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This study focused on investigating the heat transfer and fl ow dynamics of a catalyst granule within a pilot 
calciner, employing both numerical modeling and computational fl uid dynamics. The research comprised 
two primary components: (1) Simulation of the gas fl ow within the pilot calciner using the Eulerian–Eu-
lerian approach, treating gases and catalyst particles as distinct phases – gas and granular. The model, 
encapsulating both heat transfer and fl ow processes, was developed in Fluent software version 16.0. Its 
accuracy was confi rmed against empirical data from a pilot-scale calciner unit. (2) Subsequent to valida-
tion, the model was utilized to examine the distribution characteristics within the fl ow fi eld, including the 
temperature profi les of gas and particles, the vector velocity fi eld of the gas across different phases, and 
the overall heat transfer coeffi cient. This investigation aims to enhance the understanding of the complex 
heat transfer and fl ow dynamics in calciners, facilitating the optimization of operational parameters, per-
formance, and structure of pilot-scale equipment. Furthermore, it provides foundational data pertinent to 
the future exploration of real-world industrial applications.
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INTRODUCTION

   Zeolites have found extensive use in the oil refi ning 
process as catalysts. Feedstock roasting constitutes a pivo-
tal procedure in catalyst production. During this process, 
aluminum is extracted from the framework, leading to 
an elevation in the silica-to-alumina ratio and the acid 
site activity within the zeolite structure. These alterations 
in zeolite composition and characteristics exert a sub-
stantial infl uence on the catalytic stability, selectivity, 
activity, and octane rating of FCC gasoline1, 2, 3. The 
principle of dealumination in the calcination process is 
articulated as follows:

 (1)

The performance of the calciner signifi cantly affects 
the strength, activity, and quality of catalysts, as well 
as the overall energy consumption of the system. The 
primary  physicochemical processes occurring in the cal-
ciner involve heat and mass transfer between particles 
and surfaces, as well as among particles themselves. As 
depicted in Figs. 1(a) and 1(b), both the heat transfer 
and the fl ow fi eld within the calciner play pivotal roles 
in determining the characteristics of catalyst production. 
Optimal calcination conditions promote the formation 
of catalysts with high activity and stability. Numerical 
modeling of the calciner using computational fl uid dy-
namics (CFD) tools can contribute to identifying optimal 
operational conditions and calcination structure designs 
that facilitate the production of highly active and stable 
catalysts. However, prolonged residence times may lead 
to structural defects and energy wastage . A more com-
prehensive scientifi c comprehension of the heat transfer 
and fl ow fi eld within the calciner will yield deeper insights 
into the calcination processes, specifi cally in terms of 

how particles exchange heat with the heated plate and 
the high-temperature freeboard gas.

Numerical models employing CFD methods have been 
documented and e xplored within the domain of industrial 
roasting. Several factors, including velocity5, gas-particle 
fl ow, heat transfer6, particle retention time7, and solid 
temperature8 within the fl ow fi eld, exert infl uence on 
catalyst activity by modifying the zeolite acid sites during 
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Figure 1. Variation in crystallinity with calcination temperature 
and pressure
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the roasting process. Marsh9 conducted simulations of the 
complex behavior of a  calciner furnace, considering the 
interplay of physical processes within a developed model. 
This approach signifi cantly advances the design process by 
furnishing insights into particle composition and calcination 
rates within the calciner. Kanellis et al.10 incorporated re-
levant heat transfer mechanisms, including both convection 
and radiation, to investigate a calcium looping pilot plant 
indirectly heated. The simulation results indicated that 
the model can provide an accurate prediction of realistic 
representations and pressure distribution characteristics 
when compared with data obtained from the pilot device. 
Chilka et al.11 formulated a comprehensive CFD model, 
consolidating single and multiple particle experimental 
results, to simulate the distribution of temperature, 
fl ow fi eld, and gas moisture content. These simulations 
effectively capture the infl uence of air fl ow patterns, air 
humidity, and temperature, demonstrating reasonable 
concurrence with measurement data. Zeneli et  al.12, 13 
employed a three-dimensional CFD model to simulate the 
distribution of the fl ow fi eld within the pilot calciner. The 
results, including pressure and temperature distribution, 
were assessed against experimental data along the calciner. 
Nakhaei et al.14 utilized the multiphase particle-in-cell 
method in conjunction with the Eulerian-Lagrangian 
approach to investigate the heat transfer and dispersion 
of cold cement raw meal particles in a pilot-scale cement 
calciner. The results indicate that the model is capable 
of capturing gas-solid interactions and particle dispersion 
within the pilot-scale calciner. Xiao et al.15 established 
a mathematical model to elucidate the calcining process 
of petroleum coke in a pot calciner, which was subse-

