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A combined approach of discrete particle simulation and computational fluid dynamics is used to study the heat transfer in
a fluidized bed with a horizontal tube. The approach is first validated through the good agreement between the predicted
distribution and magnitude of local heat transfer coefficient with those measured. Then, the effects of inlet fluid superficial
velocity, tube temperature and main particle properties such as particle thermal conductivity and Young’s modulus are
investigated and explained mechanistically. The relative importance of various heat transfer mechanisms is analyzed. The
convection is found to be an important heat transfer mode for all the studied conditions. A large convective heat flux
corresponds to a large local porosity around the tube, and a large conductive heat flux corresponds to a large number of
particle contacts with the tube. The heat transfer is enhanced by the increase of particle thermal conductivity while it is little
affected by Young’s modulus. Radiative heat transfer becomes increasingly important as the tube temperature is increased.
The results are useful for temperature control and structural design of fluidized beds. VVC 2011 American Institute of

Chemical Engineers AIChE J, 58: 1422–1434, 2012
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Introduction

Fluidization is widely used in industries as a major flow
mode in chemical processes, due to its high heat and mass-
transfer capability. Immersed surfaces such as horizontal/ver-
tical tubes, fins and water walls are usually adopted in such
processes to control flow and heat transfer. Understanding the
flow and heat transfer mechanisms is important to achieve
optimal design and control of fluidized systems.1 Many stud-
ies have been carried out in this area, resulting in various em-
pirical correlations for the heat transfer coefficient (HTC).2–6

These correlations have shown their value in solving some
practical problems. However, to produce equations that can
be generally applied to different systems, microscopic under-
standing of the heat transfer mechanisms is important.

With this realization, the heat transfer between a single
large particle and a fluidized/packed bed of small particles
has recently been examined experimentally.7–10 In these
studies, a hot sphere is immersed in the bed, and its transient
temperature is measured using an attached thermocouple.
Some studies have focused on how the HTC of a tube is
affected by the surrounding gas–solid flow characteristics
such as particle residence time and porosity by means of: a
heat-transfer probe, positron emission particle tracking
(PEPT) method or an optical probe.11–13 The variations in
HTC with the probe position and fluid velocity were ana-
lyzed. The observed angular variation in HTC was explained

by the PEPT data. While useful for fundamental understand-
ing and model validation, such experimental studies have a
difficulty in quantifying the contributions to heat transfer by
the individual heat transfer modes, i.e., convection, conduc-
tion and radiation. Further complications arise from the fact
that the heat transfer is strongly dependent on the local gas–
solid flow structure and the interactions of various types,
e.g., between particles and between particles and immersed
surface. It is a challenging task to measure these spatially
and temporally varying factors in relation to the HTC.

In recent years, discrete particle simulations (DPS) com-
bined with computational fluid dynamics (CFD) becomes
more and more popular in the studies of flow and heat trans-
fer of particulate systems at a particle scale, as reviewed by
Zhu et al.14,15 Such methods can generate detailed micro-
scopic information of the local flow structures and interac-
tions of the particles with all other objects including fluids.
The method has been successfully applied in the study of
heat transfer and combustion in fluidized beds without an
immersed surface.16–19 In addition, attempts have also been
made to apply the method to study the heat transfer in a flu-
idized bed with an immersed tube.20,21 In particular, Di
Maio et al.20 compared different particle-to-particle heat-
transfer models and suggested that the formulation of such
models are important for obtaining simulation results compa-
rable to experimental measurements. Zhao et al.21 used an
unstructured mesh suitable for a complex geometry and dis-
cussed the effects of particle diameter and superficial fluid
velocity on the HTC at a low temperature. These studies
demonstrate the applicability of the DPS-CFD approach to a
fluidized bed with an immersed tube.
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However, some important aspects have not been consid-
ered in the previous two studies.20,21 First, the bed geometry
was only two-dimensional (2-D) with its thickness equal to
one particle diameter. As recently pointed out by Feng and
Yu,22 a 3-D bed is more reliable to investigate the structure-
related phenomena such as heat transfer. Second, the fluid
properties such as fluid density and thermal conductivity
were treated as constants. However, variations in these prop-
erties have a significant effect on heat transfer.23,24 Third,
although the particle–particle heat transfer has been proved
to be critical to the generation of satisfactory results,20 these
studies did not consider separately the heat transfer mecha-
nisms associated with static and collisional contacts.17

Finally, the radiative heat transfer mode was ignored, which
will, however, make a significant contribution to heat trans-
fer at high temperatures.1,25–27 There is a need to overcome
these gaps, and examine the heat transfer problem under dif-
ferent conditions more carefully.

In this work, in connection with our previous attempt,28

the combined approach of DPS and CFD proposed by Zhou
et al.17 will be extended to investigate the heat transfer in a
3-D gas-fluidized bed with an immersed horizontal tube. The
fluid properties are temperature-dependent, and all the heat
transfer modes such as conduction, convection and radiation
are explicitly considered. The proposed model will be first
tested against the experimental results in the literature. Then
it will be used to investigate the effects of inlet fluid superfi-
cial velocity, tube temperature and other main particle prop-
erties on the heat transfer in a fluidized bed.

Model Description

Governing equations for solid phase

Here, the solid phase is treated as a discrete phase, and its
motion is described by the discrete element method (DEM)
originally proposed by Cundall and Strack.29 A particle in a
fluidized bed has two types of motion: translational and rota-
tional. During its motion, the particle may interact with its
neighboring particles, tubes/walls, and the surrounding fluid.
The momentum and energy are exchanged through these
interactions. At any given time t, the equations governing
the translational and rotational motions of particle i in a
gas–solid two-phase flow system can be written as

midvi=dt ¼
X

j
ðfe;ij þ fd;ijÞ þ fpf ;i þ mig (1)

and

Iidxi=dt ¼
X

j
ðTt;ij þ Tr;ijÞ (2)

