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Abstract

With the global energy transition and large-scale renewable integration, thermal power
units are shifting from base-load to peak-shaving roles, but deep peak shaving may cause
combustion instability and increased emissions. High-temperature solid-particle thermal
storage offers a low-cost and wide-temperature-range solution for enhancing unit flexibility.
This study proposes a flue-gas-driven solid-particle thermal storage system in which high-
temperature flue gas extracted from the furnace directly heats solid particles through a
multi-stage suspension preheating process. An industrial-scale suspension preheater was
modeled using the Computational Particle Fluid Dynamics (CPFD) method to investigate
gas—solid flow and heat transfer for quartz sand with different particle sizes and cement
raw meal. The effects of particle size and thermophysical properties on particle motion,
temperature evolution, gas—solid heat transfer coefficient, and flow-field characteristics
were systematically analyzed. The results show that the outlet flue-gas temperature was
approximately 705-725 K under the investigated conditions. For quartz sand, the particle
outlet temperature decreased from approximately 715 K to 660 K as the particle size
increased from 0.45-0.55 mm to 1.45-1.55 mm. The gas—solid heat transfer coefficient
of quartz sand remained relatively stable, mainly ranging from approximately 450 to
900 W/ (m?-K), whereas that of fine raw meal was approximately 1750-2600 W /(m?K).
Larger quartz sand particles also exhibited more pronounced wall attachment because of
their higher inertia. These results demonstrate the potential applicability of suspension-
preheater-based direct flue-gas heating for high-temperature solid-particle thermal energy
storage and provide quantitative information for the design and operation of such systems.

Keywords: solid-particle thermal storage; gas—solid heat transfer; quartz sand; numerical
simulation; CPFD; suspension preheater

1. Introduction

Driven by China’s “dual carbon” goals, the integration of a high proportion of renew-
able energy into the grid has created an unprecedentedly urgent demand for large-scale,
low-cost energy storage in the power system [1-3]. China has elevated this to a national
strategic priority. The 15th Five-Year Plan explicitly proposes vigorously developing new-
type energy storage, with plans to reach an installed capacity of over 180 million kilowatts
by 2027, driving approximately 250 billion yuan in direct investment, and projections
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that installed capacity could reach 300 million kilowatts by the end of the 15th Five-Year
Plan period.

Against this background, thermal power units responsible for base-load and peak-
shaving tasks urgently need to achieve deep flexible regulation by coupling with energy
storage [4]. Using the high-temperature flue gas generated by the thermal power plant itself
to directly heat thermal storage particles can form a deep “generation-storage” coupling,
providing a highly promising technical pathway for the synergistic operation of thermal
power and energy storage [5,6].

Currently, the relatively mature molten salt thermal storage technology still faces
challenges such as corrosion, solidification, and limited high-temperature stability [7].
Meanwhile, considerable research has been devoted to developing advanced thermal en-
ergy storage materials and improving their thermal storage and stability characteristics [8].
In contrast, solid-particle thermal storage employs inexpensive, non-corrosive, and high-
temperature-resistant materials, such as quartz sand and alumina particles. Compared
with molten salts, these materials offer substantially lower storage-medium costs while
providing high thermal energy storage capacity and excellent thermal and chemical stabil-
ity [9,10]. However, the heating strategy adopted for the storage particles plays a critical
role in determining the overall system efficiency and operational lifetime In existing studies,
the mainstream electric heating approach suffers from uneven temperature distribution
and excessively high local heat flux when scaled up, which may cause particle sintering and
agglomeration [11,12]. Although direct heating of storage particles with high-temperature
flue gas can overcome some of these limitations, conventional fixed-bed configurations are
susceptible to non-uniform temperature distributions due to limited particle movement,
whereas fluidized-bed systems introduce additional engineering challenges associated with
high-temperature gas distribution and particle fluidization [13,14]. Therefore, developing a
heating method that enables efficient and uniform heat exchange between particles and
high-temperature flue gas has become the key to the industrial application of solid-particle
thermal storage.

The well-established multi-stage suspension preheating technology in the cement in-
dustry provides a promising technical route for addressing this challenge, owing to its effi-
cient gas—solid heat transfer and staged heat recovery characteristics [15,16]. By suspending
particles in a gas stream to form a dilute-phase or dense-phase flow regime, this technology
promotes direct gas—solid contact and rapid convective heat transfer, enabling efficient and
relatively uniform particle heating. The long-standing industrial application of suspension
preheaters also demonstrates their suitability for operation under high-temperature and
dust-laden conditions [17,18]. By integrating this principle into high-temperature solid-
particle thermal energy storage systems, boiler flue gas can be directly utilized as a heat
source for multi-stage suspension heating of millimeter-scale storage particles, thereby
providing a potential route to improve heating uniformity, particle durability, and overall
system economics [19,20]. However, existing numerical studies on suspension preheaters
in the literature have mainly focused on gas—solid flow characteristics and heat transfer
within individual cyclone separators, with the solid phase generally consisting of micron-
sized cement raw meal. In contrast, systematic investigations of gas—solid flow and heat
transfer involving millimeter-sized particles in suspension preheaters for high-temperature
thermal storage applications remain limited. In particular, quantitative data concerning
particle—flue gas heat transfer in the riser duct are still scarce [21,22].

