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Fracture in a revolving tube due to creep deformation and thermal-mechanical fatigue is a growing
concern in industrial equipment research and production, especially after long-term exposure to corro-
sion and high-temperature conditions in roasting furnaces. The calcination temperature and residence
time are crucial in the catalyst production process, with optimal conditions en-hancing catalyst activity
and stability. To improve the longevity of roasting furnaces, optimizing the construction structure of the
calciner is critical. This study develops a novel calciner structure and mathematical models to understand
the effect of structural parameters on critical performance. Computer simulations, predictive modelling,
and rotational velocity analysis of the novel calciner were performed using a DEM. The effects of the
baffle angle and overlap ratio on the flow pattern and MRT were studied through simulations and experi-
ments. The main conclusions are as follows: (1) The operating parameter with the greatest effect on the
MRT was the rotational angular velocity, followed by the baffle angle and overlap ratio. (2) The MRT
calculation based on the numerical method model showed an error of no more than 10.0% compared to
the actual measurement data, confirming the model’s accuracy. Our study provides a theoretical founda-
tion for a deeper understanding of the complex MRT and flow field processes within this novel calciner.
It also aids in optimizing the working parameters, performance, and structure of pilot equipment while
offering fundamental data for future industrial applications.
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INTRODUCTION

Roasting furnaces are widely used in the chemical
and metallurgical industries as continuous solid-handling
reactors. They can be utilized for various purposes, such
as heating, drying, calcination, and reactions involving
different materials" 2. Feedstock roasting is a vital step
in catalyst production, where the moisture content de-
creases and the structure undergoes significant changes,
resulting in a catalyst characterized by excellent chemical
stability, a large surface area, and high catalytic activity®.

In the field of industrial equipment research and
production, there is growing concern regarding the oc-

Figure 1. Diagram of the fracture location of the revolving tube

Previous research has developed theoretical models to

currence of fractures in the revolving tubes of roasting
furnaces. These fractures are caused by creep deformation
and thermal-mechanical fatigue after extended periods
of operation under corrosive and high-temperature con-
ditions. Considerable research has been conducted on
enhancing the performance and longevity of revolving
tubes under extreme temperature conditions during the
calcination process. These findings indicate that creep
fractures typically occur at weld seams and are susceptible
to corrosion (Fig. 1) 5678910,

Meanwhile, the temperature and residence time during
calcination are crucial factors in the catalyst production
process. Optimal calcination conditions are important
for producing catalysts with high activity and stability.
However, excessively long residence times can lead to
structural defects and energy waste!’. The most efficient
catalyst calcination involves minimizing the residence
time of particles in the calciner and optimizing the
calcination temperature'2.

predict the effects of particle properties and operating
conditions on residence times in rotary kilns. A continu-
um model based on a single parameter was developed to
predict the mean residence time (MRT) for cylindrical
zeolite catalytic pellets in a rotary calciner. Experimental
studies have been conducted to investigate the effects of
feed rate, inclination angle, and rotational speed on resi-
dence time. At low fill levels, the residence time primarily
depends on the bulk mean axial velocity". Chatterjee
et al. developed an empirical model for calculating the
MRT for drums with low fill levels.

T = 0.10?73-]} . <%)1.054 . (%>0-981 . (%)1.1 (1)

where © is the angle of repose, f§ is the angle of inc-
lination of the rotary kiln, L is the length of the kiln,
n is the rotational speed of the kiln, D is the internal
diameter of the kiln, and V is the volumetric feed rate.

Accordingly, the MRT is proportional to (%)1'054 and
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D
rotation speed (n) and volumetric feed rate (V). Saiah

and Sahil" conducted measurements of MRT and axial
dispersion ratios and compared the experimental results
with values obtained from existing models. They observed
that the rotation speed and rotary incline are the most
influential factors affecting the MRT, while the feed rate
has a marginal effect on the axial dispersion and MRT.