where vi and xi are the translational and rotational velocities
of the particle, respectively. The forces involved are: the
gravitational force mig, interparticle forces which include
elastic force fe,ij and viscous damping force fd,ij, and particle-
fluid interaction force fpf,i which mainly includes the drag
force fd,i and pressure gradient force fpg,i. These interparticle
forces can be resolved into the normal and tangential
components at a contact point. The torque acting on particle
i by particle j includes two components: Tt,ij which is
generated by tangential force and causes particle i to rotate,
and Tr,ij which, commonly known as the rolling friction
torque, is generated by asymmetric normal forces and slows
down the relative rotation between particles. For a particle

undergoing multiple interactions, the individual interaction
forces and torques are summed over all the particles
interacting with particle i. The equations used to calculate
the particle–particle interaction forces and torques, and
particle-fluid interaction forces are listed in Table 1. Most of
the equations have been well established, as for example,
reviewed by Zhu et al.15 Note that the sets of equations for
DEM and CFD approaches should be consistent with each
other, this also including the equation for the calculation of
particle-fluid interaction force.30,31 �i is the local porosity for
particle i to calculate particle-fluid drag force and �f is
determined over a computational cell for fluid phase.
Theoretically, the two porosities should be calculated
separately. However, for this work, they have the same
definition and given by ei ¼ 1�Pkv

i¼1 Vi=DV.
The heat transfer of particle i and its surroundings gener-

ally has three modes: convection with fluid; conduction with
other particles, walls and tube; and radiation with its local
surrounding environment. According to the energy balance,
the governing equation for particle i can be written as17

micp;idTi=dt ¼
X

j
qi;j þ qi;f þ qi;rad þ qi;wall þ qi;tube (3)

where qi,j is the conductive heat flux between particles i and j,
qi,f is the convective heat flux between particle i and its local
surrounding fluid, qi,rad is the radiative heat flux between
particle i and its local surrounding environment, qi,tube is the
conductive heat flux between particle i and tube, and qi,wall is
the conductive heat flux between particle i and wall.
Mathematically, Eq. 3 is the same as the so-called lumped-
capacity formulation, where the thermal resistance within a
particle can be neglected.32 This condition is reasonable when
the Biot number, defined as h�(Vi/Ai)/kpi, is less than 0.1.
However, as noted by Zhou et al.17 Eq. 3 is established on the
basis of energy balance at the particle scale. So, the values of
the parameters (e.g., mi, cpi, Ti, and kpi) involved should be the
representative properties of the particle at this scale. So is the

Table 1. Equations to Calculate the Forces and
Torques on Particle i

Force or torque Equation

Normal elastic
force, fen,ij

� 4
3
E� ffiffiffiffiffi

R�p
d3=2n n

Normal damping
force, fdn,ij

�cn 6mijE
� ffiffiffiffiffiffiffiffiffiffi

R�dn
p� �1=2

vn;ij

Tangential elastic
force, fet,ij

�ls fen;ijj
�� �

1� ð1� dt=dt;maxÞ3=2Þd̂t
Tangential damping

force, fdt,ij
�ct 6lsmij fen;ijj

�� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� dt=dt;max

p �
dt;max

� �1=2
vt;ij

Coulomb friction
force, ft,ij

�ls fen;ijj
�� d̂t

Torque by tangential
forces, Tt,ij

Rij � fet;ij þ fdt;ij
� �

Rolling friction
torque, Tr,ij

lr fen;ijj
�� x

_n

ij

Particle-fluid drag
force, fd,i

0:125Cd 0;i
qfpd

2
pie

2
i ui � vijj ðui � viÞe�v

i

Pressure gradient
force, fpg,i

�rpi � Vi

where 1=mij¼1=miþ1=mj, 1=R
�¼1= Rijj þ1= Rjj

�� , E�¼E=2ð1�v2Þ,x_ n

ij¼xn
ij=jxn

ijj,
d̂t¼dt= dtjj , dt;max¼lsdnð2�vÞ=ð2ð1�vÞÞ,vij¼vj�viþxj�Rj�xi�Ri, vn;ij¼
ðvij�nÞ�n, vt;ij¼ðvij�nÞ�n, v¼3:7�0:65exp½�ð1:5�log10ReiÞ2=2�, Cd0;i¼
ð0:63þ4:8=Re0:5i Þ2, Rei¼qf dpieijui�vij=lf , ei¼1�Pkv

i¼1Vi=DV.
Note that tangential forces (fet,ij þ fdt,ij) should be replaced by ft, ij when
dt � dt;max.
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case for the equations used to calculate the heat fluxes
involved.

The equations to calculate the heat fluxes in Eq. 3 are listed
in Table 2, and these equations have been discussed and used
by Zhou et al.17,33 Note that Eq. (a) in the table is for the con-
ductive heat flux through fluid between particles i and j;34,35

Eqs. (b) and (c) are, respectively, for the conduction through
static solid contacts area or the solid contact area due to colli-
sions.36–38 As used in the previous work,17 two parameters are
set to distinguish these two mechanisms: particle–particle col-
lision time tc and particle–particle contact duration time td.
For two colliding particles, if tc � td, only collisional heat
transfer applies. If tc\ td, two particles will keep in touch af-
ter collision. In such a case, collision heat transfer applies first
during the time of tc, and then static heat transfer during the
time of (td – tc). The conduction between a tube and a particle
is considered in a similar manner to that between particles.
The equation for the local convection between the tube and
fluid is the same as between a wall and fluid. In this study,
these equations are extended to include the heat transfer
between a tube and particles or fluid. The tube is here treated
as a wall because its size is much larger than a particle or a
computational cell used in CFD; otherwise, it can be treated
as a particle. In fixed and fluidized beds, a particle in the bed
is surrounded by other particles and fluid. For each particle,
an isolated domain is chosen to be its environment so that
qi,rad can be evaluated by the model for gray bodies.1,17 In the
specified enclosed domain, the local environmental tempera-
ture (Tlocal,i) is assumed to represent the surface temperature
of the enclosure around such a particle. The radiation between
a tube and a fluidized bed is similarly considered. This consid-
eration for the radiative heat-transfer mode is reasonable, at
least in packed or bubbling fluidized beds where most of par-
ticles are in a relatively closely packed state. With a proper
domain size for the considered system, a particle/tube could
be fully enclosed. For this study, the domain size for the radi-
ative heat transfer between particles is the same as a computa-
tional cell (2dp). The definition of bed temperature (Tb), and
tube environmental temperature (Te), are the same as Tlocal,i in
the equations given in Table 2. The local porosity and Te in
the vicinity of the tube are obtained for an annular region
around the tube with a thickness of 5dp in its radial direction.
Furthermore, to examine the local HTC of a tube, the circum-
ference of the tube is evenly divided into 16 sections. The
local contact number is the number of particles contacting a
section of the tube. The overall heat flux and contact number
are the sum of all sections, and the overall porosity is the av-
erage of all sections.