To address this research gap, this study employs the Barracuda Virtual Reactor
24.0.0 (CPFD Software, LLC, Houston, TX, USA) software based on the Computational
Particle Fluid Dynamics (CPFD) method to numerically investigate the multi-stage
suspension heating of solid particles by high-temperature flue gas [23,24]. The CPFD
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method represents a large number of physical particles with a relatively small number
of “computational particles” sharing similar physical properties, while the gas phase
is solved on an Eulerian grid. Momentum and energy exchange between the gas and
particle phases is achieved through interphase coupling, including drag and convective
heat transfer. By avoiding the need to explicitly resolve individual particle-particle con-
tacts, CPFD can efficiently simulate large-scale dense gas—solid flows with reasonable
computational requirements, making it more computationally tractable than fully re-
solved DEM simulations for industrial-scale systems [25,26]. It is therefore a reasonable
choice for system-level simulation of multi-stage suspension heat exchange. The novelty
of this work lies in applying the Barracuda platform to the simulation of suspension
heating for solid-particle thermal storage, and systematically comparing the thermal
storage case (millimeter-sized quartz sand particles) with the raw meal case. Under
differences in material properties and operating conditions, it reveals the particle inlet
and outlet temperatures, gas—solid heat transfer coefficients, and flow-field evolution
patterns under different operating conditions. The research results will provide key
theoretical support for the engineering design of flue gas heaters in high-temperature
solid-particle thermal storage systems and provide data support for the development of
high-temperature solid-particle energy storage technology in China.

The novelty of this study can be summarized in three aspects. First, a flue-gas-driven
solid-particle thermal energy storage system is proposed and numerically investigated,
extending the application of CPFD-based suspension preheater simulations from conven-
tional fine cement raw meal to millimeter-scale solid particles for thermal energy storage.
Second, under the same gas-flow and solid-feed conditions, quartz sand particles with
different millimeter-scale particle sizes are systematically compared with cement raw
meal, thereby allowing the effects of particle size and thermophysical properties on
gas—solid transport and heat transfer to be distinguished. Third, the axial evolution
of particle temperature, flue-gas temperature, particle slip velocity, and gas—solid heat
transfer coefficient in the riser duct and cyclone separator is quantitatively analyzed,
providing a numerical basis for the design of flue-gas-driven solid-particle thermal
energy storage systems.

2. Mathematical Model
2.1. Governing Equations

In this study, the Computational Particle Fluid Dynamics (CPFD) method was
employed to investigate particle inlet and outlet temperatures, gas—solid heat transfer
coefficients, and flow-field evolution under different operating conditions [27,28]. The
CPFD approach adopts an Eulerian-Lagrangian framework for describing gas—solid
multiphase flows, in which the gas phase is solved on an Eulerian grid while the par-
ticle phase is tracked using Lagrangian computational particle [29,30]. The gas-phase
turbulence was modeled using the Large Eddy Simulation (LES) approach with the
Smagorinsky subgrid-scale model. The Smagorinsky constant was set to 0.01, consistent
with the default value commonly used in CPFD-Barracuda simulations. Under the
present operating conditions, the characteristic gas-phase Reynolds number based on
the riser diameter is approximately 8.4 x 10°, These values indicate a highly turbulent
gas flow. The governing equations and model formulations used in the simulations are
summarized in Table 1.
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Table 1. Governing equations for gas and particle phases.

1. Fluid phase

Continuity equation
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Fluid strain rate tensor
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2. Solid phase

Particle acceleration equation
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Partlcle velocity [33]
dxp
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Particle normal stress equation
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2.2. Drag Models

Because the particle size and flow characteristics differ substantially between quartz
sand and raw meal, different gas—solid drag models were employed for the two particle
systems. For the relatively coarse quartz sand particles (0.45-1.5 mm), the Wen-Yu-Ergun
combined drag model was adopted to account for gas—solid momentum exchange under
both dilute and relatively dense flow conditions [35,36]. For the fine raw meal particles
(0.037-0.045 mm), the EMMS—Yang drag model was employed. The EMMS approach
considers the multiscale and heterogeneous structures inherent in gas—solid flows and
incorporates the effects of particle clustering on interphase drag [37]. Previous MP-PIC sim-
ulations have also demonstrated that the selection of drag correlations should account for
particle properties and flow regimes, with heterogeneous drag models providing improved
descriptions for gas—solid systems characterized by significant mesoscale structures [38].
Therefore, the EMMS—-Yang drag model was selected for the raw meal system in the present
study, where the fine particles are prone to aggregation and the gas—solid flow exhibits
pronounced heterogeneous structures. The specific gas—solid drag models employed for
the two particle systems are summarized in Table 2.