To study the residence time and heat transfer in rotary
calciners, simulation techniques and numerical modelling
have been developed™ '® 17 and heat transfer'® " of ro-
tary calciners. Previous studies have proposed empirically
relevant factors related to the residence time and heat
transfer ratio under various operating conditions. Howe-
ver, these theoretical models cannot be easily applied to
different equipment calciners. Furthermore, their extension
to other fields without experimental verification is risky
and may limit their applications. Additionally, the models
do not consider the influences of particle-surface and
particle—particle interactions. While many methods utilize
discrete element method (DEM) models to simulate the
flow characteristics and heat transfer performance in the
calciner, continuum modelling methods®.

DEM simulations have been verified to be consistent
with the experimental results of granular flows involving
irregularly shaped particles®" ?» 224 26 and rotating cylin-
ders with different baffle shapes*” . In the DEM model,
each constituent particle is considered to be a discrete
independent motion element. The interactions between
particles and boundaries, as well as the interactions among
the particles themselves, are explicitly accounted for. The-
refore, it is an effective method for analysing particle flow.

To improve the longevity of roasting furnaces, it is cru-
cial to optimize the structural design of the calcinatory.
In this study, a novel calciner structure and mathematical
models are developed to investigate the effect of structu-
ral parameters on the critical performance of the novel
calciner. However, most previous studies have focused
primarily on granular flow in rotating calciners. There
is limited or insufficient information available regarding
the flow characteristics of particles in novel calciners. In
this study, we evaluate the granular flow in a continuous
novel calciner, with an emphasis on characterizing the
flow under different operating conditions and baffles.
The objective of this study is to establish and develop
a predictive model through experiments and numerical
simulations using DEM techniques. We investigate the
effects of the blade type, operating conditions, and geo-
metric design on the MRT. The experimental data from
the same novel calciner are utilized to validate the results.

1.1
the size ratio (5) and inversely proportional to the

DEVELOPED EQUIPMENT AND ITS ADVANTAGES

As depicted in Fig. 2, a novel calciner system is for-
med by a feed tank, a rotary supply valve, a heating
tube, a thermometer, a large plate, a small plate, and
a product collection tank. Fig. 2 illustrates the three-di-
mensional structure of the calciner, which measures 2.1
m in length and 1.1 m in internal diameter. The calciner
contains three small plates with external baffles and four
large plates with internal baffles, arranged in alternating
sequences within its interior. The procedure begins with
the introduction of the treated catalyst into the top of

the calciner, from which it descends onto the first large
plate. The rotating plate and baffles are securely fixed
to the shell housing, facilitating the spiral conveyance
of the product across the heated plates towards the in-
ternal rim. Subsequently, the product descends from the
inner hole to the small plate positioned below, where it
is conveyed towards the outer edge. It then continues
its descent to the lower large plate, propelled towards
the inner edge by the continuous rotation of the plate.
This flow pattern repeats throughout the height of the
novel calciner until the product eventually exits from
the bottom.
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Figure 2. Development of a novel roasting system

The presented novel structure calciner offers several
advantages over traditional roasting furnaces: (1) the
tube, located in the low-temperature zone, remains
stationary, and (2) the tube does not come into direct
contact with the particles or corrosive gases, thereby
preventing fracture of the calciner. However, accurately
predicting the motion and residence time of particles
within the novel calciner poses a challenge. Gaining
a deeper scientific understanding of particle motion and
residence time in this calciner will yield valuable insights
into the calcination processes that involve heat exchange
between the particles and the heated plate, as well as
the high-temperature freeboard gas.

