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Abstract: A continuous iron ore pellet feed system for a direct reduction ironmaking furnace is
reportedly jamming in a hopper above the furnace, where a counterflowing gas seals off the furnace
flue gas. The conditions that result in jamming are not well understood. The system is computationally
modeled utilizing the coupled discrete element method (DEM) and computational fluid dynamics
(CFD) technique. The technique is computationally expensive; therefore, the pellet sizing is modified
while preserving the key metrics important in jamming. The model is used to study the impact of
pellet moisture, heating, and ice formation between pellets in relation to the jamming event. The
results indicate that the influence of moisture alone on the bulk shear rate is unlikely to jam the system
and that insufficient heat is supplied by the counterflowing gas to raise the temperature of the pellets,
which suggests freezing conditions can exist within the hopper. Particle bonding is implemented to
replicate wet and icy pellets freezing and breaking up. The results indicate that the system jams in
winter conditions when the hopper is charged with a minimum of 15% icy pellets, or 10% icy with 5%
wet pellets. These results agree with industry reports of jamming during winter operations.

Keywords: jamming; hopper; feed system; iron ore pellets; direct reduction furnace; winter; freezing;
moisture; DRI; DEM; CFD

1. Introduction

Ironmaking is the most carbon-intensive step of the steelmaking process, with the
steel industry being responsible for 7% of global CO2 emissions [1]. The typical ironmaking
process uses carbon-based fuels, in the form of coke and natural gas, to provide both the
heat and reduction gases necessary to reduce iron oxides to liquid iron in a shaft furnace
called a blast furnace. Direct reduction ironmaking is becoming a popular alternative to
the typical blast furnace ironmaking route due to the lower carbon impact of the process.
Industrial direct reduction ironmaking is most commonly achieved by supplying hot
reducing gases to iron oxides to yield a solid iron product.

Direct reduction furnace operation requires the continuous supply of iron ore, gener-
ally in the form of iron ore pellets. Continuous feed systems are generally prone to jamming
of the material, which in the case of a direct reduction furnace significantly negatively
impacts iron production rates. A problem sometimes encountered during winter-month
operation of DRI shaft furnaces in cold-weather climates is jamming of the pellets that
are charged into the continuous pellet feed system hopper. Jamming of flowing material
is a common problem in industries where there is granular flow through hoppers, and
many anti-clogging devices have been devised, but there is no good way to avoid jamming
entirely [2]. Jamming is often studied in terms of the probability that a given flow will
jam [3]. Many factors have been found to influence the likelihood of jamming, including
particle roughness and shape [4–7], particle size [8], size of the outlet [9,10], container
geometry [11–13], and particle packing [14].
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Lu et al. proposed a unified theory of jamming, suggesting that the state variables that
govern isothermal states of jamming are the shear rate, pressure, and free volume [15]. The
isothermal state of materials refers to a non-thermal temperature, describing the “fluffiness”
of the material. The research by Lu et al. agrees with studies on the subject of jamming
within hoppers, which found that pressure is an important parameter [3]. The identification
of the shear rate being of importance agrees with studies that found that the interparticle
and particle–wall friction coefficients are important for flow states and jamming [4–7]. The
importance of the free volume agrees with studies showing that the volume fraction is an
important parameter in whether a granular flow will jam [6].

Jamming of flowing granular material is a complex probabilistic physical phenomenon
dependent on interparticle forces. Because of the importance of particle forces, a modeling
technique called the discrete element method (DEM) has been used to study how and
why jamming occurs. DEM models individual particles, tracking the position, orientation,
and forces acting on each particle, which allows for the modeling of granular flow and
capturing of physical phenomenon that are dependent on interparticle forces, such as
jamming. The use of DEM allows researchers to gather metrics that would otherwise be too
difficult or impossible to obtain. For instance, Natsui et al. modeled the distribution of fines
within a blast furnace, showing the distribution of fine clusters and void fractions within
the furnace [16]. The pressure drop through the furnace was calculated using simulated
voids and agreed with the experimental results.

Research by Xiao et al. showed that how particles jam through a bottleneck is via the
formation of an arch around the outlet [2], and that arch formation could form through two
different mechanisms. Research by Park et al. showed that increasing pressure near the
outlet of a hopper increases the probability of arch formation [3]. Both Xiao’s and Park’s
studies used DEM to carry out their research. The work of Ketterhagen et al. shows that
flow patterns within hoppers can be successfully predicted using DEM [17]. The results
were validated against the experimental work of Jenike, who described the flow patterns
that exist within hoppers given certain flow conditions and hopper geometries [18].