Table 2. Drag models and correlations for gas—solid momentum exchange.

1. Wen and Yu

_ 3 p Ue—U
Dl*gcdﬁl 5rp o e (11)
Cop= 14 Beg26 (1 +0.15Re®587) 0.5 < Re < 1000
0.44¢,25 Re > 1000

Re — Zpgrp‘ug—up‘ (13)
Hg
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Table 2. Cont.

2. Ergun
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3. EMMS-Yang [39]
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2.3. Heat Transfer Model

The thermal behavior of the gas—solid system was investigated using the Computa-
tional Particle Fluid Dynamics (CPFD) approach implemented in Barracuda Virtual Reactor
24.0.0. In this study, heat exchange was considered only between the gas and particle phases,
including gas—particle convection and thermal radiation described by the P-1 model. The
heat transfer rate between the two phases was characterized by the fluid—particle heat
transfer coefficient. As a simplified form of the general P-N mode, the P-1 radiation model
accounts for radiative heat transfer between particles and the surrounding fluid [40]. The
specific heat transfer model structures adopted in this study are summarized as shown in
the following Table 3.

Table 3. Heat transfer models: fluid—particle convection and P-1 radiation model.

1. Fluid-to-particle heat transfer

Pr = bges (18)
REL _ Px‘ux;uVWV (19)
8
_ 1 1,0.33 kg 20
Iy ((CoRep P93 4 ¢q) 7 —|—c2) (20)
2. P-1 radiation model
V-(IVG) + 4an’cT* + Ep) — (a — ap)G =0 (21)
=1 (22)
3(ata,+0oy)
Ay
ap = Y51 iy ) (23)
1, i
Tp :Zizl(l_fm) <1_€pi>7p @)
oTA
Ep = Li0y €pidpi—" (25)

3. Model Setup and Validation
3.1. Geometric Model

In the cement industry, raw meal preheating is typically achieved using multi-stage
series-connected suspension preheaters. Since the various stages of the preheater exhibit
certain similarities in structural form and in gas-solid two-phase flow and heat transfer
mechanisms, this study selects one stage of a suspension preheater from an actual industrial
production line as the research object in order to reduce numerical computational cost
and improve computational efficiency. A three-dimensional numerical simulation of the
gas—solid two-phase flow and heat transfer process inside this stage is carried out.

In this paper, a three-dimensional physical model is established based on the first-stage
suspension preheater of a 2000 t/d cement production line in Zambia, as shown in Figure 1.
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The system mainly consists of a riser duct, a cyclone separator, and inlet and outlet ports
for the gas phase and particle phase. The total height of the riser duct is 11.192 m, and its
diameter is 3.324 m. The cyclone separator has a cylinder diameter of 7.482 m, a central
pipe diameter of 3.434 m, and an overall height of 12.288 m. The feed inlet diameter is
0.90 m, and the discharge outlet diameter is 0.88 m.

I Smoke outlet

wwzeT 11
wmmggz 71

Particle Inlet

‘J(JOmm'/I

| 3324mm I

Smoke Inlet .
H Particle outlet

Figure 1. Geometry and dimensions of the suspension preheater.

In the numerical simulation, the particle phase is introduced through an injection
boundary condition. Particles are injected into the feed pipe through virtual injection points
and then enter the riser duct with the gas flow. The high-temperature flue gas and the
feed-carrying air enter the computational domain from the bottom of the riser duct and
the top of the feed pipe, respectively. The wall boundary conditions of the model are set as
adiabatic. The outlet at the top of the cyclone separator is defined as a pressure outlet, with

the outlet pressure set to 101,000 Pa.

3.2. Parameter Settings
Gas—Solid Characteristics

In this paper, raw meal particles commonly used in actual cement preheating systems
and quartz sand with three different particle sizes are selected as the heated media. Among
them, the raw meal particles are mainly composed of calcium-bearing minerals such as
CaCOj3 and have a relatively small particle size, while the quartz sand is mainly composed
of S5iO, and has a larger particle size than the raw meal particles. The specific material
properties are shown in Table 4.

Table 4. Material parameters.

Quartz Sand Raw Meal
Main component SiO, CaCO3
Density (kg/m?) 2650 2795
Particle diameter (mm) 0.45-1.5 0.037-0.045
Average specific heat capacity
861 945.86
(J/(kg-K))
Average thermal conductivity
1.17 0.14
(W/(m-K))

https:/ /doi.org/10.3390/fluids11100252
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The gas-phase medium in the system was based on the actual operating conditions
and consisted primarily of CO,, O,, N3, SO,, and H;O. The volume fractions of the
individual gas components, together with the thermophysical properties of the flue-gas
mixture, including specific heat capacity, dynamic viscosity, and thermal conductivity, are
summarized in Table 5. These properties were used to characterize the thermal and flow
behavior of the gas phase in the CPFD simulations.