quently validated using industrial production data. This 
model has been employed to scrutinize the temperature 
fi eld’s distribution features and the vector velocity fi eld of 
gas and solid phases. Kinekar et al.16 improved operating 
conditions to reduce NOX emissions by analyzing various 
characteristics of raw material and air stages. Zhu et al.17 
compared numerical simulations of pulverized coal with 
measured data, achieving good agreement in predicted 
parameters such as average temperature, decomposition 
rate, and NOx concentration compared to experimental 
data.

Of particular note, the effi ciency of the calcination 
process is highly contingent on the aerodynamics of gas 
and solid phase motion within the calciner. Previous 
studies have predominantly focused on fl uid dynamics 
in the calciner, with limited analysis of he at transfer 
effi ciency and fl uid characteristics during calcination. 
The utilization of CFD and numerical methods offers 
a deeper understanding and information that can facilitate 
design modifi cations to ensure superior calcination per-
formance and product quality across varying production 
scales. Hence, it becomes crucial to develop appropriate 
physical and mathematical models to investigate fl ow and 
heat transfer, further enhancing calcination effi ciency.

THE PRINCIPLE OF DEVICE AND DETERMINATION 
OF BOUNDARY CONDITIONS

Test Equipment and Operating Principle
As  illustrated in Fig. 2(a), a calciner system comprises 

a feed tank, a rotary supply valve, a heating tube, a ther-

Figure 2. Working principles (a) and structure diagram (b) of the calciner
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mometer, a large plate, a small plate, and a product 
collection tank. The three-dimensional confi guration of 
the calciner is presented in Fig. 2(b).

The experiments were carried out in an industrial pilot 
plant vertical calciner with a geometry closely resembling 
that investigated in the simulations under atmospheric 
pressure and temperature conditions. This calciner pos-
sesses dimensions of 2.1 m in length and 1.1 m in internal 
diameter. Within the calciner, a confi guration consisting 
of three small plates with external baffl es and four large 
plates with internal baffl es was installed in alternating 
sequences. Fig. 2 illustrates the operational principle of 
this innovative calciner.

The treated catalyst was introduced into the top of the 
calciner and descended to the fi rst large plate. Both  the 
rotating plate and baffl es were securely affi xed to the 
shell housing, facilitating the conveyance of the product 
in a spiral pattern across the heated plates toward the 
inner rim. Subsequently, the product descended from the 
inner hole to the lower-positioned small plate, where it 
was directed toward the outer edge. It then descended 
further to the lower large plate, where continuous rotary 
motion of the plate guided it toward the inner edge. This 
fl ow pattern was reiterated along the vertical extent of 
the calciner until the product exited from the bottom. 
A rotary valve was employed to introduce the catalyst 
into the calciner at a consistent rate. Notably, the direc-
tion of gas fl ow within the calciner was opposite to that 
of particle fl ow, thereby facilitating enhanced mass and 
heat transfer in this counterfl ow process.

To investigate heat transfer and fl ow dynamics within 
the calciner, FLUENT 16.0 software and a numerical 
model were utilized to si mulate the calcination process. 
The Eulerian-Eulerian model was chosen due to the 
low Reynolds numbers near the wall. The gas inlet was 
specifi ed with a temperature of 138 oC and a velocity 
of 7 m/s. The gas outlet pressure was set at 4 bar, with 
the turbulence intensity and hydraulic diameter specifi ed 
accordingly in the model. A linear rotation speed of 
20 rad/min was defi ned. The simulation boundary condi-
tions are detailed in Table 1. The material particle fl ow at 
the inlet was set at 0.0056 kg/s with an inlet temperature 
of 25 oC. The properties of the particles and inlet gas 
are presented in Table 2.

