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Abstract—The immersion of a heat exchanger into a f luidized bed changes the hydrodynamic structure of the
bed, which, according to this study, has a decisive influence on the heat transfer process. A near-surface zone
with a local vertical circulation of particles and a porosity that is higher than that in the rest of the bed volume
is formed near the immersed body with an increase in the velocity of the gas blown through the bed. As is
shown in this study, the deterioration of the exchange of particles between this zone and the rest of the bed
volume leads to a decrease in the intensity of external heat transfer with an increase in the gas velocity. A
model is proposed that makes it possible to calculate the width of the near-surface zone and the time of res-
idence of f luidized bed particles in it.
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INTRODUCTION
The residence time of a particle near the heat trans-

fer surface immersed in a f luidized bed must be deter-
mined to calculate the intensity of external heat trans-
fer in a f luidized bed by means of all the proposed heat
transfer models [1–9].

Table 1 lists the methods of determination and the
values of the residence time of particles near the heat
exchange surface which were obtained in previous
studies.

The scatter of the values of the residence time of
particles near a heat exchange surface when they are
determined by different methods draws attention
(Table 1). On the other hand, the correctness of deter-
mining this parameter is of great importance.

In particular, the parcel heat transfer model still
widely used [4, 5] gives an unrealistic relationship
between the heat transfer coefficient and the heat
capacity of solid particles [11, 19], and the heat trans-
fer coefficient predicted by the parcel model increases
to infinity with a decrease in the time of residence of
particles near the heat exchange surface [6, 11]. To
overcome the drawbacks of the parcel model, an addi-
tional thermal resistance is introduced between the
fluidized bed and the heat exchange surface (gas film)
[20–23], which generates additional uncertainties in
the parcel model. On the one hand, the gas film thick-
nesses determined in different models are very differ-
ent for apparently similar conditions [24]. On the

other hand, it was proved that the existence of such a
gas film contradicts the physical reality [1, 25].

The alternative particle-based model is free from
the drawbacks of the parcel model, since it is not asso-
ciated with modeling the properties of mythical par-
cels and the introduction of a nonexistent thermal
resistance in the form of a gas film [10, 24].

However, the lack of detailed information on the
motion of individual particles near the wall in the open
literature sources hinders the further development of
this model.

On the other hand, it has been proven experimen-
tally that the placement of heat exchanger tubes in a
fluidized bed changes the hydrodynamic structure of
the bed. A precessing gas cavity is formed under a ver-
tically immersed body, which periodically generates
gas bubbles that rise both along the immersed body
and at a certain angle to it. As a result, a certain zone
of the bed with local circulation of particles in it is
formed near the immersed body, i.e., a heat transfer
surface, which has a width equal to several diameters
of particles and an increased porosity [26, 27]. This
region of the bed will be further referred to as the
“near-surface zone”; owing to the higher porosity,
part of the gas rushes into this zone, which gives rise to
a decrease in the gas velocity in the rest of the bed [28].
Obviously, the rate of exchange of particles between
the near-surface zone and the rest of the bed should
41
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Table 1. Applied methods and results of determining the residence time of particles at the heat exchange surface

Method used for determination Time of residence particles 
at the heat exchange surface

Literature 
source

Observation of temperature f luctuations in platinum foil 0.15–1.0 s [5]
0.1–0.5 s [14]

Extrapolation from the time of residence of particles in stirred beds 1–1.6 s [10]
Video recording of labeled particles ≈3 s [11]

0.02–0.36 s [12]
Analysis of the video of particle motion 1.5–6.0 s [13]

0.04–0.08 s [16]
0.5–5 s [1]

Analysis of fast-response capacitive sensor signals 0.07–1.13 s [15]
Detection of particle radiation with an infrared camera 0.35–0.5 s [18]
affect the rate of heat transfer between the immersed
surface and the f luidized bed.

The aim of this work was to study the process of
formation of a near-surface zone and the exchange of
particles between this zone and the rest of the bed, as
well as to develop a model for calculating the residence
time of particles in the near-surface zone.

EXPERIMENTAL
Experimental Procedures

We studied the motion of aluminosilicate catalyst
particles (particle diameter 2.5–3.0 mm and critical
f luidization velocity vmf = 0.86 m/s) in an apparatus
with an inner diameter of D = 172 mm. The bed of alu-
minosilicate catalyst particles was f luidized with air at
room temperature.

