each figure the value of Dsr is indicated. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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model is capable of modeling the overall behaviors of the
thermal tracing test. Figure 9 summarizes Dsr as a function
of the fluidizing velocity for each bed material. For each
test, the average value of Dsr had error bars which resulted
from computing Dsr at three mixing times, corresponding to
the RMSE of 2.5, 3.5, and 4.5 K, respectively. The values of
Dsr lie in the range of 0.0002–0.0024 m2/s. The obtained Dsr

is compared with literature data in the following section.

Discussion

Influence of thermometer response speed

Before discussing Dsr further, let us check the influence of
thermometer response speed. Figure 10 compares the

response speed of the two types of thermometers: the naked
thermocouple (TC) whose response characteristic is illus-
trated in Figure 2, and the PN thermistor (PNT). As shown
in Figure 10, PNT develops a slower response compared to
TC, and its response characteristic is described by

dTpr
ds

¼ �0:0022hpf Tpr � T1
� �

(15)

Figure 11 compares the measurements by TC and PNT for two
tests. At the monitor of No. 1, where temperatures change
rapidly, the reading from the PNT is obviously smaller than
that from the TC, but they coincide with each other after a few
seconds where the changes are slower. It can be inferred that
the thermometer would not capture the transient temperatures
if its response is further slower. Therefore, it is very critical to
use the quick response thermometer to ensure a reliable tracing

Figure 8. RMSE of measured (symbols) and calculated (lines) temperature responses for all the tests listed in Table 1.

(a) dp ¼ 0.8–1.0 mm; (b) dp ¼ 0.6–0.8 mm; (c) dp ¼ 0.45–0.6 mm; (d) dp ¼ 0.28–0.45 mm. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

Figure 9. Lateral solids dispersion coefficient (Dsr) as a
function of fluidizing velocity for all the tests
listed in Table 1.

For each test, the averaged value of Dsr is reported with
error bars. The error bars result from computing Dsr at three
mixing times, corresponding to RMSE of 2.5, 3.5, and
4.5 K, respectively.

Figure 10. Comparison of response characteristic for
the thermocouple and PN thermistor.

They are suddenly placed from air into hot water.
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measurement. It is noted in the study by Glicksman et al.
(2008) that they used thermistors with very fast response,
which enabled the investigation of particle injection and
mixing behaviors in a fluidized bed.24

Comparison with the bed collapse method

Liu and Chen (2010) obtained spatio-temporal lateral mix-
ing behaviors by the bed collapse method with a novel sam-
pling tool, and thermal tracing measurements with the PN
thermistors.19 A preliminary comparison of the thermal trac-
ing measurements with the bed collapse measurements is
given by them. Here, a further comparison is made. Figure 12

shows the layout of the 24 sample cells in the bed cross sec-
tion. The bed collapse measurements, at the conditions of
(1) U0 ¼ 0.6 m/s and (2) U0 ¼ 1.2 m/s, with bed particles
dp ¼ 0.28–0.45 mm and tracers dt ¼ 0.8–1.0 mm, can be
referred to Figures 7 and 8 in the previous paper.19 Figure
13 shows the measured transient temperature profiles, for the
corresponding conditions, at the positions of the 24 sample
cells. Maximal temperature rise decreases along the X direc-
tion but remains similar along the Y direction, which is con-
sistent with the 2-D lateral tracer concentration profiles.19

By increasing U0 from 0.6 to 1.2 m/s, the response becomes
more rapid as expected, indicating an improvement in tracer
dispersion.