Mathematical Model

Turbulence Models
The process of catalyst roasting involves a complex 

interplay of gas-solid two-phase mass and heat transfer, 
chemical reactions, particle mixing, and fl uidization within 

the calciner. The mechanisms governing the processes 
within the rotary calciner are primarily infl uenced by 
 turbulence. Therefore, in previous research18, 19, a simpli-
fi ed simulation model predicting heat transfer and fl ow 
fi eld mechanisms based on a standard k-ε turbulence 
model was proposed.

This simulation and numerical model are constructed 
on the following assumptions: (1) The catalyst is treated 
as a fl uid with identical heat transfer characteristics to 
solids, and (2) the article neglects the processes of mo-
isture evaporation and chemical reactions.  Respectively, 
Eq. (2) represents the gas continuity equation, while Eq. 
(3) through (5) pertain to the gas phase momentum 
conservation equation. Eqs (6) and (7) correspond to 
the standard k-ε turbulence model, and Eq. (8) deals 
with turbulent stresses.

 (2)

In Eq. (2),  is the velocity of the gaseous phase (m/s), 
and  is the density of the continuous phase gas.

 (3)

 (4)

 (5)

 (6)

 (7)

 (8)

In Eqs. (2)~(7), τxy, τxz, τyz is the viscous stress com-
ponent in the continuous phase, Fx, Fy, Fz is the F 
component in the X, Y and Z directions, P is the static 
pressure, GK is the turbulent kinetic energy caused by 
an average velocity gradient, Gb is the turbulent kinetic 
energy caused by buoyancy, ε is the dissipation rate, and 
YM is the infl uence of pulsation expansion on the total 
dissipation rate in compressible turbulence.

Energy Transfer Models
Energy conservation equation:

 (9)

In Eq (8), k is the thermal conductivity (w/oC.m), T is 
the gas temperature (oC), cp is the enthalpy (J/kg), and 
ST is the volumetric heat source (kg/s3.m).

The heat transfer process in the baking furnace can 
be summarized as follows: Following the reception of 

Table 1. Boundary type and simulation conditions

Table 2. The properties of particles and inlet gas
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external heat source energy by the surface of the heat-
ing t ubes, a portion of this energy is transferred to the 
rotating plate and the injected gas during the roasting 
process. Subsequently, the particles undergo simultaneous 
heating from both the high-temperature plate and fl uid 
convection. Conseque ntly, heat transport within the verti-
cal calciner occurs through several mechanisms, including 
radiation heat transfer between the heating tubes and 
the rotation plate, convective and radiation heat transfer 
between the heating tubes and the gas, convective heat 
transfer between particles and fl uid convection, thermal 
conduction between the plate and the particles, thermal 
conduction within the particles, and thermal conduc-
tion and radiation heat transfer between the surfaces 
of the particles. The mechanism of the heat transfer 
process within the calciner is illustrated in Fig. 3. This 
study primarily focuses on the mechanisms of thermal 
and fl uid convection conduction, which are expected to 
predominate when the radiation tube temperature is low 
and when it is not in direct contact with the particles.

This, in turn, enhances the heat transfer process and 
contributes to greater uniformity in the temperature of 
the material layers20, 21.

The heat transfer coeffi cient  between the rotating 
heating plate and the catalyst particles is calculated as 
follows:

 (10)

where hp is the theoretical contact heat transfer coeffi -
cient (W/m2 . oC) between the rotating plate and granular 
material, hs is the theoretical contact heat transfer coef-
fi cient (W/m2 . oC) that conside rs the surface covering 
coeffi cient, dp is the diameter of granular material (m), 
λp is the thermal conductivity (W/m2 . oC) of air betwe-
en particles, Cp is the specifi c heat of intergranular gas 
(J/m2 . oC), M is the molecular weight of gas kg/(kmol),  
is the roasting temperature (oC), and ψ is the surface 
covering factor of the rotating plate.