Governing equations for fluid phase

The fluid phase, air to be specific for this study, is treated
as a continuum phase and modeled in a similar manner to

the widely used conventional two-fluid modeling.39 Thus,
the governing equations for the fluid phase are the conserva-
tions of mass and momentum, which are expressed in terms
of the local average variables over a computational cell,
given by

@ðqf ef Þ
�
@tþr � ðqf efuÞ ¼ 0 (4)

@ðqf efuÞ
�
@tþr � ðqf efuuÞ ¼ �rp� Ffp þr � sþ qf ef g

(5)

The corresponding energy equation for heat transfer can
be written as:

@ðqf ef cpf TÞ
�
@tþr � ðqf efucpf TÞ ¼ r � ðkerTÞ þ Q (6)

where u, qf, p and Ffp are the fluid velocity, density, pressure
and volumetric fluid-particle interaction force, respectively s
( ¼ le½ðruÞ þ ðruÞ�1� � 2leðr � uÞdk=3) a n d �f
(¼ 1�Pkv

i¼1 Vi=DV) are the fluid viscous stress tensor and

porosity, respectively, with Vi representing the volume of

particle i (or part of the volume if the particle is not fully in a

CFD cell), and kV the number of particles in the computational

cell of volume DV. Furthermore, le (¼ lf þ Clqf�fk
2/�) is the

fluid effective viscosity and lt is the turbulent viscosity, which
are determined by a widely used standard k-� turbulence

model.17,40,41 The turbulence of the solid phase is not

considered, and this treatment has been tested as acceptable

for systems with large particles.42 ke is the effective fluid

thermal conductivity, defined by (kf þ cpflt/rT), and rT the

turbulence Prandtl number, which is set to 1.00 for this work.

The volumetric particle-fluid interaction force Ffp in Eq. 5 can

be determined as Ffp ¼
Pkv

i¼1 ðfd;i þ fpg;iÞ=DV. The volumetric

heat flux Q in Eq. 6 can be determined as Q ¼ ðPkv
i¼1 qf ;iþ

qf ;wall þ qf ;tube þ qf ;radÞ=DV, where qf,i is the convective

heat flux between fluid and particle i, qf,tube is the convective

heat flux between fluid and a tube, qf,wall is the convective heat
flux between fluid and a wall, and qf,rad is the radiative

heat flux between fluid and its environment. In this work,

because of the low emissivity of fluid, the radiative heat

transfer between fluid and its environment is ignored for

simplicity. The equations to calculate these heat fluxes are

given in Table 2.
HTC represents the possible heat transfer capability, and

depends on its definition and associated concepts such as the
temperature difference and the effective surface area while a
heat flux is a real energy exchange. The trends of variations
of HTC and heat flux may not always be the same if each is
expressed as a function of the parameters such as inlet fluid
superficial velocity, particle thermal conductivity and
Young’s modulus of the particles. The local HTC of a

Table 2. Equations to Calculate Heat Fluxes

Heat flux Equation

Convective qi;f ¼ ð2:0þ aRebi Pr
1=3Þkf AiDT=dpi

qf ;wall ¼ 0:037Re0:8 Pr1=3 kf AwDT=L
Conductive qi;j ¼ ðTj � TiÞ

R rsf
rsij

2p � rðð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2

p
� rðRþ HÞ=rijÞ� 1=kpi þ 1=kpj

� �þ 2½ðRþ HÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � r2

p
�=kf Þ�1dr (a)

qi;j ¼ 4rcðTj � TiÞ=ð1=kpi þ 1=kpjÞ (b)

qi;j ¼ cðTj � TiÞpr2c t�1=2
c =ððqpicpikpiÞ�1=2 þ ðqpjcpjkpjÞ�1=2Þ (c)

Radiative qi;rad ¼ reAiðT4
local;i � T4

i Þ, qf ;rad ¼ ref Af ðT4
local;i � T4

f Þ
where Tlocal;i ¼ eiTf ;X þ ð1� eiÞ

PkX
j¼1 Tjðj 6¼ iÞ=kX
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section is determined as h ¼ (qconv þ qcond þ qrad)/A/(Ts �
Tb), where qconv is the local convective heat flux between
the tube and fluid; qcond is the local conductive heat flux
between the tube and particles; qrad is the local radiative
heat flux between the tube and its surrounding environment,
A is the surface area of a section, Ts is the tube temperature,
and Tb is the bed temperature.

Heat flux and HTC of the tube vary with time. The heat
fluxes due to conduction, convection and radiation increase
first in the heating up process because of the large tempera-
ture difference in the bed and then, decrease because of the
increase of the uniformity of the temperature field. There-
fore, averaged values of heat fluxes are obtained within a
fixed time frame (0–6 s) to be comparable.

DPS-CFD coupling scheme

The methods of numerical solutions to problems requiring
DPS-CFD coupling have been well established.31,43,44 The
heat transfer model has also been implemented into this
approach as demonstrated for a bubbling fluidized bed.17 This
work extends this approach further to consider an immersed
tube in a fluidized bed, between which heat transfer occurs.
The coupling scheme used here is the same as before, and can
be briefly described as follows for completeness. At each time
step, DPS will produce information such as the positions,
velocities, and temperature of individual particles, which will
be used for the evaluation of porosity, particle-fluid interaction
force, and heat flux in a computational cell. CFD will then use
this information to determine the fluid flow and temperature
field, which in turn can be used to find the particle-fluid inter-
action force and heat transfer between fluid and particles or the
tube. Incorporation of the resulting forces and heat fluxes into
DPS will produce information about the motion and tempera-
ture of individual particles for the next time step.

