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1. Introduction

Driven by economic constraints and the demands of peak-shaving
operations, coal-fired power plants are often precluded from relying
on a single coal type for long-term generation. Multi-coal blending
combustion has become the norm. Under blending conditions, the
layered stacking and discharge in silos lead to fluctuations in the mass
ratio and calorific value of the blended coal at the outlet over time.
However, limited by on-site conditions, the internal flow within the silo
and the composition of the outlet coal mixture are difficult to monitor,
thereby increasing uncertainty in stable combustion and load regulation
of the unit. Numerical simulation has become an effective research
method. The Discrete Element Method (DEM) can directly solve the
motion process of individual particles, thus showing significant advan-
tages in describing the flow, mixing, and adhesion of coal particles.
However, the computational cost of DEM increases linearly with the
number of particles. Actual industrial silos often contain particle systems
of extremely high orders of magnitude, making DEM simulation difficult
to complete within acceptable computational cost and time (Que-
teschiner et al., 2018; Zhong et al., 2016). Furthermore, due to the ad-
hesive and multiphase properties of wet coal, specifically the cohesive
bridging effects driven by moisture, a single simplified model is insuf-
ficient to fully characterize the system. It is essential to constrain model
assumptions and parameter applicability ranges through direct com-
parison with experimental data. Consequently, developing a
cost-effective, high-fidelity mathematical model capable of capturing
the adhesive effects of wet coal particles is crucial for realistically
simulating mixed discharge in silos. This endeavor addresses critical
research gaps and serves as a prerequisite for achieving precise design
and optimized operational control.

Researchers have employed various methods such as experiments
and numerical simulations to explore particle flow in silos from multiple
levels. The research extensively covers the influence laws of silo geo-
metric structure (e.g., cone angle (Jung et al., 2012; Wang et al., 2020),
eccentric design (Hao et al., 2026; Jiang, Ma, et al., 2026; Wu et al.,
2025), outlet size (Lu, Guo, et al., 2017), internal inserts (Lu et al., 2023;
Yuan et al., 2020)), material properties (e.g., particle shape (Hanif et al.,
2025; Hohner et al., 2012; Zhang et al., 2021), particle size distribution
(Deng et al., 2020; Zhao et al., 2017)), and external intervention con-
ditions (e.g., aeration (Chen et al., 2011; Lu et al., 2012), vibration
(Kumar et al., 2020; Wassgren et al., 2002)) on phenomena such as
discharge mode, flow rate, particle segregation, arching, and blockage.
However, most of the above studies are limited to dry particles, with
very few focusing on wet particles. A small number of studies have made
progress in predicting the discharge flow of wet particles, but there is
still a lack of high-fidelity 3D DEM simulation and in-depth mechanistic
research on the mixing behavior of wet coal particles in industrial-scale
3D silos during dynamic discharge. For instance, Dai et al. (2021)
studied the discharge characteristics of wet coal through silo experi-
ments and a continuum model. The study pointed out that when the
moisture content is low, coal particles have better flowability. When the
moisture content increases, significant cohesive behavior appears, the
mass flow rate decreases accordingly, the velocity difference between
particles in the center and near the wall intensifies, making wet coal
more prone to funnel flow, thereby bringing higher risks of arching and
instability. Subsequently, Dai et al. (2024) further focused on the
discharge and mixing of multi-component wet coal in silos. The study
found that moisture content, silo half-angle, and discharge rate jointly
alter the flow pattern, affect the magnitude of the mass flow rate, and
directly influence the evolution of outlet composition over time.
Recently, Zhu et al. (2024) focused on the effect of vertical vibration on
the discharge process of cohesive fine powder in a silo. Combining ex-
periments and DEM simulation, the study found that the vibration ac-
celeration amplitude is the key parameter triggering arch formation,
with little relation to vibration frequency. Anand et al. (2009) earlier
used the Discrete Element Method (DEM) to predict the discharge
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dynamics of wet cohesive particles from a 2D rectangular silo. The study
quantified inter-particle cohesive force by introducing a pendular liquid
bridge model. Subsequently, Anand et al. (2015) further systematically
validated the aforementioned DEM model predictions through experi-
ments. The study measured discharge rate, angle of repose of residual
material after discharge, and the size of agglomerates formed during
discharge.

