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Numerical prediction of heat transfer in fluidized beds
by a kinetic theory of granular flows

Achim Schmidt *, Ulrich Renz
Lehrstuhl für Wärmeübertragung und Klimatechnik der RWTH-Aachen, Eilfschornsteinstrasse 18, D-52056 Aachen, Germany

(Received 20 June 2000, accepted 27 July 2000)

Abstract —In dense gas–solid two-phase flows of bubbling fluidized beds the particle-to-particle interactions cannot be neglected
and an Eulerian approach has been used to predict the fluid dynamics as well as the heat transfer. The physical properties of the solid
phase can be modeled with the kinetic theory of granular medias and the governing equations are solved numerically. The present
work compares different physical models for the thermal transport coefficients of the solid phase for a lab-scaled two-dimensional
fluidized bed filled with mono-disperse glass beads. The numerical results show a strong correlation between fluid dynamics and
the instantaneous heat transfer similar to the so-called packet theory by Mickley and Fairbanks [1].  2000 Éditions scientifiques et
médicales Elsevier SAS
fluidization / granular materials / heat transfer / multiphase flow / granular temperature / simulation

Nomenclature

B defined in equation (15)
cp specific heat . . . . . . . . . . . . . . . . J·kg−1·K−1

ds particle diameter . . . . . . . . . . . . . . m
dTubediameter of the heat transfer tube . . . . m
g gravitational constant . . . . . . . . . . . m·s−2

g0 radial distribution function
h specific enthalpy . . . . . . . . . . . . . . J·kg−1

h height . . . . . . . . . . . . . . . . . . . m
I identity tensor
kΘ solids fluctuating energy diffusion

coefficient . . . . . . . . . . . . . . . . . Pa·s
Nu Nusselt number
p pressure . . . . . . . . . . . . . . . . . . N·m−2

ps solid pressure . . . . . . . . . . . . . . . N·m−2

q heat flux . . . . . . . . . . . . . . . . . . W
Q̇ heat flux . . . . . . . . . . . . . . . . . . W
r radial coordinate . . . . . . . . . . . . . . m
Re Reynolds number
T temperature . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . s
tr trace of a tensor (sum of main-diagonal

elements)

* Correspondence and reprints.
schmidt@wuek.rwth-aachen.de

v velocity vector . . . . . . . . . . . . . . . m·s−1

w width . . . . . . . . . . . . . . . . . . . . m
x x-coordinate . . . . . . . . . . . . . . . . m
y y-coordinate . . . . . . . . . . . . . . . . m

Greek symbols

α volumetric interphase heat-transfer
coefficient . . . . . . . . . . . . . . . . . W·m−3·K−1

αgs fluid–particle heat-transfer coefficient . . W·m−2·K−1

αT heat-transfer coefficient at tube surface . W·m−2·K−1

β interphase drag coefficient . . . . . . . . kg·m−3·s−1

γΘ dissipation of fluctuating energy . . . . . Pa·s−1

ε volume fraction
γ angle . . . . . . . . . . . . . . . . . . . . deg
κ thermal conductivity . . . . . . . . . . . W·m−1·K−1

κcyl defined in equation (13)

8Θ fluctuating energy exchange . . . . . . . Pa·s−1

ρ density . . . . . . . . . . . . . . . . . . . kg·m−3

Θ granular temperature . . . . . . . . . . . m2·s−2

τ viscous stress tensor . . . . . . . . . . . . N·m−2

ω defined in equation (14)

Subscripts

0 jet
Bulk bulk properties
g gas-phase
gas gas
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i i = g, s (gas or solid)
m mixture
mf minimum fluidization
pen penetration theory
pm particle material
s solid-phase
T tube
Tube tube
T total
total total
W wall