Simulation conditions

Table 3 lists the physical and geometrical parameters used
in this work, where the varying ranges of particle and bed
parameters are in bracket. This work is also concerned with
the effects of some important parameters. For simplicity, we
vary one of these properties while the rests assume the
default base values. For the DPS model, particles and walls
are assumed to have the same properties for convenience.
Spherical particles are used as the solid phase fluidized in a
container with a thickness of 4dp. The periodic boundary
condition is applied to the front and rear direction to elimi-
nate the effect of corresponding walls. For a bed whose
width is much larger than its thickness, the combination of
3-D DPS and 2-D CFD is reasonable, as demonstrated by
Feng et al.44 The nonslip boundary condition is applied to
the container walls, and zero diffusion flux condition to the
outlet. A uniform mesh, although not perfect for tubes, is
used as done by other investigators.45,46 After some trial
tests, a cell size of 2dp is selected for the system considered.

The simulations are started with the random generation of
particles without overlap in the cuboid bed, followed by a
gravitational settling process. The particles are allowed to
settle until the rotational and translational velocities of the
particles decay to zero. The bed so generated is then used as
a starting point for various simulations, and to fluidize the
particles, air at a pre-set superficial velocity and ambient
temperature is uniformly injected from the bottom of the

bed. The temperature of the tube is assumed to be constant,
and the container walls to be adiabatic.

Results and Discussion

Model validation

The particle and tube properties are listed in Table 3, and
simulation conditions are based on the experimental investi-
gation by Wong and Seville.12 Since the heat transfer
between the tube and the fluidized bed is affected mainly by
the vicinal environment of the tube,47 a smaller bed is used
to reduce the computational effort. Such a strategy allows us
to make meaningful comparisons between predicted and
measured results. The excess fluid velocity (uexc) in the fol-
lowing discussion is defined as the difference between the
superficial fluid velocity (u) at the inlet and minimum fluid-
ization velocity (umf). The validation is carried out in terms
of flow patterns and local HTC distribution. The predicted
value of umf ¼ 0.27 m/s are consistent with the experimental
measurements.12,48 The bubbling fluidized bed behavior is
significantly affected by the insertion of the horizontal tube.
The behavior can be generally characterized by two main
features: a defluidized region downstream and an air film
upstream of the flow.12,46,49 As shown in Figure 1, these
characteristics are successfully captured by the simulations.
The particles are colored by coordination number50,51 (CN,
which is the number of particles in contact with a given par-
ticle) of individual particles which is closely related to the
conductive heat transfer. Particles with small velocities tend
to stay on the tube at downstream where CN is large (as
seen from the snapshot at t ¼ 0.2 s in Figure 1), and the

Table 3. Physical and Geometrical Parameters Used in the
Simulations

Variables
Default and varying
range in bracket

Bed width � height, mm 60 � 768
Tube position (Z), mm 30
CFD cells, - 50 � 640
Cell size (Dx � Dz), mm 1.2 � 1.2
Number of particles (N), - 30000
Tube diameter, mm 24
Particle diameter dp, mm 0.6
Particle density qp, kg/m

3 2600
Thermal conductivity of

particle kp, W/(m�K)
1.1 (1.1�300)

Thermal conductivity of
tube kpt, W/(m�K)

380

Heat capacity of particle cp, J/(kg�K) 840.0
Heat capacity of the tube cpt, J/(kg�K) 24.4
Initial temperature of

particles and air, �C
25

Temperature of tube, �C 100 (100�1500)
Particle-particle/wall

sliding friction ls, -
0.30

Particle-particle/wall
rolling friction lr, -

0.01

Restitution coefficient, - 0.80
Particle Young’s modulus E, MPa 10 (1�1000)
Particle poisson ratio m, - 0.30
Time step Dt, s 1 � 10-5

Fluid density qf, kg/m
3 PM/(RTf)

Fluid molecular viscosity lf, Pa�s 1.511 � 10-6T
3=2
f /(Tfþ120.0)

Fluid thermal conductivity
kf, W/(m�K)

2.873 � 10-3 þ 7.760�10-5 � Tf

Fluid specific heat capacity
cpf, J/(kg�K)

1002.737 þ 1.232�10-2 � Tf
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defluidized region is formed intermittently. An air film is
formed below the tube at upstream, and its thickness varies
with time. The upstream section can be fully filled with par-
ticles sometimes (e.g., t ¼ 1.3 s and 3.0 s in Figure 1).

The tube exchanges heat with its surrounding environ-
ment. Local HTC has a distribution closely related to the
particle flow patterns. The distribution and magnitude of
HTC are two factors commonly used to describe the heat
transfer in the system.2,12,52 Figure 2 shows a comparison of
the effects of u and tube position Z on the local HTC, deter-
mined by experiments12 and these simulations. Predictions
by the simulations agree reasonably well with the measure-
ments in three aspects. First, the local HTC is high at the
tube sides around 90 and 270

�
, and low around 0 and 180

�

at upstream and downstream. The predicted trends agree also
with the measurements by others.2,11 The magnitude of the
maximum HTC also matches the measurements satisfacto-
rily. Second, the effect of u is qualitatively consistent with
the measurements: an increase of u will increase the local
HTC to a maximum and then reduce it (Figure 2a). Third,
the predicted effect of tube position Z agrees well with
measurements: the local HTC increases with an increase in
Z (Figure 2b). The consistencies in the results suggest that
the proposed model can be used to study the heat transfer
between a fluidized bed and a tube at least qualitatively,
although some treatments in the DPS-CFD approach are still
not perfect at this stage of the development.

Overall and local heat fluxes at a low temperature

At low temperatures, heat is transferred mainly through
the convection between fluid and particles and between fluid
and the tube, and the conduction among particles and
between particles and tube; the radiative heat transfer is not
discussed in this section because it is quite small at low tem-
peratures. To demonstrate this point, Figure 3 shows the
overall heat fluxes through convection and conduction,
respectively and the corresponding porosity and contact
number when uexc ¼ 0.40 m/s. The values of convective and
conductive heat fluxes vary with time, with the convective
heat flux showing a larger value than the conductive one.
The percentage of the convective heat transfer is dominant
over the conduction with a percentage of over 90% for the
system considered.