Furthermore, the 2-D lateral tracer concentration profiles
at different mixing times, in Figures 7 and 8 of the previous
study,19 and the transient temperatures at different lateral
positions, in Figure 13 of this article, are evaluated using the
model developed in this work. Figures 14 and 15 present the
evaluated results for U0 ¼ 0.6 m/s and U0 ¼ 1.2 m/s, respec-
tively. In Figure 14a, a comparison is made for the tracer
mass fraction, with symbols representing the data obtained
by bed collapse measurements and lines predicted by Eq. 1
with Dsr ¼ 5 cm2/s. Similarly, in Figure 14b, a comparison
is made for the temperature, both predicted and measured by
thermal tracing tests, with Dsr ¼ 7 cm2/s. The agreement
between model and measurement is reasonable. For U0 ¼
1.2 m/s, shown in Figure 15, the Dsr is determined to be

Figure 11. Comparison of thermal tracing measurements
by thermocouples (TC) and PN thermistors
(PNT) at the monitors of Nos.1, 3, and 6.

(a) dp ¼ 0.6–0.8 mm, U0 ¼ 1.22 m/s; (b) dp ¼ 0.6–0.8 mm,
U0 ¼ 1.89 m/s.

Figure 12. Top view and index of the 24 sample cells.

They are used for comparison tests of thermal tracing
method with bed collapse method.

Figure 13. Transient temperature response at the positions corresponding to the 24 sample cells.

(a) U0 ¼ 0.6 m/s and (b) U0 ¼ 1.2 m/s, with dp ¼ 0.28–0.45 mm and dt ¼ 0.8–1.0 mm. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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20 cm2/s and 23 cm2/s using the two methods. Therefore,
the determined values of Dsr by the two methods are consist-
ent, leading to the conclusion that the improved thermal trac-
ing method in this article is reliable for measuring lateral
solids dispersion coefficient quantitatively. The key point is
that the temperature can be measured more conveniently
than the tracer concentration.

Comparison with literature data

Many studies have been carried out for measuring lateral
solids mixing in the fluidized bed bottom zone. Figure 16
presents a compilation of Dsr reported in the literature after the
1980s. Each line in Figure 16a, with Dsr plotted against U0–
Umf, is from a separate set of experiments, with its conditions
noted in the right of Figure 16. For better clarity, the average

Figure 14. Model evaluation of two tracing methods.

(a) comparison of bed collapse measurement and model
evaluation; (b) comparison of thermal tracing measurement
and model evaluation. U0 ¼ 0.6 m/s, dp ¼ 0.28–0.45 mm
and dt ¼ 0.8–1.0 mm, at the monitors from Nos. 1 to 6.

Figure 15. Model evaluation of two tracing methods.

(a) comparison of bed collapse measurement and model
evaluation; (b) comparison of thermal tracing measurement
and model evaluation. U0 ¼ 1.2 m/s, dp ¼ 0.28–0.45 mm
and dt ¼ 0.8–1.0 mm, at the monitors from Nos. 1 to 6.

Figure 16. A compilation of lateral solids dispersion coefficient (Dsr) reported in the literature after the 1980s.

The data cover a wide range of bed size, fluidizing velocity, static bed height, and particle size. (a) each line plots Dsr against U0 – Umf;
(b) each data point is calculated by averaging each line in (a).
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of each line is calculated, which yielded the data in Figure
16b. The reviewed data cover a wide range of bed size, fluid-
izing velocity, bed height, and particle size. It shows that Dsr

is scattered from 0.0001 to 0.1 m2/s. There are only two data
points around 0.1 m2/s, which are obtained in pilot fluidized
beds at higher fluidizing velocities.5,26 A few points are around
0.01 m2/s.20,32,35 An example in this group is that of Yang
et al., who measured Dsr in the bottom zone of a CFB with a
width of 0.9 m.35 Most of the other data, obtained either in
smaller facilities or at lower fluidizing velocities, fall at
�0.001 m2/s. The Dsr obtained in this study falls into this
group. Therefore, a strong dependence of Dsr on bed size
and fluidizing velocity is established, although parts of the
scatter are due to experimental techniques and data analy-
sis. More detailed investigations on solids mixing using
advanced experimental techniques and numerical simula-
tions are still required in the future study.