Discrete element modeling has been used to replicate the bulk flow behavior of iron ore
pellets by researchers such as Li et al. and Barrios et al. The discrete element method was
used by Li et al. to replicate the experimental piling behavior of iron ore pellets [19], using
spherical particles and calibrated friction coefficients to match bulk flow behavior against
the experimental results. Barrios et al. used DEM to show that pellet contact parameters
could be used directly to simulate the bulk flow behavior of pellets if the geometry of
the pellets was accounted for [20]. They also showed that friction coefficients must be
calibrated to replicate the bulk flow if perfect spheres are used to reduce the computational
cost of the simulation.

DEM can also be coupled with CFD to model the exchange of mass momentum and
energy between fluid and solid phases. Work by Che et al. showed that two-way coupled
DEM-CFD simulations are able to replicate the dynamics of particles in a sprouted bed [21],
and their work was validated against experimental data that tracked the motion of particles.
Using the two-way coupled technique, Wang et al. were able to determine that the dominate
mode of heat transfer in a fluidized bed is convection, with conduction being negligible [22].
Their work was validated against the experimental literature results [22,23]. The two-way
coupled technique was also used by Kinaci et al. to model a direct reduction in iron ore in a
fluidized bed accounting for mass, momentum, and heat transfer between the solid and fluid
phases. Their simulation results agreed with experimental data on the time to and degree of
reduction, and the predicted rate limiting step agreed with other data from the literature [24].
The discrete element method can be used to simulate bonding between particles and allows
for the control of the bond strength by specifying the tensile and shear strength of the bond.
This method has been used to replicate the mechanics of ice break up [25]. In a study by Di
et al., this technique was used to predict the forces necessary to break up arctic sea ice, and
the results were validated against ISO sea ice force standards [25]. Jou et al. investigated ice
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breaking by icebreaker ships using the same method and concluded that the bonded DEM
method can accurately capture ice fracture physics [26].

Despite the advantages of using DEM, it is inherently a computationally expensive
model, which imposes limits on large simulations with many particles [27]. Physical
properties of the particles, such as shape or size distribution, can be altered to reduce
computational expense, but it is important that the bulk flow characteristics of the material
are matched against the experimental results by calibrating the contact parameters between
particles [20,27]. The success of DEM in simulating bulk granular flow behavior within
hoppers, and of iron ore pellets, along with its usefulness in studying the jamming of
granular flow, make it a suitable method for replicating the flow of pellets in a direct
reduction ironmaking furnace feed system and capturing jamming of the flow. Further, the
success of coupled DEM-CFD in replicating momentum and heat transfer in packed and
fluidized beds between solid and fluid phases, combined with the successful modeling of
ice break up and bonding, makes it a suitable technique for investigating jamming in an
iron ore feed system exposed to wet and freezing conditions.

This research addresses a crucial yet understudied issue in the operation of DRI furnace
feed systems, which is the jamming of iron ore pellets, particularly during operation in
freezing winter conditions. This is accomplished by exploring the jamming of granular flow
due to freezing conditions by combining simulation techniques that have proven valuable
in studying the jamming of granular flow, heat transfer in dense granular flows, and ice
break up mechanics. By investigating the cause of jamming in this specific context, this study
potentially opens up new avenues for preventing and mitigating jamming, ensuring continual
operation of the DRI furnace and supporting the steel industry’s decarbonization efforts.

2. Methodology
2.1. Governing Equations
2.1.1. Discrete Phase Equations

The Hertz–Mindlin contact model is used to resolve the normal and tangential forces
acting on each particle. The model treats the normal and tangential components of the
force for each particle interaction as a pair of spring-dashpot oscillators, where the spring
accounts for the elastic, and the dashpot accounts for the energy dissipation component of
the force.

Conservation of momentum is applied to each particle as:

mi
dvi
dt

= ∑j Fij + Fg (1)

where Fij = Fn + Ft, mi and vi are the mass and velocity of particle i, respectively. The force
of gravity and the force on particle i exerted by j are denoted as Fg and Fij, respectively. The
normal and tangential force components of Fij are denoted as Fn and Ft, respectively.