As shown in Figure 3, the heat fluxes are closely related
to the microstructure around the tube. Note that the overall

values of porosity around the tube and contact number
between the tube and particles can be used to index the
microstructure around the tube. The porosity and contact
number vary temporally as a result of the complicated inter-
actions between the tube and particles, and between particles
and fluid. Generally, a region with a large contact number
corresponds to a defluidized region in the vicinity of the
tube with a small porosity. In that region, the conductive
heat flux is large, and there is a correspondence between the
peaks in the curves of conductive heat flux and contact

Figure 1. Snapshots of solid flow patterns colored by CN when uexc 5 0.50 m/s.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 2. Comparisons of local HTC distribution (a) at
different uexc (*, 0.08 m/s; ^, 0.50 m/s; ~,
0.80 m/s; and the inset shows the angular di-
vision), and (b) at different Z when uexc 5
0.20 m/s.

The measurements are from Wong and Seville.
12

[Color

figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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number. A low heat flux corresponds to a passing bubble,
where the porosity is large and the contact number is small.
When a bubble passes, the convective heat flux is large due
to the large porosity in the passing bubble. These results are
consistent with the particle flow patterns shown in Figure 1.

HTC is not uniform around the tube as shown in Figure 2.
Thus, it is necessary to examine the local heat-transfer charac-
teristics, which are closely related to the local gas–solid flow
structures around the tube. Here the focus is the effects of
contact number and porosity. Figure 4 shows the variations of
conductive (qcond), and convective (qconv) heat fluxes, the cor-
responding local porosity (�f) and contact number for the three
representative sections: upstream, downstream and sides. The
upstream section has the largest conductive and the smallest
convective heat flux, which corresponds to the largest contact
number and the smallest porosity. This condition results in a
small local HTC in the upstream section (around 180

�
) as

shown in Figure 2. In addition, the large contact number
around the tube has an adverse effect: the contact forces
between particles and tube cause the erosion of the tube and,
hence, its ultimate failure.53 From this point of view, the
micromechanical analysis is very useful for structural design
of a fluidized bed. The downstream section has the smallest
conductive heat flux corresponding to the smallest contact
number, and has a moderately large convective heat flux cor-
responding to the largest porosity. The side sections with both
moderately large contact number and porosity have a moder-
ate conductive heat flux and the largest convective heat flux.
It should be noted that the convective heat transfer is not only
related to the local porosity but also the local fluid velocity.
Having a larger fluid velocity than the downstream section,
the side section with a moderately large porosity has the larg-
est convective heat flux. Consequently, a smaller local HTC
around 0

�
and a larger local HTC around 90 and 270

�
are

observed as shown in Figure 2.
Clearly, the heat transfer between an immersed tube and a

fluidized bed depends on many factors, such as the contacts
of particles with the tube, porosity and fluid flow around the
tube. These factors are affected by many variables related to
operational conditions and material properties. Some of these
effects are studied in this work, as reported in the following
subsections.

Effect of inlet fluid superficial velocity u

u is one of the most important parameters affecting the
heat transfer in a fluidized bed. Figure 2a has shown that the
overall HTC increases with the increase of uexc from 0.08 to
0.50 m/s, but decreases from 0.50 to 0.80 m/s. Here we
examine the behavior of the heat flux in this velocity range,
and the results are shown in Figure 5. It can be seen that for
the system considered, the heat flux by convection is domi-
nant and increases with the increase of uexc. Although the
heat flux by conduction decreases, the total heat flux
increases continuously. Note that although the HTC
decreases when uexc [ 0.50 m/s, the total heat flux does not
decrease but increases gradually. The monotonous increase
of the heat flux is because a large uexc can here generate a
large temperature difference between the fluidized bed and
tube. This means that although a large uexc can increase the
heat transfer flux between the bed and tube, the uniformity
of the temperature field of the bed could be deteriorated.
Based on the variation of HTC with uexc, a suitable uexc

Figure 3. Evolution of overall convective and conductive
heat fluxes (q) and their percentages (-, con-
vection; 2, conduction), overall porosity (�f)
and contact number when uexc 5 0.40 m/s.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Evolution of local convective (qconv) and con-
ductive (qcond) heat fluxes, local porosity (�f)
and contact number (a) upstream (180 6
22.5

�
), (b) downstream (0 6 22.5

�
), and (c)

sides (90 6 22.5
�
) when uexc 5 0.40 m/s.
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should be selected carefully to maximize the benefits in
application.

The variations of porosity and contact number with uexc
are then examined as shown in Figure 6. Their time-aver-
aged values are made for a given time frame (0–6 s), as
mentioned earlier. Figure 6a shows that the time-averaged
local porosity is large at the downstream and small at the
upstream, while local contact number has an opposite distri-
bution. The local porosity increases with the increase of uexc

and the local contact number decreases. The HTC is mainly
affected by the convective heat transfer mode related to the
local fluid velocity and porosity. The local fluid velocity
around the tube is very complicated and has a distribution
generally similar to the distribution of the local HTC.

Figure 6b shows the variations of time-averaged overall
porosity and overall contact number at different uexc. The
time-averaged overall porosity increases with the increase
of uexc. Hence, the local Re increases. This explains why
the convective heat transfer increases with the increase of
uexc. It also shows that the time-averaged overall contact
number decreases with the increase of uexc. It explains the
decrease of the conductive heat transfer with the increase
of uexc. In fact, conductive heat transfer is also related to
the properties such as the contact area of colliding particles
with the tube.

According to this model, the conduction between particles
and the tube involves several mechanisms including (1) par-
ticle-fluid-tube conductive heat transfer under either contact
or non-contact conditions, and (2) particle-tube conductive
heat transfer through either static or collisional solid contacts
area. Their percentages can be used to quantify the effect of
u on the conductive mechanisms, and the results are shown
in Figure 7. It can be observed that the conduction through
the particle-fluid-tube path under non-contact condition is
dominant, followed by the contact condition. The conduction
through particle-tube path is relatively small. This is because
there are few contacts between particles and the tube. With
the increase of uexc, the conduction through particle-fluid-
tube path under non-contact condition increases while the
direct contact heat transfer (including static and collisional
contact modes) decreases slightly. These findings show that
gas film should be considered as an important factor affect-
ing the heat transfer between particles and a tube. In fact,
the conductive heat transfer can also be affected by the tube
and particle properties, and will be discussed in the follow-
ing subsections.