The coeffi cients of  and  are given by the following 
expression:

 (11)

 (12)
The heat transfer coeffi cient considering the effect of 

air is given by:

 (13)

In the completely mixed state, the heat conduction 
coeffi cient of particles was defi ned as follows:

 (14)

where hc is the heat conduction coeffi cient of particles 
(W/m2 . oC), Cp is the specifi c heat of particles (J/m2 . oC), 
 is the density of particles (kg/m3), and λe is the thermal 
conductivity (W/m2 . oC) of particles.

When considering the fi xed particle layer shown in 
Fig. 5, the heat t ransfer coeffi cient between the particles 
and the rotating plate was expressed as follows:

Figure 3. Heat transfer mechanism of particles in the calciner

Figure 4. The diffusion heat transfer mechanism of particles in the plate

The mechanism of heat transfer diffusion within the 
plate is depicted in Fig. 4. The temperature gradient 
within the calciner propels heat from the high-tempera-
ture region to the low-temperature region. Concurrently, 
the regular stirring of particles by the baffl e, facilitated 
by the rotation of the plate, leads to a randomized di-
stribution of particles with varying temperature levels. 
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 (15)

where hhs is the free convection heat transfer coeffi cient 
of the gas.

Because the heat transfer coeffi cient hhs was much 
greater than hs and hc, the simplifi ed expression of Eq. 
(15) was defi ned as follows:

 (16)

Finally, by applying Eqs. (12), (14) and  (16), the heat 
transfer coeffi cient is written in Eq. (17):

 (17)

Dimensionless analysis of the convective coeffi c ient:
The factors that affect the free convective coeffi cient 

h’ include the characteristic size of the viscosity (μ), gas 
density (), rotating plate (D), specifi c heat capacity (Cp), 
thermal conductivity (λ) and buoyancy (Δg) of the fl uid 
per unit volume. The free convective coeffi cient of the 
gas can be expressed as

 (18)

The 3 random variables based on 4 basic dimensions, 
length (D), mass (M), time (τ) and temperature (T), are 
contained in Eq. (18). The dimensions of the physical 
quantity are shown in Table 3.

When adopting the dimensionless parameter method, 
the equation above becomes

 (19)

where π1, π2 and π3 is expressed as

 (20)

The dimensions in Table 3 were substituted into Eq. 
(20), the equation above becomes

 (21)

The dimensionless parameter free convective coeffi cient   
h’ was expressed as follows:

 (22)

Particle temperature model:
As illustrated in Fig. 2, the particles on the rotating 

plate are primarily heated through the heat conduction 
of the rotating plate and convective heat transfer from 
the fl owing hydrothermal fl uid. Consequently, applying 
the principle of heat conservation, wherein heat input 
minus heat output equals heat accumulation, the total 
energy (Q) absorbed by the particles can be expressed as:

 (23)
 (24)

In Eq. (24),  and  are given by

 (25)

 (26)
where Δtm and qm can be obtained from Eqs. (25) and 
(26), respectively, the temperature of particles t2 can be 
written as Eq. (28):

 (28)

where the temperature of plate T was 500 oC, the 
thermodynamic constant R was 8.314 J(mol . oC), the 
molar mass of gas M was 18, the thermal conductivity 
of the gas inner-granular λg was 0.0574 W(mol . oC), 
the particle size  was 0.001 m, the surface coverage rate 
was 0.95, and the thermal conductivity of the particles 
λp  was 1.3 W(mol . oC). The specifi c heat capacity Cp 
of the particles is 1250 J(mol . oC), the density ρ of the 
particles is 780 kg/m3, and the free convective coeffi cient 
h’ is 60 W(mol . oC).

Figure 5. Schematic diagram of the heat transfer of particles 
in the plate

Table 3. Geometrical parameters of agitated vessel
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Experimental method of mean residence time
In this study, experiments were conducted in an indu-

strial pilot plant calciner with a geometry closely resem-
bling that examined in the simulations under atm ospheric 
pressure and temperature conditions. The experimental 
measurements of tracers and mean residence time (MRT) 
within the calciner are depicted in Fig. 6. Bluish tracers, 
bearing a close resemblance to the original catalysts, were 
introduced in this experiment. Once a steady state was 
reached, the tracers were sequentially introduced at the 
calciner inlet and collected at the calciner outlet after 
specifi c time intervals. Concurrently, the residence time 
of the tracers was rigorously recorded. The MRT of the 
tracers is expressed as:

 (29)

The  can be mathematically expressed as

 (30)

Grid Generation 
Utilizing the structural parameters outlined in Table 4, 

the geometric model (depicted in Fig. 7(a)) created in 
SolidWorks 2016 is imported into Fluent 16.0 softwa-
re (as seen in Fig. 7(b)). For meshing the plate and 
particles, a structured tetrahedral mesh is employed, 
while a high-quality hexahedral mesh  is applied in the 
fl uid region. Ultimately, the fl uid and solid regions are 
coupled together.