Table 5. Flue-gas composition and thermophysical properties at 773 K.

Parameter Quartz Sand

CO;, volume fraction 21.74%

O, volume fraction 2.92%

N, volume fraction 66.89%

SO, volume fraction 0.12%

H,O volume fraction 8.33%

Specific heat capacity (J/(kg-K)) 1207.5
Dynamic viscosity (Pa-s) 3.40 x 107°

Thermal conductivity (W/(m-K)) 0.054994

At the initial moment of the simulation, the system is filled with air, the initial velocities
of both the fluid and particles are set to 0 m/s, and the initial temperature inside the system
is set to a uniform constant value of 300 K. After the calculation starts, high-temperature
flue gas and particles enter the computational domain from their respective inlets. As the
calculation time progresses, the system gradually transitions from the initial air state to the
actual gas—solid two-phase flow state in which flue gas and particles coexist. The above
initialization method can avoid excessive interference of the initial conditions on particle
flow, and is conducive to analyzing the evolution laws of particle flow and heat transfer
during the system startup process.

In this paper, for quartz sand particles and raw meal particles with different diameters,
the same flue gas inlet flow rate and the same material feed rate are selected, and the heat
transfer and flow characteristics are compared under four different working conditions
according to the specific particle size ranges and particle types, as shown in Table 6.

Table 6. Operating conditions.

Condition Condition 1 Condition 2 Condition 3 Condition 4

Particle type Raw meal Quartz sand Quartz sand Quartz sand

Particle size 0.037-0.045 0.45-0.55 0.95-1.05 1.45-1.55
range (mm)

3.3. Boundary Conditions and Simulation Parameter Settings

This paper focuses on the flow and heat transfer characteristics of particles with differ-
ent physical properties and different particle sizes in a suspension preheater. Therefore,
the flue gas inlet conditions, flue gas outlet conditions, and particle feed rate are kept
consistent across different simulation conditions, and only the particle type and particle
size are changed. The specific boundary conditions and simulation parameter settings are
shown in Table 7.

Table 7. Detailed boundary conditions and simulation parameter values.

Parameter Value
Quartz sand inlet mass flow rate (t/h) 54
Raw meal inlet mass flow rate (t/h) 54
Flue gas inlet temperature (°C) 500

https://doi.org/10.3390/fluids11100252
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Parameter Value
Flue gas flow rate (m>/h) 585,108
Entrained air flow rate in feed pipe (m3/h) 4717
Entrained air temperature (°C) 500
Time step (s) 0.001
Diffuse bounce 0
Normal-to-wall momentum retention 0.5
Tangent-to-wall momentum retention 0.95
Maximum number of iterations: volume 10
Residual values: volume 107
Maximum number of iterations: pressure 2000
Residual values: pressure 10-°
Maximum number of iterations: velocity 50
Residual values: velocity 107
Maximum number of iterations: energy 100
Residual values: energy 10-°

3.4. Grid Independence Verification

Considering the non-uniformity of the flow field within the system, the grid was
locally refined in key regions to capture the suspension characteristics of particles at high
concentrations. A higher radial grid density was arranged in the region with drastic flow
changes near the feed inlet, and the grid was also refined near the walls.

To verify whether the CPFD numerical simulation results reach a stable state, a tem-
perature monitoring surface was set at the cyclone separator outlet, and the variation of

the outlet flue gas temperature with simulation time was statistically analyzed, as shown
in Figure 2.

condition 1 condition 2 condition 3 condition 4

800

700

600 114s
500

400

Flue gas outlet temperature (K)

300

Simulation time (S)

Figure 2. Variation in outlet flue gas temperature with time.

The results show that for all four conditions, after 11.4 s, the flue gas temperature at the
cyclone separator outlet fluctuates slightly within a certain range but remains essentially
unchanged, indicating that heat transfer has reached a steady state. Therefore, this study
selects the steady-state simulation results after 12 s for numerical analysis.

In the CPFD numerical simulation of a suspension preheater, the number of compu-
tational grids exerts a decisive influence on both solution accuracy and computational
efficiency. To systematically evaluate the impact of grid count on simulation results, this
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study adopts four grid sizes—146,632, 286,412, 456,361, and 695,212—under Condition 3,
and compares the steady-state average flue gas temperature along the height of the vertical
riser. The results indicate that when the grid counts are 456,361 and 695,212, the flue gas
temperature profiles exhibit good consistency, whereas larger deviations are observed
for the grids of 146,632 and 286,412. Taking both computational accuracy and resource
consumption into consideration, and while still ensuring reliability, this study ultimately
selects 456,361 grids as the optimal mesh resolution for subsequent numerical simulations,
as shown in Figure 3.