Effects of particle thermal conductivity kp and
Young’s modulus E

kp and E are two important particle properties affecting
the heat transfer,17,33 and their effects on heat transfer

Figure 5. Heat fluxes as a function of uexc.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. (a) time-averaged local porosity (open sym-
bols) and local contact number (solid sym-
bols) at different uexc (~, 0.08 m/s; ^, 0.50
m/s; and l, 0.80 m/s), and (b) time-averaged
overall porosity (h) and overall contact num-
ber (*) as a function of uexc.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 7. Percentages of heat fluxes in the conduction
heat transfer by different conductive mecha-
nisms at different uexc.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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between the fluidized bed and tube are examined here. Fig-
ure 8a shows that the local HTC increases with the increase
of kp from 1.10 to 100 W/(m�K). However, there is no sig-
nificant increase of HTC when kp increases further from 100
to 300 W/(m�K). This result is expected because the heat
transfer between the fluidized bed and the tube is mainly
through the convective heat transfer mode, while kp mainly
affects the conductive heat transfer mode. Therefore, increas-
ing kp as a means of enhancing the heat transfer between a
fluidized bed and a tube is not so significant.

Figure 8b examines the effect of kp on the heat fluxes due
to different heat transfer modes expressed as percentage con-
tributions to the total heat flux. The percentage of the con-
ductive heat flux increases with an increase of kp and that of
the convective heat flux decreases slightly when kp is lower
than 100 W/(m�K); a further increase of kp has only a negli-
gible effect. The convective heat flux continues to be domi-
nant within the considered range of kp. The effect of kp on
HTC is not significant as shown in Figure 8a.

Contributions by different conductive mechanisms to the
total conductive heat transfer are examined below. Figure 9
shows the percentages of the heat flux due to several con-
ductive mechanisms to the total conductive heat flux as a
function of kp. The percentage of the heat flux through the
particle-fluid-tube path under non-contact condition
decreases, while that through the particle-tube path with
static contacts increases. The other two mechanisms are only
slightly affected by kp. When kp is approximately over 150
W/(m�K), the heat flux by static contacts becomes larger
than that through the particle-fluid-tube path under non-con-
tact condition. These results show that the conductive heat
transfer is complicated, and the roles of the mechanisms
considered vary with kp. In general, at low kp, the heat flux
although the particle-fluid-tube under non-contact conditions
is dominant, and the gas film plays an important role in this
case. When kp is large, the heat transfer by static contacts
becomes equally important.

Figure 10 shows the effect of E on different heat transfer
modes. Figure 10 shows that E has a negligible effect on the
local HTC in the range considered. Note that E mainly
affects the contact area between particles and the tube and,
thus, it affects the heat transfer by conduction. However, it
was shown before that the convective heat transfer is the
dominant mode of heat transfer between fluid and the tube
for the process. The convection has been shown to be mainly
related to gas–solid flow and not affected much by E.33 Such

evidence is further obtained from Figure 10b, where the per-
centages of heat fluxes due to different heat transfer modes
are shown. The figure shows that the convective heat transfer
changes little with E, but it does affect the conductive heat
transfer to some degree. The total conductive heat flux and
the percentages of heat fluxes due to different conductive
mechanisms are shown as a function of E in Figure 11. The
total conductive heat flux decreases slightly with the increase
of E because of the decrease of particle-tube contact time
and area. With the increase of E, and the accompanying
reduction in the particle contact time, there will be more par-
ticles near the tube with the non-contacting conditions.
Hence, the percentage of heat flux through the particle-fluid-
tube path under non-contact condition increases while that of
contact condition decreases. Figure 11 also shows that E has
a negligible effect on the heat transfer through the contact
area between particles and the tube.

From the aforementioned discussion, the dominant con-
vective heat transfer mode is only slightly affected by the
particle properties considered. However, these properties
may affect significantly the conductive heat-transfer mode.
Hence, in the study of heat transfer between a fluidized bed

Figure 8. (a) local HTC, and (b) the percentages of heat fluxes by different heat-transfer modes as a function of kp
when uexc 5 0.50 m/s.

Figure 9. Percentages of heat fluxes in the conduction
heat transfer by different conductive mecha-
nisms as a function of kp when uexc 5 0.50
m/s.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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and a tube, all the possible mechanisms should be consid-
ered.

Effect of the tube temperature Ts

Radiative heat transfer becomes increasingly important
with the increase of tube temperature, which increases the
environmental temperature of the tube.1,54 However, infor-
mation about the heat transfer at high temperatures is scarce
in the literature. To address this issue, the heat transfer char-
acteristics of a bubbling fluidized bed at a tube temperature
of 600

�
C are first investigated to establish some general

knowledge. Then, the tube temperature is varied in a range
of 100–1,500

�
C to examine its effect on heat transfer.

Figure 12 shows that particles near the high temperature
tube will be heated up first, and then they exchange heat
with their surrounding particles. Particles are moving vigo-
rously under the influence of the intermittently formed gas
bubbles. The falling and rising particles will exchange heat
with the tube when they are either close enough to or in con-
tact with the tube. The transfer of heat between particles and
tube yields a relatively high-temperature region around the
tube.

With the aforementioned definitions, environmental tem-
perature (Te) and bed temperature (Tb) are obtained to inves-

tigate the heat transfer between the bed and the tube. The
variations in Te, Tb and the radiative heat flux qrad with time
are shown in Figure 13. Te is greater than Tb because of the
heat region around the tube as shown in Figure 12. Te is
fluctuating significantly due to the intensive heat exchange
among particles and the vigorously moving bubbles in the
vicinity of the tube. According to the flow and heat-transfer
characteristics demonstrated in Figures 1, 3, 4 and 12 and
the related discussion, the resulting fluctuation of Te is rather
intrinsic. Tb increases steadily due to the heat transfer from
the tube. The temperature difference decreases with the
increase of Te. As a result, the radiative heat fluxes between
the tube and the surrounding environment decreases.