To elucidate the effect of an immersed body on the
movement of particles in a f luidized bed, a compara-
tive study of the movements of particles in a free f luid-
ized bed and in a f luidized bed containing an
immersed body that simulated a heat transfer surface
was carried out.

In the latter case, a stainless steel cylinder with a
diameter of d = 40 mm was immersed in the apparatus
along the longitudinal axis. The cylinder had a
rounded bottom end; the distance from this end to the
air distribution grid was 10 mm.

The motion of the particles within the bed was ana-
lyzed tracking the magnetically labeled particle intro-
duced into the bed, which was obtained by sintering a
ferromagnetic powder and polypropylene. This mag-
netically labeled particle had the same size and mass as
the rest of the particles in the bed. The magnetic
moment of the particle after magnetizing in a constant
magnetic field was 0.39 A/m. Magnetometers contin-
uously measuring the change in the strength of the
magnetic field were installed outside the apparatus,
which made it possible to further calculate the coordi-
nates of the particle. The magnetometers were
THEORETICAL FOUNDATIONS OF
equipped with magnetosensitive sensor units assem-
bled of double-rod differential f luxgates. Each mea-
suring channel had the following characteristics: mea-
surement range ±500 × 10–4 Oe, sensitivity 0.02 V/500 ×
10–4 Oe, nonlinearity 5%, and supply voltage 10 V.
The output signals of the magnetometers were
recorded on a computer, and then the components of
the particle movement vector in the f luidized bed were
determined.

The experiments were carried out at fixed bed
height values equal to H0 = 0.25D, H0 = 0.5D, and
H0 = 1.0D and the air velocity values equal to 1.5vmf,
2.5vmf, and 3.5vmf. The error in determining the coor-
dinates of the labeled particle was ±10%.

The movements of the particle along the vertical
Z(t) and along the radius R(t), which were counted
from the apparatus center, were studied. Then, the tra-
jectories of the particle movements along the vertical
and radius were divided into separate segments every
0.2 s. This made it possible to determine the values of
particle velocity vectors vZ and vR by the method of
numerical differentiation.

To determine the probability of finding a particle in
different points in the bed, the entire volume of the
bed was divided into cells with a size of 10 × 10 mm,
and the number of occurrences of the particle in each
cell was calculated. On the basis of these data, proba-
bility distribution histograms for the probability of
finding particles in any point in the bed were con-
structed.

In order for the results of an analysis of tracking the
motion of one particle to be extended to the move-
ments of all particles in the bed, the duration of obser-
vation of an individual particle has to be twice the
effective correlation time numerically equal to the area
under the curve of the normalized correlation function
of the R(t) (or Z(t)) random process. In the course of
preliminary experiments, it was found that this area is
 CHEMICAL ENGINEERING  Vol. 55  No. 1  2021
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Fig. 1. Sections of the particle-trajectory projections onto the (a) horizontal and (b) vertical planes in a free bed (H0 = 0.5D and
v = 1.5vmf). 
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maximum for the R(t) random process at H0 = 1.0D
and V = 1.5vmf.

It was found that the time of observation of a mag-
netically marked particle in each experiment should be
at least 78 s; the actual observation time was 100 s.
With such an observation time, the point at which the
labeled particle was introduced into the bed and the
way it was introduced into the bed do not matter.

Analysis of the Obtained Data

The results of analyzing the motion of particles as
they were in a free f luidized bed showed that this pro-
cess in a free bed depends on the rearrangement of the
air velocity profile over the cross sections of the bed
with distance from the air distribution grid.

In actual fact, the air velocity profile, which is ini-
tially f lat at a low height of the free f luidized bed on
the air distribution grid, transforms, with distance
from the latter, into a convex velocity profile with a
maximum near the center of the apparatus, as is shown
in [29]. Moreover, the higher the air velocity with
respect to the empty section of the apparatus, the
faster this transformation occurs. This led the authors
of [29] to assume that a f luidization site with local ver-
tical circulation of solid phase particles is sponta-
neously formed in the f luidized bed.
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
The study of the motion of particles in a free f luid-
ized bed confirmed this assumption.

Segments of the trajectory of a labeled particle in a
free f luidized bed are shown in Figs. 1–3, which are
projected onto the horizontal (parts (a) of the figures)
and vertical (parts (b) of the figures) planes at air
velocities v of 1.5, 2.5, and 3.5vmf and an initial bed
height of H0 = 0.5D.