780
—0— 695,212
—@— 456,361
—0— 286,412
o 760 . —— 146,632
°
&
s
2 740
=
3,
4
on
S 720
=
700 -
| 1 I I 1
0 2 4 6 8 10 12

height

Figure 3. Flue gas temperature variation along a vertical riser with grid number.

Following the grid-independence analysis, the quality of the selected computational
grid was further evaluated using the grid-check function in Barracuda Virtual Reactor
24.0.0. As shown in Figure 4, the normalized cell spacing in the x-, y-, and z-directions
remains close to unity over most of the computational domain, indicating a relatively
uniform distribution of the computational cells. The maximum normalized spacing is
approximately 1.8 in the x-direction, which is well below the high-aspect-ratio threshold of
5 and the severe-aspect-ratio threshold of 10. No significant grid-quality deterioration or
abrupt variation in cell spacing is observed. These results indicate that the selected grid
provides adequate spatial uniformity and resolution for the subsequent CPFD simulations.

3.5. Model Validation

To validate the accuracy of the numerical model developed in this study, a numerical
simulation was performed based on the suspension preheater experimental setup reported
in Ref. [41]. The simulation was conducted under the same operating conditions as the
corresponding experimental case, with a gas flow rate of 0.0311 kg/s and a solid feed rate
of 0.0201 kg/s. The simulated results were compared with the experimental data, as shown
in Table 8. The relative errors of the fluid outlet temperature and particle outlet temperature
were both less than 10% compared with the experimental results, with deviations of 4.02%
and 4.59%, respectively. These results indicate good agreement between the numerical
predictions and experimental measurements, demonstrating that the developed numerical
model is reliable and accurate for predicting the performance of the suspension preheater.
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Figure 4. Grid quality evaluation based on normalized cell spacing.
Table 8. Comparison between the simulated results and experimental data.
Parameter Experimental Data Simulation Results Relative Error
Particle outlet 414 433 459%
temperature (K)
Fluid outlet 448 466 4.02%

temperature (K)

4. Results and Discussion
4.1. Gas—Solid Flow Characteristics

Gas-solid flow is the basis of particle heat transfer. To investigate whether millimeter-
sized quartz sand particles can be effectively heated in a suspension preheating system,
we analyze the time-dependent motion states of raw meal and three different sizes of
quartz sand in the suspension preheating system, as shown in Figure 5. Different materials
exhibit similar staged evolution characteristics of particle motion. Taking condition 2
as an example, within 0-0.5 s, particles entering from the virtual feed point rapidly rise
into the riser under the action of the entrained air; within 0.5-1.0 s, due to gravity and
residual initial velocity, particles undergo a brief sinking; after 1.0 s, the gas drag force
regains dominance and particles move upward steadily with the gas flow; by 2.0 s, particles
begin to enter the cyclone, and at 3.0 s, particles perform spiral motion along the wall
under the action of centrifugal force, finally completing the transition from conveying to
separation at 4.0 s. Throughout the process, particles go through four stages: acceleration,
deceleration, re-acceleration, steady conveying, and centrifugal separation, with a total
time of approximately 5 s.

As the flow continues, as shown in Figure 6, Condition 1 using raw meal gradually ex-
hibits partial agglomeration, while quartz sand particles show a more obvious wall-attachment
phenomenon as the particle size increases. The underlying reason is that different particles
exhibit different spatial distribution behaviors due to differences in physical properties and
flow response characteristics. For raw meal particles, owing to their relatively high surface
roughness and fine particle size, adhesion plays a dominant role, leading to the formation of
high-concentration particle agglomerates in local regions. In contrast, quartz sand particles
have better flow dispersibility; however, as the particle size increases, their inertia increases
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and the Stokes number rises, which reduces their ability to follow the gas flow. Consequently,
the particles exhibit obvious wall-attachment behavior in the riser.

t=1S

Figure 5. Variation in particle flow state with time.

Particle volume fracton condition 1 condition 2

Figure 6. Particle volume fraction distribution.

condition 3 condition 4

4.2. Heat Absorption Distribution in the Suspension Preheater

In the suspension preheater, material heating mainly occurs in two components: the
riser and the cyclone separator. The heat absorption distribution in each section of the
system is an important parameter for design and operation. The following analyzes the
variation in particle temperature along the height direction in the riser (see Figure 7) and
the cyclone separator (see Figure 8) under different working conditions. On this basis, the
proportion of heat absorbed by particles in the riser and the separator is calculated.

700

g

Particle temperature (K)

g

300

—&— condition 2
—&— condition 3
—@— condition 4

height (m)

700

Particle temperature (K)
@
H H

H

—— condition |

T T T T T

height (m)

Figure 7. Variation in particle temperature along the height of the vertical riser.
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Figure 8. Variation in particle temperature along the height of the cyclone separator.