There are various methods to improve the simulation efficiency of
DEM, such as reducing particle stiffness (He et al., 2021), GPU parallel
acceleration computing (Gou & Shen, 2025), and the coarse-grained
method (Ren et al., 2025). In comparison, the coarse-grained method
can maintain high simulation accuracy while avoiding extensive hard-
ware resource usage, and has become an effective method for simulating
large-scale particle systems. The Coarse-Grained Discrete Element
Method (CG-DEM) can reduce the computational scale through a
coarse-grained strategy while retaining the discrete characteristics of
particles and the contact dynamics mechanism, to meet the comput-
ability of multi-particle systems within an engineering time scale.
Simultaneously, a moisture-dependent cohesive force model is intro-
duced to characterize the adhesive effects between wet coal particles,
thereby more realistically reproducing the channeling, stagnation, and
mixing behaviors of different coal types during the discharge process.

This paper combines the moisture-induced cohesive force model
with CG-DEM to conduct numerical simulation research on the layered
discharge process in a laboratory silo. First, the scaling factor and
cohesive force model are validated; then, the simulation results of the
outlet mass flow rate and estimated calorific value are compared with
experimental results, confirming the applicability of the coupled model;
finally, simulations of the mixed coal discharge process at laboratory
scale are conducted. The distribution and evolution of key parameters
such as flow pattern, velocity, cohesive force, and calorific value are
analyzed.

2. Mathematical model
2.1. Coarse-grained model

As shown in Fig. 1, a single coarse-grained unit represents a particle
cluster composed of n® original particles, with geometric dimensions n
times that of the original particles. This scaling strategy fundamentally
reduces the total number of particles in the system, effectively
improving computational efficiency (Sakai & Koshizuka, 2009).

The calculation formulas for the diameter and mass of the coarse-
grained particles (CGP) are as follows:

@

3
megp =k m,

dCGP = kdp (2)
where m¢gp and m, are the masses (kg) of the coarse-grained and actual
particles, respectively; dcgp and d,, are the diameters (m) of the coarse-
grained and actual particles, respectively; k is the scaling factor.

(a) (b)

Fig. 1. Coarse-grained model (k = 3): (a) Original particles and (b) Coarse-
grained particles.
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In CG-DEM, the motion of each coarse-grained particle is governed
by Newton's second law. The translational and rotational governing
equations are as follows (Wang & Shen, 2022):

Mmegp ;tGP =mcgpg + Fecep + Frcop 3)
dwcep
I =T 4
o cGp (C))

where F ccp is the cohesive force; I¢gp is the particle's inertia tensor; g is

the gravitational acceleration (m/s%); dvggp/dt is the particle's trans-

lational acceleration (m/s%); dwcgp/dt is the particle's angular acceler-

ation (rad/s®); vcep and wgp are the particle's translational and angular

velocities (m/s, rad/s); F, ccp and T, are the collision force and torque.
Tcgp is given by:

Teor = EN: (Ln x FL:CG,,> (5)

JET#

where L is the distance (m) from the particle center of mass to the

contact point; N is the number of all particles colliding with the current

particle; F. ., is the tangential collision force (N) between particles.
F. cop is calculated as follows (Cundall & Strack, 1980):

Fecor=Feep + FL,CGP (6)

where F{ccp and F{ o;p represent the normal and tangential collision
forces (N) between particles, respectively, as shown below:

Ficor= = (kndu,60)n )
Fi.cgp =min [( — kb, .81, 1, Fr cip ®

where n and t are the unit normal and tangential vectors from the center
of mass of particle i to that of particle j; kp, k; are the elastic coefficients;
nn, N are the damping coefficients; &, &; are the thicknesses of the
overlap region; the dot over § denotes the derivative with respect to
time.