COMPUTATIONAL STUDY

Simulation Method

The granular flow process in the novel calciner mo-
del system was realized by using the DEM 2021. Our
simulation focuses on catalyst granular flows in the novel
Calciner using the Hertz—Mindlin (no slip) method, which
accounts for various interactions, including particle-par-
ticle, particle-wall, and particle-baffle interactions. The
simulation parameters for the Hertz—Mindlin (no-slip)
method are presented in Table 1%,

Table 1. DEM Simulation Parameters

ltem Magnitude
Poisson’s ratio 54 ym
Density 930 kg/m®
Friction coefficient 0.3
Restitution coefficient 0.9




To facilitate the simulation results, computer-aided
drawings of the novel calciner, including the first and
second trays, the rotation axis, and baffles, were gen-
erated using SolidWorks 2020 software. A feeder was
positioned at the calciner inlet to ensure a constant
supply of particles at a uniform feed rate (Fig. 3). In
the model, five baffles with widths, heights, and lengths
of 4 mm, 60 mm, and 110 mm, respectively, were at-
tached to the upper wall of the first tray. These baffles
were implemented to enhance mixing and modify the
flow path. The shape of the baffle was identical to that
of another baffle immobilized by the inner wall of the
calciner. We investigated the impact of the baffle size
and angle a on the performance of the novel calciner.
Specifically, the baffles were positioned at angles o (45,
50, and 55) with respect to the axis of the calciner. The
tray rotation direction was clockwise when viewed along
the axis of the rotation plate from the feed end. Integra-
tion times of le-12 s and overlap ratios of 5%, 10%,
and 15% were utilized. The baffle sizes and angles (o)
are listed in Table 2.
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Figure 3. Simulation of a continuous novel calciner blender
and calciner

Table 2. Baffle Blade Patterns

Baffle Pattern Name Angle a (°) Overlapping ratio (%)
Pattern I 45 5%
Pattern I 45 10%
Pattern II 45 15%
Pattern IV 40 15%
Pattern V 50 15%

To analyse the MRT of the product more accurately,
a virtual receiving tank was installed below the small
plate. In the normal working state, the product was
continuously conveyed in the calciner by combining it
with a fixed baffle and anticlockwise plates. As the plates
rotated, the product was collected in the receiving tank.

Numerical Methodology

Schlunder and Jiang J*"* investigated the heat transfer

mechanism of particle materials in stirred beds and plate
dryers and established a particle heat transfer theory and
penetration model. This model allows for the calculation
of the drying rate in batch dryers. We used this particle
transfer model for the computations performed in this
study. The repose angle of the catalyst was assumed to
be constant throughout the entire roasting procedure
and could be measured experimentally. The particle
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trajectory above the large plate is depicted in Fig. 4.
Fig. 4 illustrates the particle movement trajectory model
of the plate. Five annular granular heaps were present
corresponding to the five baffles that removed the par-
ticles from near the internal rim and pushed them to
the external rim. The centerline of each granular heap
was considered to coincide with one edge of the corre-
sponding internal baffle, which could be assumed to be
the projection of the top point of the annular granular
heap. The granular heaps flowed from the external rim
to the internal rim and descended to the bottom larger
plate. Here, they were transferred again towards the
internal edge with the rotation of the plate. In general,
the flow of an annular heap is composed of two segments.
One is from the position of the external baffle to the
internal baffle in the rotation direction of the principal
axis, where the particle trajectory is circular. The other
had a smaller trajectory parallel to the baffle.

Vi Vs

Figure 4. Particle movement model and particle trajectory near
the baffle

This model considers the residence time, which is re-
lated to the number of baffles (n), length of the baffle
(L), centre of the baffle radius (r), angular velocity (),
and particle velocity. The resultant total residence time
(t) comprises the residence time of the small plate (t,)
and that of the large plate (t,), as expressed by the
following equations. Here, N1 and N2 represent the
numbers of small and large plates, respectively, of the
novel calciner.

The total particle velocity consists of the tangential
velocity (vO) along the ring and the parallel velocity (vr)
along the baffle, and the triangular geometric relation
of the particle velocity can be defined as:

Vg =TWw (2)
h h

sinﬁ = % = E (3)

a, =180 — (90— B) =90 —ay + B (4)

sina, =sin(90 —a; + B) = vﬁ = cos(a; — B) (5)
1

Finally, by applying Eqgs. (2), (3), (4) and (5), the velocity
(vL) is written in Eq. (6):

wrsinf

~ cos(a; — B) (6)