Similarly, the conservation of angular momentum is applied to each particle as:

d
dt

Iiωi = ∑j τij (2)

where τij = rijFij, Ii, and ωi are the mass moment of inertia, angular momentum of particle
i, respectively, and τij is the torque exerted on particle i from j. The term rij represents the
radial distance from the center of particle i to contact with particle j.

Conservation of energy is applied to each particle with the equation given as:

mpcp
dT
dt

= Qt + Qrad + Qs (3)

where mp and cp are the mass and specific heat of the particle, respectively. The term dT
dt

is the time rate of change in the particle temperature. The terms Qt, Qrad, and Qs are the
convective, radiative, and other heat sources heat transfer terms.
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With convective heat transfer between the fluid and solid phases defined as:

Qt = hA
(
T − Tp

)
(4)

where h is the convective heat transfer coefficient, A is the surface area of the particle, T is
the local fluid temperature, and Tp is the particle temperature.

The chosen Nusselt number relation for heat transfer between the particles and the
fluid phase has been shown to produce validated heat transfer simulation results for both
fluidized and packed beds [28]. The Nusselt number relation selected for determination of
the heat transfer coefficient is:

Nup = 2.0 + 1.2Re1/2
p Pr1/3 (5)

h =
Nupk

Dp
(6)

where Nup, Rep, and Pr1/3 are the particle Nusselt number, particle Reynold’s number,
and fluid Prantel number, respectively. The terms h, k, and Dp represent the heat transfer
coefficient, the fluid thermal conductivity, and the particle diameter.

Boundary layers around the particles are not resolved in coupled DEM/CFD simula-
tions; instead, local continuous phase flow field properties are applied to the particle, and
the particle takes up a portion of the volume of a cell that the cell treats as a void. Rather
than modeling drag on each particle via boundary layer effects, the drag exerted on the
particles is determined by calculating the drag coefficient using the local flow field velocity.
The flow field velocity is affected by the occupation of a percentage of each shared cell by
particles, represented as a void to the fluid. The Di-Felice drag coefficient is formulated
considering the boundary layer effects of nearby particles through the local void fraction.

The drag force is given as:

Fd =
1
2

CdρAp|vs|vs (7)

where Fd is the drag force, Cd is the drag coefficient, ρ is the fluid density, Ap is the particle
surface area, and vs is the fluid velocity.

With the Di-Felice drag coefficient defined as:

Cd =

(
0.63 +

4.8√
εRep

)2

ε2−ζ (8)

where ζ = 3.7 − 0.65exp
[
−0.5(1.5− log[εRe])2

]
, ε is the void fraction, and Rep is the

particle Renold’s number.
Bonding between particles in contact is modeled using the principles of basic beam

failure theory, and as a method has proven useful in both modeling of rock behavior [29]
and ice break up mechanics [25,26]. The bond is treated as a beam between the particles at
the point of contact, and the bond is given a shear and tensile failure strength. The maximal
tensile stress that the bond experiences is defined as [29]:

δm =
−Fn

A
+
|Ms|R

I
(9)

The maximal shear stress that the bond experiences is defined as [29]:

σm =
|Fs|
A

+
|Mn|R

J
(10)
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where Fn and Mn are the normal components of the force and torque, respectively. The
terms Fs and Ms are the shear components of the force, respectively. The terms I, J, A, and
R are the second moment of area, second polar moment of area, cross-sectional area, and
radius, respectively. Failure of the bond occurs when the maximal shear (σmax) or tensile
strength (δmax) is exceeded, namely failure when δm > δmax or σm > σmax.

2.1.2. Continuous Phase Equations

Mass, momentum, and energy are conserved for the fluid phase. Energy and momen-
tum are exchanged between the phases, while mass is not exchanged.

To model the conservation of mass, the continuity equation is given as:

∂ρ

∂t
+∇.(ρui) = 0 (11)

where time, fluid density, and fluid velocity are denoted as t, ρ, and ui, respectively.
Conservation of momentum in the fluid phase is given as:

∂

∂x
(ρui) +∇.(ρuiui) = −∇p +∇.(τ) + ρgi + F (12)

where τ is the stress tensor, F is the body force exerted on the fluid, and gi is gravitational
acceleration in the i direction.