The Linear-Spring-Dashpot (LSD) soft-sphere collision model is used.
In the LSD model, when a collision occurs between particle i and particle
Jj> the relationship between the normal damping coefficient #,,;, and the
normal restitution coefficient e, is as follows:

; trnl
€pp = CXp (;]WIZ;P) (9)
eff p

where m,g = mjm;/(m; + m)) is the effective mass of the particles, tfl‘; is

the collision time of the particles, which can be expressed specifically as
follows (Garg et al., 2012):

2 —-1/2
I (k—” - '72—1> a0
Mefrp Mo p

Based on different criteria, various scaling laws have been proposed
to scale collision parameters from original particles to CGP. In most
studies, it is assumed that the elastic constant and friction coefficient of
CGP are the same as those of the original particles (ky cgp = kn,p; tegp="tip)-
Aggregating original particles into CGP reduces the collision frequency,
which directly affects energy dissipation. To account for this error, an
effective restitution coefficient ecgp is used by assuming equal energy
dissipation during collision between the original and coarse-grained
systems. Its calculation formula is as follows (Hilton & Cleary, 2014;
Lu, Konan, & Benyahia, 2017):

ecor=1/1+ <e; - l)k an
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The normal damping coefficient in the coarse-grained model is given
by:

Mucop = V 2kamcgp

|ln eCGP|

V7% + In*ecgp

2.2. Moisture-induced cohesive force model

12)

The moisture-induced cohesive force, highly related to water con-
tent, significantly affects the flowability of pulverized coal. As previous
studies have shown (Lu et al., 2018), the cohesive behavior of pulverized
coal exhibits distinct characteristics due to its non-spherical, poly-
disperse particles, making simplified theoretical liquid-bridge models
less accurate for this system. The cohesive force can be correlated with
moisture content using the method proposed by Rumpf and Molerus.
The relationship between the moisture-induced cohesive force F (N)
and o, is derived as follows (Molerus, 1975; Rumpf, 1970):

Frcop=KF; 3)
FL:dfvtr,s/(l —¢) 14)

where, o, is the tensile strength (kPa); the Sauter mean diameter (dsy)
and the particle size distribution of the coal powder are measured by
sieving, and the results are shown in Fig. 2.

The bed porosity (e) is defined as the sum of the gas and liquid
volume fractions, expressed as:

P M
e=1 ppx(l 100) (15)

where py, is the bulk density of the particle bed (kg/m>), measured by a
bulk density tester; p, is the true density of the particles (kg/m®); M is the
moisture content (%), substituted according to the measured value of
the experimental coal.

The o, can be calculated by the Mohr-Coulomb method, as follows:

6,=C/tan & 1e)

where C is the powder cohesion (N), @ is the internal friction angle,
measured by an FT-4 powder rheometer; the specific parameters of the
materials used are listed in Table 1. Substituting Eqgs. (14) and (15) into
Eq. (13) yields the moisture-induced cohesive force for the wet coal
particles.

I Indonesian coal

0F 1 Longwanggou coal

Frequency (%)

0~0.05 0.05~0.100.10~0.200.20~0.45 0.45~1.001.00~2.00 2.00~3.20 3.20~4.004.00~5.00
Particle diameter (mm)

Fig. 2. Particle size distribution.
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Table 1
Basic simulation parameter settings.

Parameter Longwanggou Coal ~ Indonesian Coal
Average particle diameter (mm) 2.8 3.2
Bulk density (kg/m>) 778 728
True density (kg/m>) 1567 1268
Cohesion (N) 0.67 0.68
Internal friction angle (°) 33.4 37.2
Tensile strength (kPa) 1.015 0.895
Moisture content (%) 8.8 35.1
Particle-particle rolling friction coefficient 0.6
Particle-wall rolling friction coefficient 0.5
Particle-particle sliding friction 0.09

coefficient
Particle-wall sliding friction coefficient 0.1
Restitution coefficient 0.1
Time step (s) 1le-06