The relation between v and vL can be written as:

v

vsinf = v,cosa, (7)
The total velocity (v), tangential velocity (v0) and parallel
velocity (vr) can be calculated as:

vc05Q, wrcosay

sinf ~ cos (a1 —B) (8)




28  Pol J. Chem. Tech., Vol. 26, No. 4, 2024

wrcosa,cosf

cos (a; — B) )

Vg = vcosf =

dr wrcosa;sinf

Vr =t~ cos (ay — ) (10)
Taking an integral of the parallel velocity (vr) function
yields the particle trajectory, r

T cos(oc1 )
J; wrcosalsmﬁ f t (11)

The total particle trajectory can be mathematically
expressed as:

wtcosa,sin,
{ wieosaysinf  contact
r =

non — contact (12)
r

= e cos(a;—-p)

Similarly, the residence time of the particle consists

of the contact time (71) and noncontact time (t5) with
the baffle:

L Lcos(a; — )

i VL wrsinfs (13)
2
7 ZWH (14)

(15)

Lcos(a 21
7 =Ny (g +13) = Nyny (M >

wrsinf W

where n, is the number of baffles. Similarly, the residence
time of the particle above the small plate is calculated as:

Lycos(a; — ,3)
ey (16)

7, = Nyn
2 z 2( wr,sinf

Therefore, the total mean residence time in the calciner is:
L, cos(a
1 cos(a =) | > s
w

T=17,+7, =Nin
trr2 11( wr; sinf

+ Ny, <L2 cos(a; — ﬁ) w)

wry sin

(17)

where a, is the baffle mounting angle (°), L is the baffle
length (m), w is the angular spin rate of baffle (s™), r is
the distance between the material and axis (m), v, is the
tangential velocity of the particles (m/s), v, is the parallel
velocity of the particles (m/s), and v is the total velocity
of the particles (m/s).

Experimental Method of Mean Residence Time

The mean residence time and flow pattern were veri-
fied on a pilot-plant device. Experimental images of the
catalyst flow pattern in the novel calciner are shown in
Fig. 5. The experiments were conducted in an industrial
pilot plant novel calciner with a geometry similar to
that studied in the simulations. The experiments were
carried out at atmospheric pressure and temperature.
The calciner has dimensions of 2.1 m in length and 1.1
m in internal diameter. The calciner is equipped with
three small plates with external baffles and four large
plates with internal baffles installed inside, in alternating
sequences. Fig. 5 illustrates the operating principle of
the novel calciner. The treated catalyst is fed into the
top of the calciner and falls onto the first large plate.
The rotating plate and baffles are securely attached to
the shell housing. This arrangement conveys the product
in a spiral pattern across the heated plates towards the
internal rim. Then, the product descends from the inner

hole to the small plate located at a lower position. On
this plate, the product is conveyed to the outer edge
before descending to the lower large plate. Here, the
product is conveyed towards the inner edge due to the
continuous rotary motion of the plate. This flow pat-
tern is repeated along the height of the novel calciner.
Finally, the product flows out from the bottom of the
calciner. A rotary valve is used to feed the catalyst into
the calciner at a constant rate. The calciner is operated
at various rotational angular velocities: 1, 1.5, 2, 2.5,
and 3 rad/s. Overlapping ratios of 5%, 10%, and 15%
RPM are applied. The calciner is equipped with several
different baffles to adjust the angles to 40°, 45°, and 50°.
The MRT of the tracers is expressed as:

co

= [ tB©-d@ (18)
0
The can be mathematically expressed as

c(t)

B =
Jy t-Cc@®-d®)

(19)
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Figure 5. The tracers and experimental images of MRTs

As shown in Fig. 6, the MRTs of the catalysts were
measured at six rotational angular velocities: 1, 1.5,
2, 2.5, 3, and 3.5 rad/s. The results, also presented in
Fig. 6, indicate that the MRT of the entire calciner
(which contains 7 plates) decreased as the rotational
speed increased. The calculated results based on the
numerical methodology model consistently follow the
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Figure 6. Comparison of the theoretical and experimental MRT
values



same trend as the experimental data, with a relative error
ranging from 4.0% to 10.0%. Throughout the calculation
process, the calculated MRT using the numerical me-
thodology model differed by no more than 10.0% from
the actual measurement data, confirming the accuracy
of the numerical methodology model in determining
the mean residence time within the calcination process.
These results demonstrate good agreement between the
numerical and measured results.