The conductive and convective heat fluxes between the
bed and the tube also change during the heating-up process.
Figure 14 shows that the conductive and convective heat
fluxes fluctuate significantly, again as a result of the vigorous
motion of particles and gas bubbles around the tube and in
the bed. The radiative heat flux decreases steadily with the
increase of Te. The radiative heat transfer is significant with
a higher percentage than that of the conductive heat transfer
when Ts ¼ 600

�
C (Figure 14b).

The effect of the surface temperature Ts on the heat trans-
fer characteristic can be quantified by means of the distribu-
tion and maximum value of the local HTC, as well as the
heat fluxes due to different heat transfer modes. Figure 15a
shows that the local HTC increases with an increase in Ts.
The distribution of convective HTC remains the same
because the fluid flow around the tube does not change

Figure 10. (a) local HTC, and (b) the percentages of heat fluxes by different heat-transfer modes as a function of E
when uexc 5 0.50 m/s.

Figure 11. Total conductive heat flux and the percen-
tages of heat fluxes in the conduction heat
transfer by different conductive mechanisms
as a function of E when uexc 5 0.50 m/s.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 12. Snapshots of particle flow patterns when Ts
5 600

�
C, where particles are colored by

their temperatures.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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much under the influence of Ts. Hence, the general distribu-
tion of local HTC, mainly determined by the convective heat
transfer mode, changes little, but becomes larger with
increasing Ts. The variation of the maximum local HTC of
all the sections with Ts is compared with the experimental
measurements of Botterill et al.2 As shown in Figure 15b,
good agreement is observed, because of the similar tube ge-
ometry and particle properties of the group B type.55 The
small deviations may stem from the small differences in den-
sity and diameter of particles. Measurements are not avail-

able for temperatures exceeding 800
�
C, because of the diffi-

culties to conduct experiments at such high temperatures.
Nonetheless, the agreement between the measured and simu-
lated results shown in this figure verifies the proposed DPS-
CFD approach, particularly the treatments of radiation.

Figure 16 shows the variations of different heat fluxes as
a function of Ts. It is clear that the convection is always an
important mode of heat transfer under all the conditions con-
sidered. The change in the conductive heat flux with Ts is
negligible. With the increase of Ts, the difference between
Te and Tb increases. Therefore, the radiative heat flux which
varies according to the difference of the fourth power of the
temperatures increases more quickly than the convective
heat flux which is linear with regard to the temperature dif-
ference. The radiative heat flux exceeds the conductive heat
flux around Ts ¼ 300

�
C and then, the convective heat flux

around Ts ¼ 1350
�
C. The results confirm that the radiation is

an important heat transfer mode at high tube temperatures.
For applications under high temperatures, therefore, factors
affecting the radiative heat transfer model should be taken
into account to optimize the efficiency and tackle the safety
issues.

Conclusions

The combined DPS-CFD approach is extended to study
the heat transfer between an immersed horizontal tube and a
fluidized bed with group B type of powders. Its validity is

Figure 13. Evolution of Tb, Te and qrad when Ts 5
600

�
C.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 14. Variations of heat fluxes (a) and their percentages (b) (-, convection; 2, conduction; and . . ., radiation)
when Ts 5 600

�
C.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 15. Variations of (a) local HTC, and (b) maximum local HTC at different Ts when uexc 5 0.50 m/s.

The measurements are from Botterill et al.
2
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qualitatively or quantitatively verified, depending on the
availability of the measurements in the literature. On this ba-
sis, the effects of the following variables are investigated:
inlet fluid superficial velocity, particle thermal conductivity,
and Young’s modulus and tube temperature. The following
conclusions can be drawn from this study:
• The non-uniform distribution of the local HTC around

an immersed tube can be mechanistically explained in terms
of local porosity and contact number which are linked to the
local flow patterns. It is shown that the local porosity is
large at the sides of a tube and small at upstream and down-
stream positions. The local HTC is correspondingly large at
the sides of the tube and small at upstream and downstream
positions. The convective heat transfer plays a dominant role
in producing such a non-uniform HTC distribution.
• Inlet fluid superficial velocity affects the heat transfer

between a fluidized bed and an immersed tube. The total
heat flux increases with the increase of the superficial veloc-
ity, while the heat transfer coefficient does not increase con-
sistently. An excessively large inlet superficial velocity can
deteriorate the uniformity of the temperature field of the bed,
although it can enhance heat transfer. Hence, when selecting
the inlet fluid superficial velocity, one should consider the
heat transfer capability and the uniformity of temperature
field simultaneously for the sake of optimal structural design
of a fluidized bed.
• The material properties of particles affect the conductive

heat transfer mechanisms, and, hence, the heat transfer
between a fluidized bed and an immersed tube. In general,
increasing particle thermal conductivity can significantly
enhance the conductive heat transfer, while Young’s modu-
lus has an insignificant effect. However, the importance of
particle properties is very much system-dependent.
• The relative importance of different heat transfer modes

is quantified. The convection is always an important heat-
transfer mode. Conductive heat transfer is often relatively
small, and becomes important under certain conditions, e.g.,
when particle thermal conductivity is very high. While the
radiation is negligible at low temperatures, its importance
increases sharply with the increase of the tube temperature.
For example, its percentage contribution to the total heat
transfer can be as high as the convection at a tube tempera-

ture of 1350
�
C in this study. Radiative heat transfer should

be considered for applications at high temperatures.
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Notation

a, b ¼ constants for the calculation of convective heat flux
A ¼ surface area of a section of the tube, m2

Ai ¼ surface area of particle i, m2

Af ¼ side surface area of a computational cell with unit thickness,
m2

Aw ¼ surface area of wall, m2

c ¼ coefficient determined by a set of correlations, dimensionless
cn ¼ normal damping coefficient, dimensionless
ct ¼ tangential damping coefficient, dimensionless
cp ¼ representative specific heat capacity of particle, J/(kg�K)
cpf ¼ specific heat capacity of fluid, J/(kg�K)
cpi ¼ representative specific heat capacity of particle i, J/(kg�K)
cpj ¼ representative specific heat capacity of particle j, J/(kg�K)
cpt ¼ specific heat capacity of tube, J/(kg�K)