Superscripts

∗ parameter multiplied by the volume
fraction of its phase

1. INTRODUCTION

The heat transfer in fluidized beds has been part of
many investigations in the past and numerous empiri-
cal equations to calculate the heat transfer coefficients
between a fluidized bed and immersed tubes have been
published (Mickley and Fairbanks [1] and Gelperin and
Einstein [2]): Mickley and Fairbanks assume that dis-
crete packets of particles periodically get in contact with
a heat transfer wall. This renewal of particles leads to
a time-dependent heat transfer characteristic which pre-
sumes the knowledge of the duration of such a particle–
wall contact time. Unfortunately, the estimation of this
so-called time-of-contact is difficult and depends on the
geometrical arrangement of the heat transfer areas. Be-
sides the theoretical work, experiments were carried out
(Sundaresan and Clark [3]) to analyse the mechanisms of
heat transfer. With the increase of computational power
the numerical simulation becomes an additional tool to
predict the fluid dynamics and the heat transfer mecha-
nisms in multiphase flows. In the recent years the fluid
dynamics of a bubbling fluidized bed has been calcu-
lated with an Eulerian approach (Kuipers et al. [4] and
Boemer et al. [5]). Their numerical set-up consists of
a two-dimensional isothermal fluidized bed filled with
glass beads. Based on the conservation equations for both
phases it is possible to predict instantaneous particle vol-
ume fractions, velocity distributions as well as the pres-
sure field. With the implementation of the energy equa-
tions of both phases the relevant heat transfer coefficients
can now be calculated. Schmidt and Renz [6] calculated
the heat transfer in a lab scaled fluidized bed. The corre-
lation between instantaneous local flow conditions and
time-dependent local heat transfer coefficient has been

analysed by generating a single bubble rising in a flu-
idized bed at state of minimum fluidization. It has been
shown that the local heat transfer coefficients can be pre-
dicted without additional assumptions (e.g., the contact
time). This is one of the advantages over the empirical ap-
proaches. But it has to be investigated whether the physi-
cal properties in the Eulerian equations need further em-
pirical models or if they can be replaced by approaches
from the kinetic theory of granular flows.

2. GOVERNING EQUATIONS

Due to the high particle concentrations in gas–solid
fluidized beds the particle interactions cannot be ne-
glected. In fact, the solid phase has similar properties as
a continuous fluid. Therefore, the Eulerian approach is
an efficient method for the numerical simulation of flu-
idized beds. By using the kinetic theory of granular flows
(Savage and Jeffrey [7] and Lun et al. [8]) the viscous
forces and the solid pressure of the particle phase can be
described as a function of the so-called granular tempera-
ture. In principle, the kinetic theory of granular flows has
been derived from the kinetic theory of gases: while the
thermodynamic temperature is a quantum of the fluctu-
ating energy of the molecules on the microscopic scale,
the granular temperature expresses the macroscopic ki-
netic energy of the random particle motion. This leads
to the following differential equations given in Eulerian
notation.

2.1. Mass balances

So far no chemical reactions are implemented, so
the accumulation of mass in each phase is balanced by
convective mass fluxes.

• Gas phase:

∂

∂t
(εgρg)+∇ · (εgρgvg)= 0 (1)

• Solid phase:

∂

∂t
(εsρs)+∇ · (εsρsvs)= 0 (2)

Each computational cell is shared by the interpenetrating
phases, so that the sum over all volume fractions is unity.
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2.2. Momentum balances

According to Newton’s second law the change of mo-
mentum equalizes the net force on a domain. In gas–
solid fluidized beds the net force consists of the vis-
cous forceτi , the body forceεiρig, the solid pressure
force∇p∗s , the static pressure forceεi∇p and the inter-
phase forceβ(vi − vj ) which couples the gas and solid
momentum equations by drag forces.

• Gas phase:

∂

∂t
(εgρgvg)+∇ · (εgρgvgvg)

=∇ · τg− εg∇p+ εgρgg− β(vg− vs) (3)

• Solid phase:

∂

∂t
(εsρsvs)+∇ · (εsρsvsvs)

=∇ · τs−∇p∗s − εs∇p+ εsρsg− β(vs− vg) (4)

In this paper the drag function of Syamlal et al. [9]
is used. The solid phase properties (i.e. solid pressure
and solid viscosity) can be described with the help of
the kinetic theory of granular flows. A more detailed
discussion is given in Boemer et al. [5].

2.3. Energy balances

The energy equations have to take into account the
thermal conduction within the phase, the heat exchange
between gas and solid phase, the viscous dissipation and
the term involving the work of expansion of the void
fraction.