RESULTS

Effect of the overlap ratio on the flow pattern

The effect of the overlap ratio on the flow pattern
close to the baffle is shown in Fig. 7.

The simulation results revealed that when the overlap
ratio, & was 5%, most of the catalysts near the baffle
moved towards the external edge of the plate, resulting

C

— = m
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Figure 8. Effect of baffles angle design on flow pattern
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Figure 7. Effect of overlapping ratio design on flow pattern
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in an increase in the MRT of the catalysts in the cal-
ciner. As the overlap ratio, &, increased to 10%, some
portions of the catalysts continued to move towards
the external edge of the plate. When the overlap ratio
§ increased from 10% to 15%, only a small portion of
the catalysts moved in a direction opposite to the design
flow direction. Increasing the overlap ratio was beneficial
for accurately controlling the catalyst retention time.
However, excessive increases led to a reduction in the
catalyst retention time in the plate, necessitating more
heating plates to ensure the desired retention time of
the product in the calciner.

Effect of Baffle Angle on Flow Pattern

The effect of the baffle angle on the flow pattern is
shown in Fig. 8.

The effect of the baffle angle on the flow pattern was
found to be similar to that of the overlap ratio. None of
the catalysts could be transferred to the inner granular

b

(c) E=15%

u

“
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heaps with a single rotation when the baffle angle a, was
set at 40°. The flow pattern remained relatively unchanged
between 40° and 45°, but a more pronounced effect was
observed between 45° and 50°. Furthermore, an increased
baffle angle resulted in fewer particles moving towards
the external edge of the plate, ultimately bringing the
calculation results closer to the desired conditions outli-
ned in this study. By considering the overlap ratio and
angle design of the baffle in combination, the optimal
combinations of working parameters were determined to
be a 15% overlap ratio (§) and a 50° baffle angle design
(a,). This research contributes to the development of
geometric designs aimed at optimizing performance. The
findings presented in this study can serve as a useful
foundation for the future design and optimization of
baffle structures for novel calciners.

Effect of the Baffle Structure on the MRT

The effect of different baffle overlap ratios (5%, 10%,
and 15%) on the MRT is illustrated in Fig. 9(a). It is
evident that the calciner output remained close to zero
when the feed time was less than 82 min, primarily
due to the lack of product flow into the receiving tank.
As the MRT increased, the calciner output gradually
improved. Notably, the MRT decreased with increasing
baffle overlap ratio. Specifically, the MRTs were 107.9,
109.6, and 112.04 min for baffle overlap ratios of 5%,
10%, and 15%, respectively.
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Figure 9. Effect of the overlap ratio on the MRT and MCV
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Figure 10. Effect of baffle angle design on MRT and MCV
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Fig. 9(b) depicts the behavior of the mean centered
variance (02) in relation to the baffle overlapping ratios.
As the baffle overlap ratio increased from 5% to 15%,
the mean centered variance decreased, indicating that
the baffle induced less dispersion at the higher overlap
ratios of 10% and 15% compared to the 5% overlap
ratio. A lower overlap ratio resulted in a greater amount
of backmixing within the calciner, indicating a strong
interaction between the mean-centered variance and
the baffle structure. Based on the flow pattern analysis
described in Section 4.2, it was found that the reversing
flow of the partial product played a significant role in
causing variations in the MRT.

The effect of varying the angle design (40°, 45°, and
50°) on the MRT is illustrated in Fig. 10(a). When the
feed time was less than 75 min, the calciner output was
ap-proximately 0 kg. The effect of the baffle angle on
the MRT was similar to that of the overlap ratio, with
an increase in the baffle overlap ratio resulting in a de-
crease in the MRT. However, the effect of varying the
angle on the MRT was greater than that of varying the
overlap ratio. Specifically, when the baffle angles were
40°, 45°, and 50°, the MRT values were 105.8, 107.9, and
109.4 min, respectively.