Conservation of energy for the fluid phase is given as:

ρc
DT
Dt

= k∇2T + Φ (13)

with c, T, and k as the fluid specific heat, temperature, and thermal conductivity, respec-
tively. The energy dissipation rate is denoted Φ and defined as:

Φ = µ

(
∂ui
∂uj

+
∂uj

∂ui

)
∂ui
∂xj

(14)

The k-epsilon turbulence model is commonly used in CFD applications to model
turbulent fluid motion and has been shown to be suitable for use in coupled DEM/CFD
dense granular flow simulations [30]. The two variables k and ε represent the fluid kinetic
energy and the dissipation of that energy, respectively.

The k equation is given as:

∂

∂t
(ρk) +∇.(ρkv) = ∇.

[(
µ +

µt

σk

)
∇k
]
+ Pk − ρ(ε− ε0) + Sk (15)

The ε equation is given as:

∂

∂t
(ρε) +∇.(ρεv) = ∇.

[(
µ +

µt

σk

)
∇ε

]
+

1
Te

Cε1Pε − Cε2 f2ρ

(
ε

Te
+

ε0

T0

)
+ Sε (16)

where Pk and Pε are the kinetic and dissipation production rates, respectively, and Cε1 and
Cε2 are the model coefficients. The terms Sk and Sε are source terms for the kinetic energy
and dissipation rate, respectively. The terms Te, T0, and f2 are the eddy timescale, ambient
turbulence timescale, and the damping function.

2.2. Set Up of Simulations in STAR-CCM+

The computational demands of this study are high due to the large number of tracked
particles required to simulate the DRI feed system process. For this reason, the software
STAR-CCM+ was chosen as it is capable of good performance and scalability.
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The physical models selected during setup of the simulations that govern the inter-
actions of the fluid and solid phases are the Lagrangian multiphase model with DEM
option enabled, two-way coupling, and the drag force model. The models selected to
govern the modeling of particle interactions and forces are the Hertz–Mindlin model, the
DEM boundary force model, which tracks forces exerted on the walls, and the parallel
bonds model for when the bonding of particles is considered. When heating of the pellets
is simulated, the energy equation is enabled, with the heat transfer coefficient manually
defined to govern heat exchange between the fluid and solid phase.

The case setup starts by the generation of the grid. For DEM/CFD coupled simulations,
a constraint on the grid sizing is that the cell size must be larger than the pellet diameter. It
is common in DEM/CFD coupled simulations to use a cell to diameter size ratio of 3 [31],
with multiple studies showing a minimum ratio of 1.6 [31,32], and some to a maximum
of 4 [33]. The cell size to diameter ratio used in this study is approximately 3, relative to
the average particle size used in simulations, and approximately 2, relative to the largest
particle size.

Once the computational domain is generated in the program, the case-specific physics
model options are selected, and the simulations are conducted in these stages:

1. Define case-specific pellet material properties;
2. Define boundary conditions;
3. Fill domain with ore pellets;
4. Start simulation allowing gas and pellets to flow.

2.3. Pellet Bulk Flow Validation

The discrete element method is used to model the bulk flow of iron ore pellets, with
the pellets modeled as perfect spheres. To account for the effect of individual pellet shapes
on the pellet bulk flow behavior in the DEM simulation, the friction is calibrated so that
the results of a drop test for iron ore pellets of different sizes, originally performed by Li
et al. [19], are replicated. The test is performed by dropping pellets of different diameter
sizes 5 times each and recording the average left and right angle of repose, which is the
angle between the steepest slope of a stacked pile of granular material and the horizontal
plane it rests on, shown in Figure 1. During testing, the angle of repose is measured as the
slope at which the simulated iron ore pellets come to rest after being dropped in a pile,
shown as the red angle in Figure 1. Calibration of friction coefficients by replication of
the angle of repose is useful because the angle of repose is dependent on the bulk flow
properties of the pellets. Specifically, it is influenced by the kinetic energy dissipation of
the pellets [19] and the pellets ability to form stables structures under the force of gravity.
Both of these bulk flow properties are influenced by the individual particle geometry [20],
which is not counted for when using perfectly spherical particles, and is therefore a valid
metric to calibrate against [20].

The friction values between the pellets and the walls of the drop test are assigned
as the steel–pellet friction parameters that Barrio’s et al. found to replicate pellet behav-
ior against steel walls [20] using DEM and spherical particles. The pellet–pellet contact
static and rolling friction coefficients that are found to replicate the experimental angle of
repose results are 0.50 and 0.20, respectively. The static and rolling coefficients between
pellet–pellet contacts and pellet–steel contacts that reproduced the experimental angle of
repose with a changing pellet size are shown in Table 1.