Figure 7 shows the variation in particle temperature along the height in the vertical
riser for four different operating conditions. It can be seen that in the initial stage after
feeding, the particle temperature fluctuates to a certain extent, then gradually increases
and tends to level off. This phenomenon is mainly related to the adjustment of particle
motion after entering the vertical riser and the heat transfer process between the gas
and solid phases. After particles enter the vertical riser from the feed pipe, their motion
state is significantly adjusted under the combined action of the feeding gas flow and the
main flue gas flow. Because of the entrainment by the feeding gas flow and the effect
of gravitational inertia, the particles first move in the direction opposite of the flue gas,
reverse after descending to a certain height, and then gradually move upward with the flue
gas. The 3.5-5 m region is where the feed pipe is located; the introduction of the feeding
gas flow disturbs the local flow field and causes the temperature and velocity of the fed
particles in this region to be readjusted, which ultimately manifests as a certain degree
of fluctuation in particle temperature during the initial feeding stage. Subsequently, as
the particles gradually enter the stable upward flow section, the gas—solid two-phase flow
state tends to become stable. Because the particle inlet temperature is lower than that of
the high-temperature flue gas, the particles continuously absorb heat from the flue gas
through gas—solid convective heat transfer and radiative heat transfer during the upward
movement, so the particle temperature gradually increases with the height of the vertical
riser. As the temperature difference between the particles and the high-temperature flue
gas gradually decreases, the heating rate of the particles gradually declines, and finally
their temperature gradually approaches the flue gas temperature and tends to stabilize.
The temperature variations along the flow path for quartz sand particles of different sizes
are generally consistent, that is, as the particle size increases, the particle outlet temperature
gradually decreases. This is mainly related to factors such as the particle specific surface
area, particle inertia, and gas—solid slip velocity caused by the change in particle size. For
a particle population of the same mass, a decrease in particle size usually means that the
particles have a larger specific surface area per unit mass, thereby providing a larger gas-
solid heat transfer area. Meanwhile, small particles have lower inertia, and their motion
state is more easily affected by the gas-phase flow, which in turn changes the relative
motion state between the gas and solid phases.

Compared with conditions 2, 3, and 4, which use quartz sand particles of different
sizes, condition 1 uses actual raw meal particles, and its temperature response exhibits
certain particularities. This is mainly because raw meal and quartz sand differ greatly in
particle size, thermophysical parameters, and other aspects.
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Figure 8 shows the temperature variation in particles after they enter the cyclone
separator. It can be observed that when particles enter the cyclone separator from the
vertical riser, their temperature is still lower than that of the high-temperature gas phase,
indicating that there remains some potential for further temperature rise within the cyclone
separator. In the cyclone separator, particles rotate with the gas flow, and gas—solid heat
transfer continues. Therefore, as particles move from the inlet to the lower discharge region,
they can continuously absorb heat from the high-temperature gas phase. It should be
noted that the particle trajectories in the cyclone separator are complex, and the particle
temperature is influenced not only by gas—solid heat transfer but also by factors such as
particle concentration and agglomeration. Consequently, the axial temperature variation
pattern differs from that in the vertical riser. Specifically, the gas temperature decreases
along the downward height direction; moreover, the temperature distribution within the
cyclone separator is non-uniform, and particle agglomeration occurs on the cyclone wall.
These combined factors can lead to a decrease in the temperature of some particles [15,16].

From the perspective of the particle outlet temperature of the cyclone separator, quartz
sand particles still exhibit a relatively obvious particle size effect, that is, the larger the particle
size, the lower the outlet temperature. This indicates that during the entire conveying and heat
exchange process from the vertical riser to the cyclone separator, particle size has a significant
influence on the temperature of large particles. For raw meal particles, however, the cyclone
separator outlet temperature is higher than that of 0.5 mm and 1.0 mm quartz sand particles.
This result suggests that the temperature response of small raw meal particles cannot be
explained solely by particle size, but is closely related to their own particle size distribution,
particle agglomeration characteristics, and thermophysical parameters.

The results in Figure 9 indicate that the particle temperature rise is mainly concen-
trated in the vertical riser, while the particle temperature rise in the downstream cyclone is
extremely limited. Moreover, as the particle size increases, the proportion of the particle
temperature rise occurring in the vertical riser continuously decreases. Therefore, subse-
quent research will focus primarily on the heat transfer characteristics between particles
and flue gas in the vertical riser.

cyclone
ascending straight pipe
A 5% 2% 5%
| I —— 9%
80
& 60 1
(]
&
5 95% 98% 95% 91%
5 404
[
20
0 1 1 1 1
condition 1 condition 2 condition 3 condition 4
conditions

Figure 9. Contribution ratio of the separator section and the riser duct section to the overall particle
temperature rise.
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Opverall, the variation in particle temperature in the suspension preheater is the result
of the combined effects of particle size and size distribution, gas—solid relative motion,
particle agglomeration behavior, and particle thermophysical properties. Among these
factors, particle size mainly affects the effective heat transfer area between particles and
the gas phase as well as the particle motion characteristics, while particle thermophysical
properties further determine the temperature response of particles to the absorbed heat.