Cd0,i ¼ fluid drag force coefficient on an isolated particle i,
dimensionless

Cl ¼ turbulence model constant (0.09), dimensionless
dp ¼ particle diameter, m
dpi ¼ particle diameter, m
e ¼ sphere emissivity
ef ¼ fluid emissivity
E ¼ Young’s modulus, Pa
E* ¼ equivalent Young’s modulus, Pa
Ffp ¼ volumetric particle-fluid interaction force, N/m3

fd,i ¼ particle-fluid drag force on particle i, N
fd,ij ¼ damping force, N
fdn,ij ¼ normal damping force, N
fdt,ij ¼ tangential damping force, N
fe,ij ¼ elastic force, N
fen,ij ¼ normal elastic force, N
fet,ij ¼ tangential elastic force, N
fpf,i ¼ particle-fluid interaction force on particle i, N
fpg,i ¼ pressure gradient force, N
ft,ij ¼ Coulomb friction force, N
g ¼ gravitational acceleration, m/s2

h ¼ heat transfer coefficient, W/(m2�K)
Ii ¼ moment of the inertia of particle i, kg�m2

k ¼ turbulent kinetic energy, m2/s2

ke ¼ effective thermal conductivity, W/(m�K)
kf ¼ fluid thermal conductivity, W/(m�K)
kp ¼ thermal conductivity of particle, W/(m�K)
kpi ¼ thermal conductivity of particle i, W/(m�K)
kpj ¼ thermal conductivity of particle j, W/(m�K)
kpt ¼ thermal conductivity of the tube, W/(m�K)
kV ¼ number of particles in a computational cell, dimensionless
kX ¼ number of particles in a domain X, dimensionless
L ¼ characteristic length of wall, m
mi ¼ mass of particle i, kg
mij ¼ equivalent mass of particles in contact, kg
M ¼ molar mass (0.029 for air), kg/mol
N ¼ number of particles in a bed, dimensionless
n ¼ unit normal vector at contact
p ¼ fluid pressure, Pa
P ¼ absolute pressure (¼ 101325), Pa
Pr ¼ Prandtl number (cpflf/kf), dimensionless

qcond ¼ conductive heat flux, W
qconv ¼ convective heat flux, W
qf,rad ¼ radiative heat flux between fluid and surrounding environment, W
qi,j ¼ conductive heat flux between particles i and j, W
qi,f ¼ convective heat flux between particle i and surrounding fluid, W

qi,rad ¼ radiative heat flux between particle i and surrounding
environment, W

qi,wall ¼ conductive heat flux between particles i and a wall, W
qi,tube ¼ conductive heat flux between particles i and a tube, W
qrad ¼ radiative heat flux, W
Q ¼ volumetric heat flux, J/m3

Figure 16. Convective, conductive, radiative and total
heat fluxes as a function of Ts when uexc 5
0.50 m/s.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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R ¼ universal gas constant (¼ 8.314), J/(mol�K)
Ri, Rj ¼ radius of particle i, m
Ri, Rj ¼ vector of the mass center of the particle to contact plane, m

Rij ¼ vector of the mass center of the particles i and j at contact, m
R* ¼ equivalent particle radius, m
rc ¼ particle–particle contact radius, m

Rei ¼ particle Reynolds number, dimensionless
Ti, Tj ¼ representative temperature of particles i and j, K

Tb ¼ bed temperature, K
Te ¼ environmental temperature of the tube, K
Tf ¼ temperature of fluid, K

Tf,X ¼ local temperature of fluid, K
Tlocal,i ¼ environmental temperature of particle i, K

Ts ¼ surface temperature of the tube, K
Tr,ij ¼ rolling friction torque, N/m
Tt,ij ¼ torque by tangential force, N/m

t ¼ time, s
Dt ¼ time step, s
tc ¼ time of particle–particle collision, s
td ¼ time of particle–particle contact duration, s
u ¼ local fluid velocity, m/s
ui ¼ local fluid velocity, m/s
u ¼ inlet fluid superficial velocity, m/s

uexc ¼ excess fluid velocity, defined by uexc ¼ u� umf, m/s
umf ¼ minimum fluidization velocity, m/s
vi ¼ particle translational velocity, m/s
vij ¼ relative particle velocity, m/s

vn,ij ¼ normal relative velocity of particles i and j, m/s
vt,ij ¼ tangential relative velocity of particles i and j, m/s
Vi ¼ volume of a particle or part of the volume, m3

DV ¼ volume of a computational cell, m3

Z ¼ tube position, m

Greek letters

dk ¼ Kronecker delta, dimensionless
dn ¼ relative normal displacement at contact, m
dt ¼ relative tangential displacement at contact, m

d̂t ¼ unit vector of dt
dt,max ¼ maximum of dt when the particles start to slide, m

� ¼ dissipation rate of turbulent kinetic energy, m2/s3

�f ¼ porosity, dimensionless
�i ¼ local porosity, dimensionless
le ¼ fluid effective viscosity, kg/(m�s)
lf ¼ fluid molecular viscosity, kg/(m�s)
lr ¼ rolling friction coefficient, dimensionless
ls ¼ sliding friction coefficient, dimensionless
lt ¼ fluid turbulent viscosity, kg/(m�s)
m ¼ Poisson ratio, dimensionless
qp ¼ density of particle, kg/m3

qpi ¼ density of particle i, kg/m3

qpj ¼ density of particle j, kg/m3

qf ¼ fluid density, kg/m3

r ¼ Stefan-Boltzmann constant, W/(m2�K4)
rT ¼ turbulence Prandtl number, dimensionless
s ¼ stress tensor, Pa
xi ¼ angular velocity of particle i, 1/s
xn

ij ¼ the component of the relative angular velocity in contact plane,
1/s

x̂n
ij ¼ unit vector of on, 1/s

Subscripts

b ¼ bed
d ¼ damping
e ¼ elastic/effective/environmental
f ¼ fluid
i ¼ particle i
ij ¼ between particles i and j
j ¼ particle j
n ¼ normal component
p ¼ particle
r ¼ rolling
t ¼ tangential component/turbulent/tube
w ¼ wall

Abbreviation

CN ¼ coordination number
cond ¼ conduction

conv ¼ convection
exc ¼ excess

HTC ¼ heat transfer coefficient
rad ¼ radiation

Temp ¼ temperature
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