• Gas phase:

∂

∂t
(εgρghg)+∇ · (εgρghgvg)

=−∇ · εg · qg+ α(Ts− Tg)+ τg · ∇ · vg

+ εg

[
∂

∂t
p+ vg∇p

]
(5)

• Solid phase:

∂

∂t
(εsρshs)+∇ · (εsρshsvs)

=−∇ · εs · qs+ α(Tg− Ts)+ τs · ∇ · vs

+ εs

[
∂

∂t
p+ vs∇p

]
(6)

with

hi =
∫ T

Tref

cp,i dTi and qi =−κi∇Ti (7)

2.4. Granular temperature

A balance of the solids fluctuating energy can be
written as follows (see, e.g., Boemer et al. [5]):

3

2

[
∂

∂t
(εsρsΘs)+∇ · (εsρsΘs)vs

]
= (−p∗sI + τs) :∇vs+∇ ·

(
k∗Θ∇Θs

)− γ ∗Θ +8∗Θ (8)

The left-hand side of equation (8) is the net change of
fluctuating energy. It is equal to the sum of generation
of fluctuating energy(−p∗sI + τs) :∇vs, the diffusion of
fluctuating energy∇ · (k∗Θ∇Θs), the dissipationγ ∗Θ and
the exchange of fluctuating energy between gas and solid
phase8∗Θ . A detailed discussion can be found in Boemer
et al. [5].

The calculations presented in this paper use a zero flux
of the granular temperature at walls.

2.5. Solid phase thermal properties

2.5.1. Interphase heat exchange

The coupling of the two energy balances occurs
due to the convective heat exchange between the two
phases. Within the energy equationsα represents the
volumetric interphase heat transfer coefficient which is
the product of the specific interfacial exchange area and
the fluid–particle heat transfer coefficientαgs. Based on
geometric considerations the following conversion can be
performed:

α = 6(1− εg)

ds
αgs (9)

There are many approaches in literature which are mod-
ifications of the heat exchange model for a single sphere
and a surrounding fluid (e.g., Gnielinski [10]). In fact,
there are two different groups of publications on the con-
vective heat transfer between the phases (Riquarts [11]).
The first group postulates that the Nusselt number ap-
proaches a finite value as the Reynolds number van-
ishes, whereas the second group assumes that the lim-
iting Nusselt number tends to zero. Schlünder [12] and
Martin [13] attribute this anomalous physical behaviour
to the nonuniform distribution of flow in aerated beds.

In this paper the expression from Gunn [14] has been
used. This correlation is valid for a wide range of particle
volume fractions, so that its application on the simulation
of bubbling fluidized beds is reasonable, as the particle
volume fractions range between 0 and 60 %:
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Nu= αgsds

κg

= (7− 10εg+ 5ε2
g

)(
1+ 0.7Re0.2Pr1/3)

+ (1.33− 2.4εg+ 1.2ε2
g

)
Re0.7Pr1/3 (10)

2.5.2. Thermal conductivity of the solid
phase

Standard approach. The thermal conductivity of the
particle material differs from that of the particulate phase
depending on the contacts of the particles in the flu-
idized beds. Based on the arrangement in a sphere pack-
ing Zehner and Schlünder [15] calculate the thermal con-
ductivity of a bulk as a function of the thermal proper-
ties of the gas and particle material and the void fraction
within the bulk. For a mathematical description within
the Eulerian equations it is necessary to separate the over-
all bulk thermal conductivity into the thermal conductiv-
ity of the gas phase and the solid phase, respectively. This
has been performed by Gidaspow and Syamlal [16] and
Kuipers et al. [4]. Their expressions are:

κ∗s = εpκs=
√

1− εg
[
ωκpm+ (1−ω)κcyl

]
(11)

κ∗g = εgκg=
(
1−

√
1− εg

)
κgas (12)

where the effective thermal conductivity of a cylinderκcyl
is given by equation (13). This cylinder consists of one
particle and the fluid phase:

κcyl = 2κgas

1−Bκgas/κpm

[
(1− κgas/κpm)B

(1− κgas/κpmB)2
ln

κpm

Bκgas

− B + 1

2
− B − 1

1−Bκgas/κpm

]
(13)

The ratio of the particle contact area to the total particle
surface areaω and the factor of deformationB are given
by the following expressions:

ω= 7.26·10−3 (14)

B = 1.25

(
1− εg

εg

)10/9

(15)

Kinetic approach. For a numerical simulation based
on the kinetic theory of granular flows there is another
promising approach to describe the thermal conductivity
of a particulate phase. In the kinetic theory of gases the
thermal conductivity can be understood as the exchange
of kinetic energy due to collisions of the molecules.
With an increase of the thermodynamic temperature the

molecular fluctuations and collisions increase as well,
which result in an enhanced thermal conductivity.