Table 1. Static and rolling friction coefficients that reproduced experimental angle of repose.

Pellet–Pellet Steel–Pellet [20]

Coefficient of Static Friction 0.50 0.40
Coefficient of Rolling Friction 0.20 0.25
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Figure 1. Example of 6800 simulated pellets being dropped in the drop test set up and coming to rest
with red highlighted angle of repose.

The values for the left and right angle of repose verses the size of the particle for both
the simulation and the original experiment are shown in Table 2. Three pellet sizes, 5.5,
7.0, and 9.0 mm, are simulated and compared to three pellet sizes, 5.0, 7.0, and 9.0 mm,
from the experimental data. The minimum pellet diameter for the simulations was 5.5 mm,
whereas the minimum diameter in the experimental data was 5.0 mm. This was to reduce
the computational cost of the simulations while still validating the trend for the angle of
repose with different pellet sizes, as smaller diameters lead to more pellets and higher
computational cost. The resulting linear trend for the angle of repose verses the size of
the pellet matched that of the experimental results, suggesting that the calibrated friction
parameters accurately capture the effect of pellet shape on the bulk flow, as shown in
Figures 2 and 3. In both the experimental and simulation data, it can be seen that as the
pellets increase in diameter, the angle of repose decreases. This is because the kinetic energy
of the smaller pellets dissipates faster than that of larger pellets, which is likely due to
increased interparticle contacts, resulting in the increased packing stability of the pellets [19].
Agreement between the experimental and simulation results suggests that the bulk flow
behavior of the spherical DEM pellets is calibrated to that of actual iron ore pellets.
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Figure 2. Left angle of repose vs. pellet diameter trendline comparing simulation and experimental results.
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Table 2. Simulation and experimental angle of repose results for differing pellet diameters.

Experiment Simulation

Diameter (mm) Left Right Left Right

5.0 36.66 36.48 --- ---
5.5 --- --- 37.03 36.84
7.0 34.96 34.75 34.94 35.69
9.0 33.55 33.39 33.19 33.12

2.4. Feed System Model

The feed system hopper and flow aid insert are modeled with the approximate di-
mensions and boundary conditions shown in Figure 4. The domain was created using
symmetry conditions dividing the hopper into a third along its longitudinal axis. The top
outlet of the hopper is a pressure outlet at atmospheric pressure, and the bottom serves
both as a gas velocity inlet set at 1.91 m/s and an outlet for the ore that limits the maximum
mass flow rate to the operational feed rate into the furnace. The domain is meshed using a
cell size of 0.07 m and is shown in Figure 5.
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Figure 5. Full meshed domain of the feed system hopper (A) and cross-sections of the mesh (B).

The normal operation of the feed system is modeled as the baseline case. To reduce
the computational expense of the model, the height of the upper portion of the hopper is
reduced, and a layer of larger particles that are 10× denser than the ore pellets are modeled
atop the descending pellet bed to replicate the weight of the full fill height, as shown in
Figure 6. The pellet void fraction and velocities are tracked near the upper and lower
portions of the flow aid (highlighted in Figure 6) where jamming is reportedly happening.
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2.5. Pellet/Gas Properties and Contact Parameters

The pellet material and thermal properties used in the study are shown in Table 3, and
the gas density and dynamic viscosity used for the simulations are shown in Table 4.

The contact parameters used between pellets and between the pellets and steel for the
cases are shown in Table 5. The pellet–pellet static and rolling coefficients are determined
by matching the drop test simulation angle of repose values with the experimental results
by Li et al. [19] and are used in both the baseline case and the charged icy/wet pellets cases.
The friction coefficients are increased for the high moisture case to enhance the assumed
effect of increased resistance to shear in the bulk flow due to moisture. The high friction
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coefficients are not applied to the icy/wet charged pellets cases and instead use the baseline
coefficients to isolate the effect of bonding due to freezing on the pellet bulk flow.

Table 3. Iron ore material and thermal properties [20,34,35].

Iron Ore Pellet Material Properties

Density (kg/m3) 3948
Poison’s Ratio 0.25

Young’s Modulus (MPa) 40
Thermal Conductivity (W/m K) 1.2

Specific Heat (J/kg K) 560

Table 4. Properties of operating gas.

Gas Properties

Density (kg/m3) 1.26

Dynamic Viscosity (Pa-s) 1.788 × 10−5

Table 5. Pellet and steel contact parameters used in DEM model.