Conclusions

This article presents a semiempirical thermal tracing
model for quantifying lateral solids mixing in dense fluidized
beds. The model includes tracer mass balance based on the
widely used Fickian-type diffusion equation, enthalpy bal-
ance of tracers and bed particles, and thermometer response
characteristic, to describe the coupled effects of mixing, heat
transfer, and dynamic measurement errors. Assigning a value
of the lateral dispersion coefficient (Dsr) in the model, it pre-
dicts a spatio-temporal temperature distribution, which can
be compared directly with measured temperatures from the
thermal tracing experiment.

The model is employed to evaluate a series of tests per-
formed in a lab-scale fluidized bed, with particle sizes of
0.28–0.45, 0.45–0.6, 0.6–0.8, and 0.8–1.0 mm, and fluidizing
velocity from 0.3 to 2.3 m/s. The Dsr is determined to be
between 0.0002 and 0.0024 m2/s. By comparing the results
from thermal tracing and bed collapse experiments, the reli-
ability of the thermal tracing method is confirmed. Finally,
results are compared with literature data.

There is a lack of easily implemented and reliable meth-
ods for investigating solids mixing quantitatively in dense
fluidized beds. The improved thermal tracing method, pre-
sented in this article with a detailed discussion on its imple-
mentation, measurement, data treatment, and validation, is a
good choice for measuring the mixing rate of solids.
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Notation

Afeed ¼ an assumed initial distribution of the tracer around the feed
point, m2

Ap/qpcpVp ¼ surface area/(density � specific heat capacity � volume)
of the thermometer head, in Eq. 10, m2 K)/J

Cb ¼ mass concentration of the tracer particles per cross section
area, kg/m2

Ct ¼ mass concentration of the bed particles per cross section
area, kg/m2

cp ¼ specific heat capacity, J/(kg K)
Dsr ¼ lateral solids dispersion coefficient, m2/s
d ¼ particle diameter, mm

Hb ¼ enthalpy concentration of the bed articles per cross section
area, J/m2

Ht ¼ enthalpy concentration of the tracer particles per cross
section area, J/m2

hpf ¼ heat-transfer coefficient between the thermometer and fluid,
W/(m2K)

Mfeed ¼ tracer mass, kg
m ¼ mass, kg

Nu ¼ Nusselt number, dimensionless
Pr ¼ Prandtl number, dimensionless
Re ¼ Reynolds number, dimensionless

Sfeed ¼ tracer mass source, kg/(m2s)
SH,feed ¼ enthalpy source due to the tracer feed, J/(m2 s)

Sgt ¼ enthalpy source due to heat transfer from the gas to
tracers, J/(m2 s)

Sbt ¼ enthalpy source due to heat transfer from the bed particles
to tracers, J/(m2 s)

Stb ¼ –Sbt, J/(m
2 s)

Sgb ¼ enthalpy source due to heat transfer from the gas to bed
particles, J/(m2 s)

tfeed ¼ tracer feed duration, s
T ¼ temperature, K

Tpr ¼ thermocouple’s reading, in Eq. 10, K
T1 ¼ actual temperature of the fluid, in Eq. 10, K
Tt,0 ¼ initial temperature of the tracers, in Eq. 13, K
Tb,0 ¼ initial temperature of the bed particles, in Eq. 13, K
Tb,t ¼ temperature of the bed particles at time t, in Eq. 13, K
Teq ¼ thermal equilibrium temperature in a unit volume, K
DT ¼ temperature difference, K
U0 ¼ fluidizing gas velocity, m/s
Umf ¼ minimal fluidization velocity, m/s

x ¼ x–direction, m
y ¼ y–direction, m

Greek letters

s ¼ time, s
q ¼ density, kg/m3

e ¼ voidage, dimensionless
es ¼ solid volume fraction, dimensionless
g ¼ tracer mass fraction, dimensionless

Subscripts

b ¼ bed particle
f ¼ fluid
g ¼ gas

mf ¼ minimal fluidization
mix ¼ mixture of tracers, bed particles, and gas

p ¼ particle
s ¼ solid
t ¼ tracer
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