On the macroscopic scale of the particles, Hunt [17]
introduces a model to describe the effective thermal
conductivity as a function of the granular temperature,
i.e. a function of the kinetic energy of the random particle
fluctuations. With the help of the Maxwellian velocity
distribution function the particle fluctuating velocity can
be specified. This leads to the distance that a particle is
travelling before colliding with another particle. In fact,
this distance is a mean free path similar to that known
from the kinetic theory of gases. Hunt [17] assumes
that the internal energy of the particles is transfered by
a so-called kinetic or streaming mechanism. Actually,
this definiton only accounts for the random fluctuating
particle velocity and can, therefore, not be compared with
the convective transport of internal energy of the solid
phase as described by the Eulerian formulation of the
energy balances. Hsiau and Hunt [18] and Hunt [17]
neglect collisional interactions in their definition for a
thermal conductivity of the solid phase and propose a
correlation for the thermal conductivity as a function of
the granular temperatureΘ:

κ∗s = εsκs= εsρscp,sdsπ
3/2

√
Θ

32g0
(16)

with

g0= 16− 7εs

16(1− εs)2
(17)

Equation (17) can be identified as radial distribution
function, that is used to describe the probability of inter-
particle collisions.

Natarajan and Hunt [19] consider an additional colli-
sional term which has been introduced by Gelperin and
Einstein [2]. From their point of view the kinetic mode
is dominant at high gaseous volume fractions, whereas
the collisional mode dominates at lower fractions. This
model has not been implemented in the computer code
so far.

Figure 1shows the result of the effective solid phase
thermal conductivity as a function of the void fractionεg.
It is obvious that the thermal conductivity of the solid
phase, predicted by Gidaspow and Syamlal [16] and
Kuipers et al. [4], decreases for an increasing void frac-
tion, since the number of particle contacts reduces. The
kinetic approach shows a similar behaviour, but it con-
siders the influence of the granular temperature. Because
of the turbulent character of the random particle fluc-
tuations, the granular temperature enhances in areas of
large velocity gradients and low solid volume fractions.
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Figure 1. Effective solid phase thermal conductivity (kinetic
approach versus standard approach).

Obviously, the effective thermal conductivity depends
strongly on the granular temperature.

3. HEAT TRANSFER CALCULATIONS

3.1. Single bubble rising in a fluidized
bed

As a first test case, the fluid dynamics and the heat
transfer in a two-dimensional lab-scaled fluidized bed

(height: 0.6 m, width: 0.185 m, height of the bulk: 0.25 m,
particles:ds= 500 µm, ρs = 2 660 kg·m−3) have been
calculated. Bubbles are generated periodically at a small
nozzle (u= 5 m·s−1, d = 5.4 mm) placed in the middle
of the distributor plate, whereas the remaining cross
section is fixed in a state of minimum fluidization (u =
0.25 m·s−1). A more detailed description is given in [6].
Due to the high computational effort, only a short period
of time can be calculated during which a single bubble
arises, hits the heat transfer tube (dTube= 40 mm) and
finally bursts in the freeboard. This sequence takes about
half a second in real-time. Since any additional particle
class needs a further set of conservation equations,
which increases the computational time, only a single
particle class has been investigated. To reduce the number
of grid points the calculations have been performed
with a symmetry plane placed in the middle of the
computational domain.

Boundary conditions and computational conditions.
Figure 2shows the boundary conditions for the numerical
calculation. In contrast to a discrete element method
(DEM) which calculates the movement of each particle
(Rong et al. [20]), the Eulerian approach treats the
particles as a continuous phase similar to the gas phase.
This makes it impossible to balance the forces acting
on a single particle and to decide whether it is sliding
along the tube wall or if the tangential forces cause
particle rotation as it is done by [20]. Due to the
wall friction a no-slip velocity boundary condition for
both phases has been applied. The fluctuating particle

Figure 2. Sketch of the numerical set-up.
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motion is described by the granular temperature. So far
a zero flux of the granular temperature at all walls has
been assumed. For a further numerical investigation the
implementation of a new particle treatment (i.e. partial
slip) introduced by Johnson and Jackson [21] will be
carried out. Their approach also indicates that the sum
of the flux of granular temperature and the generation of
granular temperature due to local acceleration of particles
is balanced by energy dissipation as a result of inelastic
particle–wall collisions.