This motion is superimposed on sharp f luctuations
in the trajectory of the particle moving near the upper
boundary of the bed, which are obviously caused by
the release of air bubbles to the bed surface and their
extinction. With an increase in the air velocity to v =
2.5vmf, the period of the vertical circulation of particles
decreases to 15 s; at an air velocity of v = 3.5vmf, this
period decreases to 4.2 s.

With an air velocity of v = 1.5vmf, the particle is
approximately equally likely to be found at any point
of the radius of the apparatus.

With an air velocity of v = 2.5vmf, the probability of
finding particles in a ring between radii of R = 30 and
60 mm increases.

With an air velocity of v = 3.5vmf, this ring narrows
and is limited by radii of R = 20 and 40 mm.
EERING  Vol. 55  No. 1  2021
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Fig. 2. Sections of the particle-trajectory projections onto the (a) horizontal and (b) vertical planes in a free bed (H0 = 0.5D and
v = 2.5vmf). 
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At the same time, the probability of imparting a
radial velocity component close to zero to particles
increases with an increase in the air velocity.

This kind of particle motion confirms the appear-
ance of a focal f luidization regime with local vertical
circulation of particles in a narrow ring with an
increase in the air velocity in a free f luidized bed.

A decrease in the initial bed height to H0 = 0.25D
gives rise to the appearance of a f luidized zone near
the ring with an average radius of 45 mm just at an air
velocity of v = 1.5vmf.

An increase in the initial bed height to H0 = 1.0D
leads to the degeneration of the focal f luidization
regime with an increase in the air velocity, so the prob-
abilities of finding particles at different points of the
apparatus radius become approximately equal.

The placement of a vertical cylinder in the bed
redistributes the air f lows in the latter and leads to the
occurrence of focal f luidization near the body
immersed in the bed.
THEORETICAL FOUNDATIONS OF
Figure 4 shows the segments of the particle trajec-
tories in a bed with a vertical cylinder along the radius
and along the vertical at an air velocity of v = 1.5vmf
and an initial bed height of H0 = 0.5D.

As follows from Fig. 4, the particle moves freely
over the entire cross section of the bed with the above
air velocity, but it is more likely for the particle to be
found near and above the boundary of the fixed bed.

At the same initial bed height, an increase in the gas
velocity to 3.5vmf increases the probability of finding
particles in the near-surface zone limited by radii of 20
and 40 mm; the probability of finding particles in the
part of the bed cross section with a radius of R >
50 mm decreases (Fig. 4). Segments of the trajectory
of the particle movement temporarily localized in the
near-surface zone, in which the particle makes lifting
and lowering motions and then leaves the near-surface
zone, can be seen in Fig. 4.

Interestingly, it is more likely that the radial com-
ponent of the particle velocity at a gas velocity 3.5vmf
 CHEMICAL ENGINEERING  Vol. 55  No. 1  2021
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Fig. 3. Sections of the particle-trajectory projections onto the (a) horizontal and (b) vertical planes in a free bed (H0 = 0.5D and
v = 3.5vmf). 
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equals vR ≈ 0 mm/s (Fig. 5). At the same time, the par-
ticles often have a radial velocity of vR = ±40–
80 mm/s at lower values of the gas velocity (Fig. 5),
while the probabilities of imparting negative and posi-
tive velocities to particles are approximately equal.

The described observations suggest that the forma-
tion of a near-surface zone at the initial bed height
occurs at an air velocity of 3.5vmf. In this case, focal
f luidization of particles located in the near-surface
zone there is observed, as is evidenced by a radial
velocity value equal to vR ≈ 0.

A decrease in the initial bed height to H0 = 0.25D
leads to a sharp increase in the probability of finding
particles near the cylinder in a region with a width of
10–20 mm just at v ≤ 2.5vmf; in this region, a near-sur-
face zone is formed.

Upon an increase in the initial height to H0 = 1.0D,
no pronounced near-surface zone is observed in the
investigated range of air velocities—the probability of
finding particles in the region of R > 50 mm at H0 =
1.0D and v = 3.5vmf is higher than that at the same gas
velocity but a bed height of H0 = 0.5D.

Before the formation of the near-surface zone, the
time spent by the particles near the immersed body is
THEORETICAL FOUNDATIONS OF CHEMICAL ENGIN
0.35–0.4 s at a distance of up to 20 mm from the body
and 0.3–0.38 s at a greater distance from the immersed
body.

After the formation of the near-surface zone, the
residence time of particles in it is 0.36–0.5 s (these val-
ues are close to the experimental data obtained in [12,
14, 18]), and the residence time outside the near-sur-
face zone is 0.25–0.4 s.