Figure 6. The tracers and experimental images of MRT

Table 4. Structural parameters of the model

Figure 7. Grid division of the rotary calciner model

Grid  Independence Verifi cation
To mitigate errors arising from grid resolution, the 

model’s effectiveness was assessed by comparing results 
obtained from four different grid resolutions prior to 
initiating the simulation. As illustrated in Fig. 8(a), point 
A (450, 450, 1500) within the calciner was chosen for 
conducting a grid independence verifi cation test. The 
simulated results are presented in Fig. 8(b), indicating 
minimal temperature variations when the grid count 
exceeded 3.12 million. Conversely, temperature fl uctu-
ations were more pronounced when the grid count fell 
below 3.12 million. In pursuit of enhanced computational 
effi ciency, a grid resolution of 3.12 million was selected 
for the subsequent heat transfer and fl ow fi eld simulation.

SIMULATION RESULTS AND DISCUSSION

The gas flow field within the pilot calciner was 
simulated using the Eulerian-Eulerian model, wherein 
gases and catalyst particles were treated as the gas 
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phase and granular continuous phase, respectively. The 
model for the heat transfer and fl ow fi eld processes 
was implemented in Fluent software 16.0 and validated 
using a pilot-scale calciner unit. Following the valida-
tion analysis, the established model was employed to 
investigate the distribution characteristics of the fl ow 
fi eld, the temperature fi eld of gases and particles, the 
vector velocity fi eld of gases among different phases, 
and the total heat transfer coeffi cient. The fi ndings are 
summarized as follows:

Fl ow fi eld
Figure 9 illustrates the velocity fi eld within 8 layers of 

zones in the calciner. The gas fl ows exhibit a characteris-
tic ‘S’ shape on the  XZ plane, moving from the interior 
of the large plate to the exterior of the small plate and 
then back from the exterior of the small plate to the 
interior of the large plate. In theory, the axisymmetric 
structure should lead to a uniform velocity distribution 
within the calciner. However, due to the infl uence of 
the driving force exerted by the incoming gas, the gas 
velocity on the left is higher than that on the right in 
layers 1 and 2. In Fig. 10(a) and 10(b), the gas forms 
a low-speed fl ow area (0.2–0.8 m/s) in layer 1. Addition-
ally, a circular fl ow zone (0.5–0.9 m/s) emerges on the 
left side of the velocity inlet, approximately 0~0.4 m 
from the rotation axis. This is attributed to the narrowing 
of the gas fl ow channel, leading to changes in the fl ow 
direction and pattern.

Within the central part of the large plate, the gas ve-
 locity rapidly increases after passing through the inner 
bore, resulting in the formation of a spraying-shaped fl ow 
zone (0.045–0.06 m/s) at the inlet of layer  2. Due to the 
alteration in gas fl ow direction, a substantial refl ux zone 
characterized by a low-speed fl ow (0.7–1.5 m/s) manife-
sts in the middle of layer 3, as shown in Fig. 10(c). In 

Fig. 1  0(d), a low-speed recirculation zone (0.4–0.6 m/s) 
emerges on the upper side of layer 4 due to changes in 
fl uid migration channels and gas viscosity. Figs. 10(e) 
and 10(g) reveal low-speed areas within the turbulent 
fl ow fi eld in layers 5 and 7, a phenomenon driven by 
gas volume expansion, which strongly promotes the 
mixing and heat exchange of granules. However, local 
high-velocity circulation fl ows increase the risk of mate-
rial being carried away by the gas. Fig. 10(f) and 10(h) 
depict the velocity distribution of gas fl ow in layers 6 
and 8. A pronounced spray phenomenon occurs on the 
upper side of the plate, leading to the dispersion of 
agglomerated particles, facilitating thorough mass and 
heat exchange, and enhancing the calcination process.