3. Settings
3.1. Experiment conditions

To investigate the discharge process of blended coal from the silo and
to provide validation data for the simulation study, an experimental
system for the blended coal discharge of Longwanggou coal and Indo-
nesian coal was set up. The mass ratio and mass flow rate of the blended
coal at various times were obtained through timed sampling and calo-
rific value testing. As shown in Fig. 3, the system includes components
such as a laboratory-scale silo, a feed elevator, a discharge box, and a
dust collector. The coal powder is fed into the silo via a conveyor belt,
and the discharge is controlled by a valve. The discharge box is used to
collect the falling coal powder. To maintain constant moisture content of
the coal samples across different experiments, the samples were stored
in sealed containers within a constant-temperature refrigerator
throughout the process. Each set of experiments was repeated three
times, and the results were averaged.

3.2. Simulation conditions

Two coal types, Longwanggou coal and Indonesian coal, were used in
the study. The hopper model employed in both experiments and simu-
lations is shown in Fig. 4. The model has a total height of 951 mm,
consisting of a conical section with a height of 633 mm, an outlet
diameter of 50 mm, and an inlet diameter of 468 mm. Coal powder was
placed only within the conical section. The particle size distribution
used in the simulations matched the experimental measurements. The
conical section was divided equally into five segments along its height,
each 123.4 mm tall, labeled H1 (bottom) to H5 (top). Different layered
stacking scenarios were realized by controlling the initial filling height
ratio of the two coal particles. In the Longwanggou coal-Indonesian coal
3-2(L3-12) scenario, for instance, Longwanggou coal occupied segments
H5 to H3, while Indonesian coal filled segments H2 and H1. Detailed
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simulation parameters are listed in Table 1.

The simulations in this study were performed using the open-source
code MFIX developed by the National Energy Technology Laboratory.
The moisture-induced cohesive force model was implemented by
modifying the source code. The simulations were conducted on a
workstation equipped with dual EPYC 7543 CPUs. The computational
domain was meshed, and all simulations were performed in parallel
using 48 threads. A baseline case required approximately 10 days of
computational time. The model was first validated for its accuracy in
predicting the discharge flow pattern, mass flow rate, discharge time,
and the calorific value of the outlet coal mixture. Subsequently, simu-
lations of the mixed coal discharge process under various layered
stacking scenarios of Indonesian coal and Longwanggou coal were
conducted. The distribution and evolution of key parameters, including
flow pattern, velocity, cohesive force, and calorific value, were
analyzed.

4. Results and discussion
4.1. Model validation

4.1.1. Scaling factor validation

As shown in Fig. 5, limited by computational efficiency, the L2-11
scenario (Longwanggou coal placed in H2-H3, Indonesian coal placed
in H1) is selected for scaling factor validation. Comparison results show
that the simulated mass flow rate variation trends over time for scaling
factors of 2 and 3 are basically consistent with the experimental results,
with deviations within an acceptable range. Based on previous findings
(Jiang, Li, et al., 2026), lower scaling factor yields higher computational
accuracy. Comparison shows that the computational cost for k = 3 is
acceptable, with a typical case requiring approximately 10 days of
computation time and showing minor deviations from experimental
data. In contrast, the computational time increases significantly for a
scaling factor of 2 (by approximately 300%). Considering both simula-
tion accuracy and computational cost, a scaling factor of 3 was adopted
for the subsequent simulations in this work.

4.1.2. Flow pattern validation

Fig. 6 shows the experimental and numerical results of the coal
particle discharge flow pattern in the silo for the L3-I2 scenario. At the
same discharge time, comparing the material level height at the silo
centerline, the numerical results are basically consistent with the
experimental results, indicating the reliability of the model in simulating
wet coal discharge.