Thus, the formation of the near-surface zone with
the width equal to 7–8 of the average particle diameter
of the bed has no substantial effect on the residence
times of particles in this zone and outside it. However,
the formation of the near-surface zone has a substan-
tial effect on the circulation of particles in the radial
direction—before the formation of the near-surface
zone, there is intense circulation of particles in the
radial direction, which is not observed after the forma-
tion of the near-surface zone.

This should have an effect on the intensity of heat
transfer between the f luidized bed and the body
immersed in it.

This assumption is confirmed by experimental
data. Figure 7 shows the curves of changes in the
intensity of heat transfer between a f luidized bed of
aluminosilicate catalyst particles with a diameter of
EERING  Vol. 55  No. 1  2021
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Fig. 4. Particle-trajectory projections onto the (a) horizontal and (b) vertical planes in a bed with a vertical cylinder at a velocity
of v = 1.5vmf and an initial bed height of H0 = 0.5D. 
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2.5–3.0 mm and a vertical heater with a diameter of
40 mm at air velocities of 1.5, 2.5, 3.5, and 4.5vmf [30].

As is seen from Fig. 7, the intensity of heat
exchange between the f luidized bed and the heater
increases until the air velocity reaches 3.5vmf, i.e., until
the formation of a near-surface zone, after which the
intensity of heat transfer decreases. Thus, the reason
for the extreme dependence of the intensity of heat
transfer between the f luidized bed and the surface
immersed in it is the formation of a near-surface zone
and the cessation of intensive circulation of particles in
the radial direction.
THEORETICAL FOUNDATIONS OF
Calculation of the Residence Time of Particles
in the Near-Surface Zone

As was found in the course of the experiments
described above, there is a local blow-out of particles
in the near-surface zone. Under certain conditions,
these circulation f lows can be described using the
mechanics of circulation f lows in an ideal incompress-
ible f luid.

Let us assume that the porosity of the bed in the
near-surface zone is constant and equals ε. In this
case, the vector equations of hydromechanics of a
steady-state fluidized bed are expressed as follows [31]:
 CHEMICAL ENGINEERING  Vol. 55  No. 1  2021
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Fig. 5. Particle-trajectory projections onto the (a) horizontal and (b) vertical planes in a bed with a vertical cylinder at a velocity
of v = 3.5vmf and an initial bed height of H0 = 0.5D. 
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Equation (4) has the form of a dependence that
describes the motion of an ideal incompressible f luid
with a density of  and a pressure of . Let
us consider the motion of particles in the x–y plane.
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We introduce solid phase stream function ψs in the fol-
lowing way:

(5)

The equation of this function for the planar prob-
lem has the following form [30]:

(6)

where

, .s s
sx sy

d d
dx dy
ψ ψ= =v v

( )
2 2

2 2 ' 0,s s
s

d d F
dx dy

ψ ψ+ + ψ =
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Fig. 6. Estimation of the probability distribution density of the VR values in a bed with a vertical cylinder at H0 = 1.0D for (a) v =
1.5vmf, (b) v = 2.5vmf, and (c) v = 3.5vmf. 
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To solve Eq. (6), it is necessary to choose the
boundary conditions.

Figure 8 shows the real (geometric) and hypotheti-
cal (based on the kinematics of particles) location of
the body immersed in the f luidized bed.

The latter is represented taking into account the
distribution of particles over the bed height, i.e.,
assuming the low probability for particles to be found
in the lattice zone, which allows us to draw the follow-
ing conclusion:

(8)

The validity of expression (8) at x = H is obvious.
Let
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(9)

Taking into account conditions (8) and (9), Eq. (6)
has the following solution:

(10)

Given that our studies have shown that there is only
one circulation loop in the near-surface zone, we
obtain

(11)

Moreover,
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Fig. 7. Variation of the heat transfer coefficient from a bed
of aluminosilicate catalyst particles (average diameter
2.5 mm) to a vertical cylindrical heater with a diameter of
42 mm at different air velocities v equal to (1) 1.5, (2) 2.5,
(3) 3.5, and (4) 4.5 m/s. Reproduced using the data pub-
lished in [30]. 
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Let  be the maximum velocity of a particle in an
upward f low (at y = 0 and x = H/2). Hence,

(14)

(15)

(16)

Let us assume in the first approximation that the
maximum velocity of particles in an upward f low is
equal to the velocity of gas bubbles f loating up in the
bed [32, 33], i.e.,

(17)
where

(18)