Figure 8. The model and results of grid independence verifi -
cation

Figure 9. Velocity vectors of different zones on the XZ plane 
of the calciner

Total heat t ransfer coeffi cient
Fig. 11 illustrates the  contour of the total heat t ransfer 

coeffi cient alongside the rotation angular   velocity of the 
plate. It can be deduced that the total heat transfer co-
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Figure 10. Velocity vectors of diff erent zones on the XY plane of the calciner

effi cient follows an expected increase with the rotation 
angular velocity of the plate. As the rotational angular 
velocity escalates from 20 rad/min to 170 rad/min, the 
particle mixing speed progressively accelerates, resulting 
in a rapid increase in the total heat transfer coeffi cient. 
Initially, heat conduction within the particles dominates 
this process. However, as the rotational angul ar velocity 
advances from 170 rad/min to 180 rad/min, the total 
heat trans fer coeffi cient experiences a gradual increase, 
primarily driven by convective heat transfer from the gas.

Five different heat capacity values for the solid material 
were considered: 0.75, 1.0, 1.25, 1.5, and 1.75 kJ(kg . oC). 
As anticipated, particles with higher heat capacity exhibit 
a greater total heat transfer coeffi cient, which enhances 
heat transfer between particles.

Calcination conditions play a pivotal role in the 
catalyst production process. Optimizing the rotational 
angular speed can enhance heat transfer and facilitate 
the production of catalysts with high activity and stability. 
However, excessively high rotational speeds may lead to 
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Figure 11. Simulated results under diff erent angular rotations of 
the total heat transfer coeffi  cient

Figure 12. Simulated results of the temperature distributions in the 
calciner

a reduction in residence time and catalyst activity during 
the calcination process.

Temperature distr ibution
Figs. 12(a) and 12(b) depict the tempe rature fi eld 

distributions within sections of layer 8 and layer 7 in 
the ca lciner, respectively. It is evident that the tempera-
ture distribution is generally uniform in the XZ plane, 
except for layer 1. The highest temperature within the 
calciner is located at the inner edge of Figs. 12(a) and 
the outer edge of Figs. 12(b), while lower-temperature 
regions are observed in the inlet section. This lower-
temperature area corresponds to a substantial region 
where low-temperature particles absorb heat and undergo 
calcination reactions.

In Figs. 12(a), the  temperature is lower at the plate’s 
edge but gradually increases toward the center of the 
plate. A higher convective heat t ransfer coeffi cient pro-
motes heat transfer among particles and enhances tem-
perature uniformity within the calciner. Seven values of 
the convective heat transfer coeffi cient were considered: 
10, 20, 30, 40, 50, 60, and 70 W(m2 . oC). All simula-
tions were conducted under a rotational speed of 20 
rad/min. The evolution of temperature as a function of 
the convective heat transfer coeffi cient is presented in 
Fig. 12(c). As most particles attain higher temperatures, 
greater temperature uniformity is achieved in Figs. 12(b). 
Upon contact with the rotating disk, particles are rapidly 
heated by the fl ow of hot gas and the plate, resulting in 
a temperature of 261 oC within 5 min of residence time. 
This rapid heating is primarily due to the dominance of 
convective heat transfer at the feeding port, owing to 
the higher gas velocity.

In Figs. 12(a), the particle temperat ures can reach 
470.5 oC. As seen in Fig. 12(a) and 12(d), there is a sig-
nifi cant increase in the particle temperature in the region 
located at the outlet of the fi rst plate, particularly in the 
x-450 to x-500 plane. This increase is attributed to the 
movement of particles inward and downward, enhancing 
heat transfer between the particles and the gas phase. 
This results in a higher convective heat transfer coef-
fi cient for the particles to transfer heat with the hot gas.