4.1.3. Mass flow rate validation

Fig. 7(a) shows the comparison of the mass flow rate between
experiment and simulation (with and without the moisture-induced
cohesive force model) for the L3-I12 scenario. As shown, the results
indicate that without considering the cohesive force, the overall mass

High speed camera

Electronic scale

N
(b) Discharge box

Fig. 3. Experimental system: (a) Physical and (b) Schematic diagram.
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Fig. 5. Scaling factor validation.

flow rate remains at a high level, and the flow behavior of the two coal
powders shows little difference. Consequently, the discharge time is also
shorter. After introducing the cohesive force, the flowability differences
of coal powders with different moisture contents are reflected, and the
mass flow rate trend better conforms to actual discharge characteristics.
From Fig. 7(b) and (c), it can be observed that by incorporating the
cohesive force model, the adhesion and agglomeration of wet coal
particles during the falling process are clearly visible. This shows that
the established cohesive force model can effectively characterize the
flowability differences of coal particles under different moisture content
conditions.

From the overall discharge characteristics: the experimental total
discharge mass is 30.2 kg, and the simulated total discharge mass with
the cohesive force model is 29.8 kg, an error of 1.0%. The complete
discharge time is 90 s for the experiment and 93 s for the simulation, an
error of 3.3%. The average discharge rates from numerical calculation
and experiment are 0.320 and 0.335 kg/s, respectively, an error of 4.0%.
Simulation results show that because the lower part of the hopper
contains high-moisture Indonesian coal with poorer flowability, the
mass flow rate is initially low. As the more flowable Longwanggou coal
gradually participates in the discharge, the outlet mass flow rate in-
creases and stabilizes. In the experiment, due to the wide particle size
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distribution and some agglomeration, the discharge rate exhibits fluc-
tuations of a certain amplitude. Comparing the experimental results
during normal discharge with the numerical results with cohesive force,
the maximum error in mass flow rate is 5.6%, within a reasonable range.
This indicates the model has certain accuracy in calculating coal particle
flow.

4.1.4. Discharge time validation

Fig. 8 shows the validation of discharge time under different sce-
narios for experiment and simulation. Under gravity discharge, the
experimental discharge data is compared with the numerical calculation
results. The maximum error between experiment and simulation is
5.2%, indicating that the mathematical model has certain accuracy in
calculating wet coal particle flow.

4.1.5. Outlet estimated calorific value validation

Fig. 9 shows the variation of estimated calorific value of the outlet
coal mixture over time for 12-L3, I1-L4 (Fig. 9(a, b)) and L2-I3, L1-14
(Fig. 9(c, d)) scenarios, obtained by statistically determining the mass
ratio of the outlet mixed coal per second and then using the lower
heating value provided by the power plant. The simulated and experi-
mentally obtained calorific values of the mixed coal are compared.
Overall, the numerical results are basically consistent with the experi-
mental trend of outlet calorific value variation. For each scenario, the
maximum error between simulated and experimental estimated calorific
value does not exceed 8.0%, with an average error of 2.5%. This in-
dicates the reliability of this numerical method for predicting the mixing
behavior of coal particles in silos.

4.2. Flow pattern analysis

To more intuitively reveal the evolution characteristics of particle
flow patterns during discharge, particles are color-coded in Fig. 10, with
blue representing Longwanggou coal (type 1) and yellow representing
Indonesian coal (type 2). In the I4-L1 scenario, the lower Longwanggou
coal discharges first rapidly, and then the entire discharge process is
gradually dominated by Indonesian coal. In the I3-L2 scenario, the slight
increase in the proportion of Longwanggou coal leads to its discharge
within the first 20 s. In the I2-L3 scenario, mixing occurs between
Longwanggou and Indonesian coal in the first 40 s, but after 40 s,
Longwanggou coal is completely discharged. In the I1-L4 scenario,
typical funnel flow characteristics are observed, with Longwanggou coal
basically discharged after 80 s. Due to its insufficient flowability,
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Fig. 6. Comparison of experimental and simulated flow patterns.
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Fig. 8. Discharge time validation.
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Indonesian coal struggles to follow Longwanggou coal to form efficient
mixing, resulting in an overall low mixing efficiency.