4.3. Temperature and Velocity Distributions of Flue Gas in the Vertical Riser

Figures 10 and 11 show the variations in flue gas temperature and flue gas axial
velocity along the height of the vertical riser. Along the axial height of the vertical riser,
the flue gas temperature generally shows a gradual decreasing trend, and its axial velocity
decreases correspondingly. Within the height range of 0-8 m from the inlet, the decreasing
trends of flue gas temperature and axial velocity are in good agreement. When the height
exceeds 8 m, the outlet of the vertical riser approaches the inlet of the cyclone separator, and
the gas flow direction transitions from the originally axial-dominant flow to the tangential
inlet condition, so the axial velocity continues to decrease. In addition, in the 4-5 m region,
since this is the particle feed inlet, high-temperature carrier gas enters the system and
causes a short-distance increase in the gas temperature at this location. After sufficient
mixing, the temperature variation tends to become gentle and continues to maintain a
decreasing trend.

condition 1 condition 2 condition 3 condition 4

g’

Figure 10. Flue gas temperature variation along the height of the riser duct.

Fluid temperature
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725 ol

] 700

=’

j

On the other hand, by comparing the flue gas outlet temperatures of the vertical riser

] 675
| 650

[ 625
600

under the four operating conditions, conditions 2, 3, and 4 show a trend that the flue
gas outlet temperature increases with increasing particle size, while the flue gas outlet
temperature of condition 1 is higher than those of conditions 2 and 3 but lower than that of
condition 4. Combined with the variation trend of particle outlet temperature described
earlier, the higher the particle outlet temperature, the more heat the particles absorb from
the flue gas, and therefore the lower the flue gas outlet temperature.

4.4. Particle Heat Transfer Coefficient and Slip Velocity

Figure 12 illustrates the variation in the gas—solid heat transfer coefficient along the
height direction. For Condition 1, the overall trend of the heat transfer coefficient exhibits an
initial increase, followed by a decrease, and then another increase. This variation pattern is
consistent with the trend of particle slip velocity shown in Figure 13. The more pronounced
fluctuation of the heat transfer coefficient under Condition 1 is primarily attributed to the
smaller particle size of the raw meal particles, which renders the convective heat transfer
coefficient highly sensitive to even minor changes in slip velocity. In contrast, the heat
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transfer coefficients under the other operating conditions show relatively stable variations.

For quartz sand particles of the same material, an increase in particle size leads to a decrease

in the heat transfer coefficient. Furthermore, for particles of the same size, the variation in

the heat transfer coefficient is consistent with the trend of the gas—solid slip velocity.
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Figure 11. Variation in flue gas temperature and axial velocity along the riser duct height under
different operating conditions.
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Figure 12. Particle heat transfer coefficient distribution along the riser duct height.
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Figure 13. Variation pattern of particle slip velocity along the height of the riser duct.
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4.5. Pressure Distribution Along a Vertical Straight Rising Pipe

Figure 14 illustrates the variation in particle pressure along the height direction. It can be
observed from the overall trend that the pressure in the vertical upward straight tube decreases
progressively along the height direction. Under different operating conditions, the pressure
variation exhibits a trend where larger particle sizes correspond to greater pressure changes.
The underlying reason is that larger particles have a longer residence time in the riser tube,
resulting in a greater accumulation of particles under the same feed rate. Under Condition 1,
particle agglomeration occurs in the region of 7-8 m, which can also be reflected by the pressure
variation in the figure. In the 3-5 m region, the pressure drops sharply due to the large amount
of particles in this zone, which arises from the combined effect of particles injected downward
from the inlet and particles moving upward after being suspended. Similar phenomena of
pressure variation also exist in other operating conditions.
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Figure 14. Pressure variation along the height direction of a rising straight pipe.

5. Conclusions

In this study, a three-dimensional CPFD model based on the Barracuda software was
developed to investigate the gas—solid flow and heat transfer characteristics in a suspension
preheater for high-temperature solid particle thermal storage. To elucidate the effects of
particle size, particle properties, gas—solid relative motion, and particle agglomeration on
the heating performance, quartz sand particles with different sizes and cement raw meal
were considered. The main conclusions are summarized as follows:

(1) The staged evolution of particle motion in the suspension preheater was successfully
reproduced. After entering the riser, particles successively undergo acceleration,
deceleration, re-acceleration, stable upward conveying, and separation in the cyclone.

(2) Particle size significantly influences particle flow behavior and spatial distribution.
The fine raw meal particles exhibit local agglomeration due to their small size and
strong interparticle adhesion. In contrast, quartz sand shows better flow dispersibil-
ity; however, the wall-attachment tendency becomes increasingly pronounced with
increasing particle size.