Using the obtained dependences, the components
of the velocity of a particle circulating in the near-sur-
face zone can be easily calculated. It follows from the
dependences that the f loating of particles is observed
near the immersed body, and the sinking of particles is
observed at some distance from it. The particle veloc-
ity depends on the gas velocity and increases with the
growth of the latter. The particle velocity also depends
on geometrical characteristics of the bed, such as the
height and radius of the near-surface zone, which is
determined by the height and diameter of the bed.
This dependence is most clearly manifested for radial
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component vsy of the particle velocity, which appar-
ently indicates the possibility of a decrease in the
intensity of particle motion in the radial direction at
rzone  H. As follows from expressions (15) and (16),
the vsy value in a real bed used in industrial apparatuses
(rzone < H) is always less than vsx. With an increase in
the gas velocity, bed height H increases and vsy
decreases relative to vsx. This should lead to sharp
expansion of the bed in the near-surface zone (see Fig. 3)
and an increase in the porosity, which leads to a
decrease in the intensity of the external heat exchange.

To calculate the average residence time of a particle
at a heat exchange surface, one needs to know the
most probable path of a particle around a body
immersed in a bed. Let us assume that the distribution
of the distances traveled by the particles along the heat
exchange surface obeys the Gaussian law and take the
distribution center at point Sav = H0. In this case, the
distribution lies within the limits between S > 0 and
S < H. Then the most likely path of a particle along the
surface is

(19)

where

(20)

(21)
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and σ is the standard deviation.
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Table 2. Comparison of the calculated and measured values
of the residence time of particles at the surface immersed in
a f luidized bed

, m/s , s , s

0.0285 2.61 0.399
0.114 0.67 0.287
0171 0.395 0.447
0.228 0.33 0.37
0.285 0.23 0.27

mff =v v calcτ measτ
Dependences (19)–(22) were derived by the known
methods [34].

Given that the width of the near-surface zone is
only seven to eight particle diameters in the bed, one
can assume that the particle moves vertically when cal-
culating the residence time of a particle in this zone.

Hence, the average time spent by a particle in the
near-surface zone is determined as the quotient from
dividing the length of the most probable path of the
particle along the vertical surface, which is determined
by relations (19)–(22), by the value of the vertical
component of the particle velocity determined by
expression (15).

Table 2 shows the times of residence of particles at
the heat exchange surface for the air–glass system
(de = 230 μm), which are calculated using the
obtained dependences and experimentally measured
in [35]. For such particles, the width of the near-sur-
face zone should be 1.8 mm.

As can be seen from Table 2, the calculated and
measured values of the residence time of particles at
the heat exchange surface approach each other with an
increase in the air velocity, i.e., with the formation of
the near-surface zone, and the proposed calculation
method allows one to estimate this time, which is an
important parameter for calculating the intensity of
the external heat exchange in a f luidized bed.

CONCLUSIONS

The proposed hypothesis about the existence of a
special zone near the heat transfer surface immersed in
a f luidized bed and the effect of particle exchange
between this zone and the rest of the bed volume on
the intensity of the external heat exchange processes in
the f luidized bed is experimentally confirmed.

The features of particle motion that were revealed
in the indicated near-surface zone have made it possi-
ble to develop a method for calculating the residence
time of a particle at the heat exchange surface, which
is an important parameter for evaluating the intensity
of the external heat exchange by means of any of the
existing heat transfer models between a pseudofluid-
ized bed and a surface immersed in it.
THEORETICAL FOUNDATIONS OF
NOTATION

SUBSCRIPTS AND SUPERSCRIPTS

A, B constants
C heat capacity, J/(kg K)
c constant
D, d diameter, m
erf error function
F aerodynamic force, N
g gravitational acceleration, m/s2

H height of static bed, m
h distance, m
i unit vector
K heat exchange coefficient, W/(m2 K)
m weight, kg
p pressure, Pa
R motion of particle along radius, m
S most probable motion, m
T temperature, K
U, v velocity, m/s
Z vertical motion of particle, m

heat transfer coefficient, W/(m2 K)
β function

shear force, N/m2

angle of bed repose, rad
ε bed porosity
λ effective thermal conductivity, J/(m2 K)
π mathematical constant
ρ density, kg/m3

σ standard deviation
τ time, s
ψ current function

0 initial value
a apparatus
av average value
b gas bubbles
calc calculated value
core core
e equivalent
meas measured value
mf critical value
s static bed particle
x, coordinates of particle position
zone near-surface zone

random value

α

γ�
γ

y

�
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