A typical time step for the numerical simulation is
2·10−5 s. A total number of 5 500 computational cells
has been used to generate a structured grid. Normal to
the tube wall the smallest grid size is about 0.005 mm and
increases with distance from the wall. This is sufficient to
obtain a grid-independent solution.

3.1.1. Flow characteristics

Figure 3 shows a sequence of different states of
particle distributions within the fluidized bed.

After 0.1 s the first bubble has just separated and starts
rising through the fluidized bed. Though the bubble has
not reached the heat-transfer-tube yet, the solid volume
fraction is already decreasing at the bottom of the cylin-
der. Due to the local acceleration of the air at the lower
part of the tube, a layer is observed. The air velocity ex-
ceeds the minimum fluidization velocity which leads to
the formation of bubbles. Several experimental investiga-
tions (Rong et al. [20], Ozawa et al. [22]) document this
phenomenon, as can be seen infigure 4, that has been
taken from video recordings in our lab-scaled fluidized
bed.

After the air bearing is large enough, small bubbles
separate from the upper section of the tube.

At t = 0.25 s the rising bubble hits the tube. Because
the velocity of this bubble is larger than the velocity of the
smaller bubbles, stalling at the tube, they grow together
as indicated infigure 3at t = 0.3 s. This causes a flow
channel which is preferred by the rising bubble, so that a
tearing apart of the bubble can be observed (t = 0.35 s).

The computer-simulated solid volume fractions show
that the tube is always surrounded by a number of parti-
cles and the bubbles do not encase the tube completely.
After the bubble has been splitted at the tube, the smaller
bubbles do not coagulate any more. This can be seen at
the video as well. Reminding the packet theory, this flow
characteristic will influence the local tube-to-bed heat
transfer due to the particle renewal. In the following sec-
tion 3.1.2 this effect will be discussed in detail.

Figure 3. Bubble eruption.

Figure 4. Particle distribution at the tube.

3.1.2. Heat transfer— comparison of
physical models

Boundary conditions for the heat transfer calculations
are defined as follows. The surface temperature of the
tube is at 373 K, whereas the bulk has an initial tempera-
ture of 293 K and the outer walls are adiabatic. In order to
obtain heat transfer coefficient from the temperature gra-
dient at the wall, the near-wall region has to be properly
resolved, since no wall functions for such dense particle
flows as in fluidized beds are available. Local, instanta-
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neous heat transfer coefficients can be calculated for each
phase separately as given with the following equations.

• Gas phase heat transfer coefficient:

αT,g=
∣∣∣∣κg∂Tg/∂r|W
TW − TBulk

∣∣∣∣ (18)

• Solid phase heat transfer coefficient:

αT,s=
∣∣∣∣κs∂Ts/∂r|W
TW − TBulk

∣∣∣∣ (19)

Since the total heat flux is the sum of the individual fluxes
Q̇T,s andQ̇T,g, the overall heat transfer coefficientαT can
be written as the sum ofαT,g andαT,s.

Penetration theory. The physical boundary condi-
tions used for the numerical simulations can hardly be
realized in an experimental set-up. In the calculations the
tube surface temperature is suddenly changed after an
initial isothermal phase, whereas the bulk temperature is
still homogeneous. This cannot be achieved by the ex-
periments, since there always is a heating-up of the tube.
Therefore, the numerical results will also be compared
with an analytical approach that describes the behaviour
of two semi-infinite bodies getting in contact. Kuipers
et al. [4] suggested this so-called penetration theory to
compare the calculated heat transfer coefficients. Accord-
ing to Kuipers et al. [4] the penetration theory can be ap-
plied with the following mixture properties:

αT,pen=
√
κm(ρcp)m

πt
(20)

with

κm= εgκg+ (1− εg)κs (21)

and

(ρcp)m= εgρgcp,g+ (1− εg)ρscp,s (22)

Overall heat transfer coefficient. Figure 5shows
the predicted instantaneous, locally averaged heat trans-
fer coefficients, solid volume fractions and granular tem-
peratures for the two physical models presented in sec-
tion 2.5.2. Both models indicate that the solid volume
fraction distribution (seefigure 5(b)) and heat transfer
at the tube are correlated. Indeed, the particles adjacent
to the tube play the major role when estimating the heat
transfer coefficients. In the kinetic approach the granu-
lar temperature influences the thermal transport, sofig-
ure 5(c)shows the local-averaged granular temperature as
a function of time. Generally speaking, large values of the

Figure 5. Instantaneous locally averaged values of heat transfer
coefficient (a), solid volume fraction (b), and granular tempera-
ture (c).
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granular temperature occur in areas of low solid volume
fractions with low number of inter-particle collisions and
large velocity gradients, which mean enhanced produc-
tion of fluctuating energy.Figures 5(a)–(c) show average
values at the circumference of the tube. This does not al-
low us to investigate the macroscopic mechanism of heat
transfer, but gives an impression on the correlation be-
tween heat transfer and fluid dynamic. At the beginning
(t = 0 s) the numerical simulations as well as the penetra-
tion theory predict infinite heat transfer coefficients, since
the boundary condition at the tube surface is changed
suddenly. The penetration theory is valid if conduction
is the only transport mechanism, but since the convective
part plays an important role in bubbling fluidized beds,
the heat transfer coefficient is underestimated by the pen-
etration theory. This effect is documented infigure 5(a),
which shows the influence of the rising bubble hitting the
tube. Furthermore, if there is an air-bearing at the tube,
the heat transfer decreases. Both, kinetic approach and
standard approach, predict nearly the same heat transfer
coefficients at the beginning of the calculation. The heat
transfer rate slightly decreases with increasing time. Ob-
viously, the relative maxima are due to the effect of small
bubbles, which periodically detach from the tube and lead
to a renewal of particles. Att = 0.3 s, when the large
bubble starts getting in contact with the tube, there is a
discrepancy between the two approaches, since the ki-
netic approach calculates heat transfer coefficients, which
are larger than the values predicted from the standard ap-
proach by a factor of two. As can be seen fromfigure 5(c)
the granular temperature starts increasing att = 0.32 s,
which means there is an increase in the fluctuating en-
ergy of the particles. This increase seems to be reason-
able since the arriving bubble decreases the solid volume
fraction and accelerates the particles. According to the
kinetic approach the enhanced particle motion causes an
increase in the effective thermal conductivity, which fi-
nally means higher heat transfer.

Local heat transfer coefficients.In order to resolve
the detailed mechanisms at the tube (e.g., small bub-
bles detaching periodically) it is necessary to determine
the local particle distributions and heat transfer values.
Therefore,figure 6 shows the heat transfer coefficient,
the solid volume fraction and the granular temperature
at five different positions, namely, 4, 42, 90, 137, 175◦,
starting anticlockwise at the top of the tube. In the near
top position (i.e.γ = 4◦) the numerical simulations first
fit quite well the analytical solution of the penetration
theory, but with increasing time both approaches differ.
This can be explained with a gradual moving of particles
along the tube due to an eddy which can be observed at

this position, but so far there is no sudden change in the
solid volume fraction. As a consequence, the analytical
solution underdetermines the heat transfer rate since it
neglects convection. The peak in the heat transfer char-
acteristic att = 0.44 s is caused by the bubble, which
carries away particles at the tube (documented in the
time-dependent solid volume fraction). Finally, this ef-
fect leads to an enhanced granular temperature that influ-
ences the effective thermal conductivity in the kinetic ap-
proach. Atγ = 42◦ there is only very few particle move-
ment, so the assumptions of the penetration theory are
fulfilled. Consequently, the analytical solution and the
numerical calculations agree quite well. Obviously, the
very small decrease in the solid volume fraction at 0.04 s,
respectively 0.43 s, leads to a decrease of the total heat
transfer coefficient and an enhanced granular tempera-
ture. Summarising, these two upper positions are char-
acterised by high solid volume fractions adjacent to the
tube and only little influence of bubbles on the total heat
transfer.