In the L4-I1 scenario, the Indonesian coal discharged rapidly during
the initial stage, after which the discharge process was almost entirely
dominated by Longwanggou coal, exhibiting a first-in-first-out (FIFO)
characteristic. A similar pattern was observed in the L3-12 scenario,
where the Indonesian coal was completely discharged within the first
20 s. The discharge process in this scenario was nearly identical to the
previous one. In the L2-I3 scenario, where the proportion of Indonesian
coal was significantly higher, intense mixing between the two coal
powders occurred during the first 40 s of discharge. The Indonesian coal
formed a typical funnel flow channel along the silo's central axis. For the
L1-14 scenario, a high degree of mixing between the coals was observed
throughout the entire discharge process. The overall discharge time for
this scenario was essentially the same as for the L2-I3 scenario. This
phenomenon, verified by both numerical simulation and experiment, is
attributed to more thorough mixing between the coal types. The more
flowable Longwanggou coal was able to carry some of the Indonesian
coal that tended to stagnate near the walls into the main flow, thereby
enhancing the overall discharge efficiency.

Overall, the degree of mixing between the different coal powders is
primarily influenced by the proportion of each coal and their flowability
difference. This result not only demonstrates that the numerical simu-
lation successfully reproduces the macroscopic phenomena observed in
experiments but, more importantly, verifies the rationality of the
cohesive force model. By applying differentiated cohesive forces to coal
powders with different moisture contents, the model effectively re-
produces the real flowability differences within the silo, ensuring con-
sistency between the simulation results and experimental observations.

Particuology 115 (2026) 378-389
4.3. Velocity analysis

To facilitate observation of the internal flow structure, longitudinal
cross-sectional views illustrating the vertical velocity distribution of
particles during discharge are presented in Fig. 11. The particles are
colored according to the magnitude of their vertical velocity, with blue-
green indicating higher downward velocities and red indicating lower or
nearly stagnant velocities. For all scenarios, the high-velocity zone was
initially concentrated near the discharge outlet, while particles in the
upper regions remained stagnant or moved slowly. As discharge pro-
gressed, the high-velocity zone gradually expanded upward, and the
stagnant zone correspondingly shrank, indicating that upper material
layers successively entered motion. Significant radial non-uniformity
was observed at all cross-sectional heights. The central region exhibi-
ted a larger downward velocity, whereas particles near the walls had
lower velocities and experienced stagnation, related to wall friction and
inter-particle cohesive effects. In summary, the velocity distribution
under all scenarios primarily formed a main flow channel along the
central axis, with weaker flow in the side regions, characteristic of
funnel flow. The extent and intensity of this main channel evolved
throughout the discharge process.

To further investigate the velocity distribution, Fig. 12 shows the
time-averaged velocity in the y-direction for particles at different height
sections (h = 0.1, 0.2, 0.3 m) under the various scenarios. At h = 0.1 m,
near the outlet, a clear main flow channel was evident at the central axis.
Particle discharge was restricted near the walls, resulting in lower ve-
locities. Moving horizontally towards the center, the downward velocity
gradually increased, reaching a maximum near the central axis-a classic
"high in the middle, low on the sides" distribution. When the lower layer

(2)L2-13

vy

(d)11-L4

vy

(fL3-12

(h)L1-14

Fig. 11. Particle velocity distribution in the silo under different scenarios.
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Fig. 12. Time-averaged particle velocity at different heights from the outlet.
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consisted of the more flowable Longwanggou coal, the velocity peak
decreased as the proportion of Indonesian coal increased. Conversely,
when the lower layer was the less flowable Indonesian coal, the velocity
peak increased with a higher proportion of Longwanggou coal. This
indicates that the flowability difference between coal types influences
the internal particle velocity distribution. At heights of 0.2 and 0.3 m,
where particles are in the region of overall bed descent, the lateral ve-
locity difference tended to moderate. The results demonstrate that the
lower coal type has a decisive influence on the velocity distribution and
channel morphology. A lower layer of Longwanggou coal resulted in a
higher velocity peak near the outlet, whereas a lower layer of Indonesian
coal led to more obvious flow obstruction and a lower central axis ve-
locity. This confirms that the cohesive force model effectively captures
the flowability differences of coal powders with varying moisture
contents.