The mean centered variance decreased as the baffle
angle increased from 40° to 50°, indicating that the baf-
fle caused more dispersion at a 40° angle than at 10%
or 15% (Fig. 10(b)). This observation was consistent
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with the flow pattern analysis described in Section 3.3.
Careful consideration must be given to the selection of
an optimum baffle structure and the development of
dynamic models for control purposes.

Effects of the Rotational Velocity and Feed Rate

During the motion of the novel calciner, the catalysts
came into contact with the plate and baffle, which pri-
marily determined the MRT of the product. The first
factor was the contact time required for the products to
flow along the baffle. The second factor was the time
during which the product remained relatively static with
plate rotation. The MRTs of the catalysts were calculated
under five rotational angular velocities (0.5, 0.75, 1.0,
1.25, 1.5, 1.75, and 2.0 rad/s) and are shown in Fig. 11.
Increasing rotational speeds resulted in a reduction in
the MRT when the calciner was operating at different
rotational velocities. This indicates that increasing the
rotational speed caused the concentration function to
shift noticeably to the left (Fig. 11(a)). However, the
effect was minor at higher rotational speeds, as shown
in Fig. 11(b).

At certain rotational speeds, the concentration distribu-
tions became narrower with increasing feed rate (Fig. 12).
This implies that while the particles spent more time
on average at lower feed rates, there was also greater
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Figure 11. Effect of rotational velocity on MRT and MCV
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Figure 12. Effect of feed rate on MRT and MCV
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variability in the amount of shear. This effect was less
pronounced at higher speeds.

Comparison of Theoretical and Simulation Results

The responses derived from the simulation data and
theoretical measurements were compared. As depicted
in Fig. 13, the MRT decreased as the rotational angular
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Figure 13. Comparison of the theoretical and experiment MRT
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velocity increased. Additionally, the decrease in MRT
slowed at higher rotational angular velocities. Further-
more, the results indicated that the partially simulated
MRT was consistent with the partially theoretical MRT of
the calciner, which consists of two plates. Specifically, as
the rotational speed increased from 0.67 rad/s to 3 rad/s,
the MRT decreased significantly from 90.1 min to 22.3
min. Thus, the rotational angular velocity had a signifi-
cant influence on the MRT compared to the previously
mentioned theoretical and simulated MRT values.

CONCLUSION AND DISCUSSION

1) Computer simulations, predictive modelling, and ro-
tational velocity analysis were conducted using the DEM
to study a novel calciner. Simulations and experiments
were performed to examine the effects of the baffle
angle and overlap ratio on the flow pattern and MRT.

2) Among the operating parameters studied, the ro-
tational angular velocity had the greatest influence on
the MRT, followed by the baffle angle and overlap ratio.

3) The calculation of MRT, based on the numerical
methodology model, demon-strated an error of no more
than 10.0% compared to the actual measurement data.
This confirms the accuracy of the numerical methodology
model in predicting the mean residence time within the
calcination process and indicates good agreement between
the numerical and measured results.

Further investigation is needed to understand the
effect of the feed rate on the flow pattern and MRT.
Additionally, the influence of cohesion on the particle
flow pattern, particularly on the MRT, should be explored
further. While the material stud-ied in this work beha-
ved similarly to free-flowing materials, it is necessary to
conduct further experiments using different powders with
varying moisture contents and par-ticle characteristics.
Once a better understanding of the flow in novel calciners
is ob-tained through motion studies, experiments should
be conducted at high temperatures to study the effect
of heat on material flow. This knowledge will contribute
to optimiz-ing novel calciner processes.

Furthermore, this research provides a theoretical fo-
undation for a more compre-hensive understanding of
the complex MRT and flow field processes within this
novel calciner. It also facilitates the optimization of the
operational parameters, performance, and structure of
pilot equipment while providing fundamental data for
future studies in actual industrial applications.
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