As mentioned in section 3.1.1, small bubbles periodi-
cally detach in the lower part of the tube. This is due to
the local gas acceleration, which consequently forces the
excess air to generate bubbles. According to the packet
theory, this flow pattern plays the major role in the heat
transfer mechanism of fluidized beds. The influence of
the gas–solid flow on the heat transfer is shown infig-
ure 6. As a result of the turbulent particle movement,
which is indicated by the high values for the granular
temperature, the penetration theory is not valid any more.
There is a permanent replacement of particles at the tube.
Each time a new packet of “fresh” particles gets in con-
tact with the tube surface, there is a peak in the heat trans-
fer coefficient. Only for this short period of time, when
this packet is heated up by thermal conduction, the an-
alytical solution can be applied, starting witht = 0 s at
the point of particle–wall contact, which predicts, mathe-
matically speaking, infinite heat transfer coefficients de-
creasing again with increasing time. This phenomenon
has already been investigated experimentally by Mickley
et al. [23].Figure 7shows their measured instantaneous
heat transfer coefficients over a small time interval. Our
simulations show a similar heat transfer behaviour. Fluc-
tuating heat transfer coefficients can be observed, though
the solid volume fractions, e.g., atγ = 90◦ seem to be
nearly constant. However,figure 6just displays the prop-
erties of the computational fluid-cell next to the wall at
a distance of 0.005 mm and not directly at the wall. At
this position (γ = 90◦) a permanent particle layer is ex-
isting that damps the heat transfer. Adjacent to this po-
sition, particle renewal occurs as indicated byfigure 8,
which shows the solid volume fraction at a distance of
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Figure 6. Numerically calculated heat transfer coefficients (a), solid volume fractions (b), and granular temperatures (c) at the tube at
five positions.
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Figure 7. Measured instantaneous heat transfer coefficients
(Mickley et al. [23]). Figure 8. Solid volume fraction at γ = 90◦, three cells (i.e.

0.06 mm) away from the tube surface.

Figure 9. Local, instantaneous heat transfer coefficients.
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Figure 10. Spontaneous bubble formation.

about 0.06 mm away from the tube. The heat transfer co-
efficients can be correlated with the particle distribution
adjacent to the particle layer. To find out the so-called
contact time, one has to measure the temporally distance
between two peaks.

The slight differences of both approaches can be ex-
plained with the dynamic behaviour of the kinetic ap-

proach, which takes into account the granular temper-
ature as an important parameter, whereas this turbulent
particle dynamic is not considered in the standard ap-
proach.

Figure 9 shows the local heat transfer coefficients at
the circumference of the tube for four different times
(i.e. 0.1, 0.2, 0.3 and 0.4 s). This chart gives an impres-
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sion of the influence of the big bubble arriving at the tube
at t = 0.3 s on the heat transfer. There is a decrease of the
local heat transfer coefficient in the lower part of the tube,
whereas the upper region is still characterised by high
heat transfer coefficients. When the bubble has passed
this section, the two different approaches predict an in-
crease of the heat transfer as new particles, moving with
the wake of the bubble, get in contact and improve the
heat transfer characteristic. Generally speaking, the ki-
netic approach estimates larger values than the standard
approach, which can again be explained with an increase
in the granular temperature.

3.2. Spontaneous bubble formation

Whereas the calculations discussed in section 3.1
investigate the influence of a single bubble on the heat
transfer in fluidized beds, this section analyses the heat
transfer phenomena in spontaneously bubbling fluidized
beds. In fact, this boundary condition is of much more
technical interest.

3.2.1. Flow characteristics

To realize a spontaneously bubbling fluidized bed
the inflow boundary conditions were changed. The air
velocity at the distributor was set to a uniform value of
0.5 m·s−1 and the jet was removed. As a consequence, the
excess air forms bubbles spontaneously.Figure 10gives
an impression of the predicted solid volume fractions
distribution at different times. The time delay between
two images is 0.05 s, so that a total sequence of 1.4 s is
shown. The boundary conditions used for this calculation

are the same as listed infigure 2. In contrast to the single
bubble investigations the application of a symmetry plane
is not reasonable, so that the full domain has been
calculated.