4.4. Calorific value analysis

To further analyze the variation in calorific value of the mixed coal
during discharge, the mass proportion of each coal type (Indonesian and
Longwanggou) flowing out per second was statistically combined with
their as-received lower heating values (Indonesian coal: 3108 kcal/kg,
Longwanggou coal: 4788 kcal/kg, provided by Datang South Power
Plant). The theoretical calorific value of the mixed coal at the silo outlet
was calculated per second for the two main stacking sequences, using
the following formula:

O, =x(t) x O + [1 —x(1)] x Oy a7
where Q; is the instantaneous mixed coal calorific value, x(t) is the mass
proportion of Longwanggou coal at time t, and Q; and Q are the
respective calorific values.

Fig. 13 shows the variation of outlet calorific value with time for
these two scenarios. Different stacking sequences fundamentally altered
the evolution characteristics. When the lower layer was Indonesian coal,
the outlet calorific value curve showed an overall gradual increasing
trend. Initially dominated by the poor-flowability Indonesian coal, the
calorific value was low. As the upper Longwanggou coal gradually
entered the flow channel, the calorific value increased rapidly and
eventually stabilized. In scenarios with a high proportion of Long-
wanggou coal (L4-I1 and L3-12), the curve approached stability within
20-30 s, indicating the rapid replacement of Indonesian coal by the
highly flowable Longwanggou coal. When the proportion of Indonesian
coal was higher (e.g., L2-I3 and L1-I4 scenarios), the rising phase of the
curve was prolonged and exhibited multi-segment fluctuations, reflect-
ing the alternating discharge and gradual transition of the two coals.
Conversely, when the lower layer was Longwanggou coal, the outlet
calorific value showed a rapid decreasing trend over time. The calorific
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value was initially high as Longwanggou coal occupied the outlet first,
then decreased rapidly as the lower Indonesian coal gradually entered
the main flow channel, finally stabilizing at a lower value. The decrease
was faster in the I14-L1 and I3-L2 scenarios, stabilizing within about 20s,
indicating a rapid transition when the Longwanggou coal proportion
was high. The decrease was more gradual in the 12-L3 and I1-L4 sce-
narios, accompanied by fluctuations, suggesting more pronounced
mixing in the outlet sample at that time.

In summary, the flow characteristics of the lower coal layer have a
decisive effect on the variation of outlet calorific value. When Long-
wanggou coal is on the bottom, the outlet calorific value shows a rela-
tively sharp and rapid decrease at a certain stage as its proportion
increases. When Indonesian coal is on the bottom, the outlet calorific
value slowly rises as Longwanggou coal gradually participates in the
discharge. This difference indicates that the stacking sequence of
different coal types in the silo affects the evolution pattern of the dis-
charged coal's quality. Therefore, in actual coal blending and discharge
operations, the stacking sequence should be fully considered to improve
the stability and uniformity of the outlet coal quality.

4.5. Cohesive force analysis

To examine the implementation of the moisture-induced cohesive
force, the temporal variation in the percentage of "adhered particles"
was analyzed for different scenarios. A particle was considered an
"adhered particle" if it was in contact with another particle and experi-
enced a cohesive force greater than 0.001 N (Fig. 14). Despite variations
in stacking sequence and coal combination, the percentage of adhered
particles remained consistently around 80% across all scenarios. This
indicates that the moisture-induced cohesive force plays a dominant and
stable role throughout the particle flow process, confirming the suc-
cessful parameterization of the model.