(3) Particle heating mainly occurs in the vertical riser rather than in the cyclone separator.
After entering the riser, particles continuously absorb heat from the high-temperature
flue gas, resulting in a gradual increase in particle temperature along the flow direc-
tion. As the particle temperature approaches the gas temperature, the temperature
difference decreases and the heating rate gradually declines. For quartz sand, the
particle outlet temperature decreases with increasing particle size.

(4) The gas—solid heat transfer coefficient is closely related to particle slip velocity and particle
size. For fine raw meal particles, the heat transfer coefficient exhibits more pronounced
fluctuations. For quartz sand, the heat transfer coefficient is relatively stable and decreases
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with increasing particle size under the investigated conditions, and for particles of the
same size, its variation follows the same trend as the gas—solid slip velocity.

(5) The pressure in the vertical riser decreases gradually along the height direction, and
larger particle sizes result in greater pressure drops, which is attributable to the longer
residence time and greater accumulation of larger particles. In the case of raw meal
particles, agglomeration occurs in the 7-8 m region, leading to locally high particle
concentrations and a sharp pressure drop.

The above results fully validate the feasibility of applying multi-stage suspension heat-
ing technology for the direct heating of quartz sand solid particles using high-temperature
flue gas, and provide a numerical basis for understanding the transport and heat transfer be-
havior of millimeter-scale thermal storage particles in a suspension preheater. Overall, the
technical scheme of using a suspension preheater to heat millimeter-scale large-particle-size
quartz sand is feasible; the substantial variation in particle size does not significantly affect
the general trends of key parameters such as particle temperature, flue gas temperature,
and gas—solid heat transfer coefficient along the flow path, indicating that this heating
method exhibits good adaptability to variations in particle size.
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Nomenclature

Governing equations Latin symbols

Cs Smagorinsky subgrid-scale model constant.

Dp Particle drag coefficient (related to relative velocity).

F Interphase momentum exchange source term (per unit volume).
Fry Interphase heat exchange source term.

g Gravitational acceleration vector.

hg Gas-phase specific enthalpy.

Nuy, Particle Nusselt number.

p Fluid pressure (static).

P Empirical constant for particle normal stress.

Prq Gas-phase Prandtl number.

Rey Particle Reynolds number (based on slip velocity and diameter).
Sij Component of the fluid strain-rate tensor.

t Time.

Tq Gas temperature.

Uug Gas velocity vector.

Uy Particle velocity vector.

up Mean (or filtered) particle velocity.

Xp Particle position vector.
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Governing equations Greek symbols

A
&
Ep
®
05
Ke‘ﬁ‘
]’leﬁ‘
Ht
Pg
Pp
Tg/ Tgij
D
Tp

Kronecker delta (unit tensor component).

Filter grid scale (characteristic length for LES).

Particle volume fraction (solid fraction).

Packing limit volume fraction (maximum particle loading).
Granular temperature.

Gas volume fraction (void fraction).

Gas effective thermal conductivity (molecular + turbulent).
Gas effective dynamic viscosity (molecular + turbulent).
Gas turbulent eddy viscosity (subgrid-scale contribution).
Gas density.

Particle material density (true density).

Gas viscous stress tensor (including turbulent effects).
Particle momentum response relaxation time.

Particle normal stress (from collisions/friction).

Drag models additional symbols

Mg

Drag force term for the Wen-Yu model (per unit particle mass).
Drag coefficient (general).

Particle radius.

Drag force term for the Ergun model (per unit particle mass).
Constants in the Ergun model (C; = 180,1C; = 2).

Drag force term for the EMMS-Yang model (per unit particle mass).
Correction factor in the EMMS-Yang model.

Correction factor in the EMMS-Yang drag coefficient.

Fluid (gas) volume fraction for high-void-fraction correction in w.
Gas dynamic viscosity (used in Reynolds number definitions).

Heat transfer and P-1 radiation additional symbols

Cpg) Specific heat capacity of gas at constant pressure.

ke Thermal conductivity of gas.

Rey, Reynolds number based on particle diameter (characteristic length).
dy Particle diameter.

Iy Convective heat transfer coefficient (fluid-to-particle).
g, c1,¢;  Empirical constants in the heat-transfer correlation.

ny Exponent in the heat-transfer correlation.

I Diffusion coefficient for radiation (radiation diffusivity).
G Incident radiation (irradiation).

a Absorption coefficient of gas.

n Refractive index.

o Stefan-Boltzmann constant.

Ep Particle emission power (total emission term).

ap Particle absorption coefficient (total).

r Effective radiation diffusion coefficient (from P-1 model).
Op Particle scattering coefficient (total).

np Number of particles.

Epi Emissivity of particle i.

Api Surface area of particle i.

1% Volume (of computational cell or total volume).

fi Scattering albedo factor (or fraction) of particle i.

Ty Temperature of particle i.

Other Abbreviations

CPFD Computational Particle Fluid Dynamics

MP-PIC  Multiphase Particle-in-Cell

EMMS  Energy-Minimization Multi-Scale
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LES Large Eddy Simulation
P-1 P-1 radiation model
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