3.2.2. Heat transfer investigations

Figures 11(a)and(b) show the calculated locally av-
eraged heat transfer coefficients as well as the solid vol-
ume fractions at the tube as a function of time. Obviously,
there is a correlation between overall heat transfer coeffi-
cient and local-averaged solid volume fraction. The fluc-
tuating solid volume fractions are a result of the period-
ically emerging gas pockets as described in section 3.1.
With decreasing solid volume fractions (e.g., gas pock-
ets or gas bubbles) the overall heat transfer coefficient
decreases as well. All calculations use the so-called stan-
dard approach.

To investigate the transport phenomena in detail, lo-
cal values for the heat transfer coefficients and the solid
volume fractions are shown at the positions 4◦, 80◦ and
170◦, in figure 12. In an own experimental rig thermocou-
ples, placed in the heat transfer tube, are used to evaluate
experimental heat transfer coefficients. This experimental
rig is a modification of the set-up used by Röttger [24].
In contrast to the numerical set-up a three-dimensional
rig has been used, having the same height and width as
the computational domain shown infigure 2. The depth
of this lab-scaled fluidized bed is 280 mm. A tube sur-
face temperature of 373 K can be performed by a cart-
ridge heater placed inside the tube. One of the thermo-
couples is fixed on the tube surface, whereas the second
sensor is mounted at a depth of 7 mm inside the tube. To
measure the heat transfer at different positions of the cir-

Figure 11. Locally averaged heat transfer coefficients (a) and local averaged solid volume fractions (b).
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Figure 12. Comparison between numerical simulations and experimental data at different positions.

cumference, the tube can be rotated. For the evaluation
of the heat transfer coefficients the one-dimensional, un-
steady Fourier equation is being solved. At first, the heat

transfer coefficient at the surface is an initial guess. To-
gether with the second boundary condition (i.e. the tem-
perature inside the tube), a temperature distribution can
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be calculated. If there is a discrepancy between calcu-
lated and measured surface temperature, the heat transfer
coefficient needs adjustment as long as both agree with a
certain tolerance.

At the top position of the tube (γ = 4◦) with low
particle replacement (seefigure 12), experimental data
and numerical simulation agree well. In areas of an
intensive particle replacement and bubble-to-tube contact
(e.g.,γ = 80◦, position 2 andγ = 170◦, position 3 in
figure 12), the calculated values are much greater than
those measured. Unfortunately, the actual experimental
set-up is not able to resolve the instantaneous heat
transfer coefficients, since their response time of 50 ms
is not short enough. A fast infrared camera will solve
this problem in the near future. The large increase of
the instantaneous heat transfer coefficient has also been
observed by Mickley et al. [23] as documented infigure 7.

4. CONCLUSIONS

The Eulerian approach has been used to calculate the
fluid dynamics and the heat transfer in a particle–gas flu-
idized bed. For the mathematical description of the solid
phase thermal conductivity two different models have
been used. The first one is a standard approach in which
the effective thermal conductivity is calculated from an
idealized arrangement of the particles in the bed. In the
second approach the kinetic theory of granular medias is
applied to estimate the transport coefficients. The numer-
ical simulation starts with a sudden change in the surface
temperature, which leads to time-dependent heat transfer
coefficients as described by the penetration theory, most
experiments just show a temporal snapshot. The particle
renewal at the wall leads to instantaneous high heat trans-
fer coefficients. This phenomenon has been predicted by
the calculations in agreement with experimental investi-
gations carried out by Mickley et al. [23].

Our numerical investigations have shown that in the
stagnant cap in the upper part of the tube the particle mo-
tion is very low, so that the time-dependent solution of the
penetration theory is valid. At the beginning of the sim-
ulation rather high heat transfer coefficients occur at this
part of the tube. With increasing time the heat transfer co-
efficient decreases in this area and is dominated by par-
ticle motion around the tube. The influence of the solid
volume fraction (e.g., bubble formation at the tube) can
be observed during the simulation. So far heat transfer co-
efficients and solid volume fractions were not measured
simultaneously, but the fluctuating behaviour of the heat

transfer coefficients in the experiments indicates a fluctu-
ating distribution of the particles. Further investigations
will be carried out with a fast infrared camera, to exam-
ine this complex correlation.
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