To further illustrate the effect of the cohesive force on flow, the
temporal variation of the average cohesive force experienced by parti-
cles inside the hopper was analyzed (Fig. 15). Overall, the average
cohesive force in both main scenarios showed a decreasing trend from
high to low. This is attributed to the initially densely packed, static bed
of wet coal particles, where inter-particle voids are minimal and cohe-
sive force is maximal. As discharge begins and particles flow downward,
voids increase and some adhesive clusters break, leading to a reduction
in the average force. For the scenarios with Indonesian coal on the
bottom, the average cohesive force decreased gradually as the propor-
tion of Longwanggou coal (with lower moisture content) increased, and
the discharge time shortened, which aligns with expectations. In the
scenarios with Longwanggou coal on the bottom, the situation differed.
Due to the higher moisture content of Indonesian coal (moisture content
of 35.1%), the cohesive force experienced by particles was greater.
Consequently, as the proportion of Indonesian coal in the lower layer
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Fig. 13. Simulated estimated calorific value of outlet coal sample.
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increased, the maximum average cohesive force also increased
progressively.

5. Conclusion

This study conducted systematic numerical simulations of the
layered discharge and mixing process for coals with different moisture
contents in a three-dimensional silo by developing a Coarse-Grained
Discrete Element Method (CG-DEM) model coupled with a moisture-
induced cohesive force. The main conclusions are as follows:

(1) Model effectiveness was systematically validated through ex-
periments. The established coupled model successfully repro-
duced the core physical processes of wet coal discharge.
Simulation results showed good agreement with experimental
data regarding discharge flow pattern, temporal variation of mass
flow rate, total discharge time, and the evolution pattern of the
outlet mixed coal's calorific value, with a maximum relative error
within 8%. This confirms the model's capability to simulate the
complex flow and mixing behavior of wet coal particles at
industrially relevant scales with high precision and acceptable
computational cost.

The moisture-induced cohesive force dominates flow differences.
The cohesive force model, constructed based on moisture con-
tent, effectively characterized the flowability differences between
coal types. Simulations showed that high-moisture coal (Indo-
nesian coal) experienced greater cohesive force, resulting in sig-
nificant flow obstruction and a tendency to stagnate near walls. In

2

—
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(3)

4

—

contrast, low-moisture coal (Longwanggou coal) exhibited good
flowability and dominated the formation of the central flow
channel. Approximately 80% of particles were continuously
influenced by the cohesive force throughout discharge, proving it
is a key factor determining the flow morphology of wet coal.
Stacking sequence determines the evolution path of coal quality.
The sequence in which coal types are layered in the silo has a
decisive influence on the stability of the outlet coal quality
(calorific value). When the lower layer was high-moisture, low-
calorific-value Indonesian coal, the outlet calorific value showed
a "low first, then gradually increasing" evolution pattern, with a
prolonged period of quality fluctuation. Conversely, with a lower
layer of low-moisture, high-calorific-value Longwanggou coal,
the pattern was "high first, then rapidly decreasing," featuring a
more rapid transition but greater initial fluctuation. This provides
a direct theoretical basis for mitigating feed coal quality fluctu-
ations by optimizing stacking schemes.

The flow structure exhibits significant funnel flow characteristics.
Under all scenarios, funnel flow characterized by a central high-
velocity downward channel and low-velocity or stagnant zones
near the walls formed within the silo. The particle velocity dis-
tribution showed a radial non-uniform pattern of "high in the
center, low on the sides." This flow structure was primarily
determined by the flowability of the lower coal type, revealing
the inherent mechanism behind wet coal's propensity for segre-
gation and unstable discharge in silos.

In summary, the numerical model developed in this study provides a
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powerful analytical tool for researching the storage and conveying
processes of wet particulate materials. The findings indicate that in
actual power plant coal blending and feeding processes, the moisture
differences between coal types and their stacking sequence must be
comprehensively considered to achieve more accurate prediction and
control of feed coal quality, thereby ensuring the economic and stable
operation of the unit. Future work could apply this model to full-scale
industrial silo simulations and further investigate the effects of auxil-
iary discharge measures, such as aeration and vibration, on wet coal
flow.
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