Temperature distributions within the calciner are largely 
infl uenced by the temperature difference between the 
surrounding gas and the particle temperature. In the 

lower plate (Figs. 12(b)), as particles move outward on 
the small plate, the gas temperature curve becomes more 
uniform, leading to a slight increase in temperature. Ul-
timately, the temperature of the particles reaches 497 oC 
in Figs. 12(b), meeting the temperature requirements for 
the calcination process.
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Fig. 12(d) displays the temperature fi eld distribution 
across different layers along the height of the calciner. It 
is evident that in layer 1, as one ascends the calciner, the 
gas temperature gradually increases from approximately 
30 oC to 63 oC at the bottom of the calciner. This tem-
perature rise is attributed to the sole heat transfer mode 
being between the plate and gas. As low-temperature 
gas enters layer 2, its temperature undergoes a rapid 
increase due to heat supplied from the radiation tube 
in layer 2. In this region, the maximum temperature 
can reach 510 oC.

Subsequently, the gas temperature decreases due to 
heat transfer to the raw material. After a series of alter-
nating increases and decreases, the temperature eventu-
ally stabilizes at approximately 500 oC, indicating that 
a steady state is reached along the height of the calciner.

Comparison of simulations and experiments of tempe-
rature distribution

Temperature measurements within the calciner were 
conducted using four sensors positioned along the side 
of the calciner, as depicted in Fig. 13a. The comparison 
between the temperature distribution based on practical 
data from the four measurement points and the simu-
lated temperature distribut ion along line 1 and line 2 
is presented in Fig. 13b. In Fig. 13, lower-temperature 
gas enters the calciner under positive pressure, remains 
unheated by the thermal tube, and rap idly diffuses, 
resulting in a low-temperature region (130–150 oC) at 
the bottom zone.

As shown in Fig. 13a, high-temperature areas 
(715–889 oC) are formed on both sides of the thermal 
tube due to direct heating from the heating tube. Fur-
thermore, relatively high-temperature calcining zones 

Figure 13. Temperature distribution on the center longitudinal cross 
section of the calciner

with leftward high and rightward low temperatures are 
established in the upper area, with temperatures rang-
ing from approximately 550–600 oC (leftward area) and 
500–550 oC (rightward area). These temperatures meet 
the basic requirements for catalyst calcination.

In Fig. 13b, the temperature along line 1 is higher 
than that along line 2. This discrepancy arises from the 
fact that the region surrounding the thermal tube is 
more easily heated than areas farther away. Therefore, 
the measurement and adjustment of gas temperature 
at suitable points are critical factors for a successful 
industrial calcination process. As evident in Fig. 13b, 
the calculation results based on the CFD model exhibit 
a consistent trend with the experimental data. The relative 
error falls within the range of 3.0% to 8.0%, confi rming 
the fundamental temperature distribution within the 
calcination process

CONCLUSION

To analyze the heat transfer and fl ow fi eld of catalyst 
granules in a pilot calciner using a numerical model and 
CFD method, the gas fl ow fi eld of the pilot calciner 
was simulated utilizing the Eulerian–Eulerian model, 
treating gases and catalyst particles as gas and granular 
continuous phases. The model for the heat transfer and 
fl ow fi eld process was implemented in Fluent software 
16.0 and validated using a pilot-scale calciner unit. Fol-
lowing the validation analysis, the established model was 
applied to investigate the distribution features of the 
fl ow fi eld, the temperature fi eld of gas and particles, the 
vector velocity fi eld of the gas among different phases, 
and the total heat transfer coeffi cient. The results are 
summarized as follows:

A low-speed turbulent fl ow fi eld was observed in layers 
5 and 7 due to the expansion of gas volume, enhancing 
the mixing and heat exchange of granules. However, 
local high-velocity circulation fl ow increases the risk of 
material being carried away by gas.

Signifi cant temperature increases were observed in 
regions near the outlet of the fi rst plate, where intense 
heat exchange occurred between particles and the gas 
phase. Material temperatures reached 490 oC.

The calculation of temperature exhibited an error of 
no more than 6.0% compared to the actual measure-
ment data throughout the calculation process, indicat-
ing good agreement between the numerical results and 
measured results.

Furthermore, this research provides a theoretical 
foundation for a deeper understanding of the complex 
heat transfer and fl ow fi eld processes within the novel 
calciner. It also aids in optimizing the working param-
eters, performance, and structure of pilot equipment 
while offering fundamental data for future studies in 
actual industrial applications.
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