Pellet–Pellet Contact for
Baseline and Wet/Icy
Charged Pellet Cases

Pellet–Pellet Contact for the
High Moisture Case

Pellet–Steel Contact for All
Cases [20]

Static Friction Coefficient 0.50 0.90 0.40
Coefficient of Restitution [20] 0.48 0.48 0.39
Coefficient of Rolling Friction 0.20 0.90 0.25

The number of particles needed to simulate the pellets within the full hopper, without
including the modeling of fines, is on the order of 100 million. Given that DEM models
the position, orientation, and forces on every particle, modeling this number of particles
greatly exceeded the computational resource capabilities available for this study. To model
the hopper using DEM, and capture jamming of the system without exceeding the compu-
tational limits, the particle number is to be reduced, and the bulk flow characteristics that
are important with respect to jam formation are to be maintained.

3. Results
3.1. Computational Cost Management

To reduce the computational cost of simulating a high number of pellets in the feed
system while maintaining the key parameters involved in jamming, a parametric study
was conducted on a hopper with reduced dimensions (Figure 7). The smaller hopper
is conical and axisymmetric. In this simulation, the hopper is first charged with pellets
that are the size of the operational normal pellet diameter distribution, with mean pellet
size being at approximately 10 mm. The pellets are then discharged with no restriction
of the pellet flow rate. The void fraction and pellet velocity are tracked, as they are the
primary parameters involved in jamming [2,15], along with the amount of time elapsed
per iteration of the simulation. The pellet size and distribution are then parameterized,
and the use of symmetry conditions is implemented. The change in the relevant bulk flow
metrics and simulation time are measured and compared to the first case which uses the full
reduced hopper geometry and actual pellet size distribution, which is termed the reduced
baseline case. This is to determine what conditions optimally conserved the metrics while
sufficiently lowering the computational expense of the model.

The top of the hopper is a pressure outlet at 1 atm, and the bottom of the hopper is a
gas velocity inlet injecting air at 1 m/s and an outlet for the pellets. The metrics are tracked
in the narrowing cone-shaped region of the hopper. The hopper boundary conditions are
shown in Figure 8A.
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Figure 8. Simplified hopper domain to gather pellet bulk flow metrics for actual and modified pellet
size distributions (A); reduced hopper domain with symmetry conditions applied to compare bulk
flow impact (B).

Multiple cases were tested parameterizing the pellet diameter size between 1 and 2× the
original size and varying the shape of the pellet diameter size distribution between a uniform
and normal distribution. The impact of using one third the domain, shown in Figure 8B, by
use of symmetry conditions is explored in combination with the pellet size changes.

With the final selected simulation assumptions, the time elapsed per iteration for the
simulation was reduced by 97.9%. This is accomplished by using a normal pellet size
distribution with the pellet diameter scaled 2× the original normal size distribution, and
by implementing symmetry conditions to divide the domain into thirds. The relevant
pellet bulk flow parameters are well maintained, with the void fraction increasing from
the original test case by 3.17% and the mean pellet velocity decreasing by 12.85%. The
change in pellet velocity has less impact on the furnace feed system simulations because the
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descent rate of the pellets is governed by the pellet feed rate into the furnace, as opposed
to the unimpeded discharging in the cost reduction tests. Table 6 shows the resulting
conditions for the computationally efficient case, determined from the parametric testing,
that can be implemented to reduce computational expense without compromising bulk
flow characteristics, and compares them to the baseline conditions. Table 7 shows the
resulting change in granular bulk flow characteristics between the two cases, along with
the computational cost in terms of the time elapsed per iteration.

Table 6. Resultant computationally efficient case conditions from the parametric investigation of iron
ore pellets flowing through a hopper vs. the original case conditions.

Geometry Particle Size
Distribution

Particle Diameter
Scaling Factor

Normalized Total
Particle Number

Reduced baseline Full Normal 1.0 1.00
Reduced computational cost Third Normal 2.0 0.07

Table 7. Average void, average pellet velocity, and time per iteration for both the reduced baseline
case and the computationally efficient case along with percent changes.

Average Void
Fraction

Average Pellet
Velocity Time Elapsed per Iteration

Reduced baseline 0.365 0.339 m/s 627.78 s
Reduced computational cost 0.376 0.295 m/s 13.44 s

Percent change 3.17% −12.85% −97.9%

3.2. Baseline Operation
3.2.1. Forces on Walls

The baseline operation results indicated that the location of higher forces on the walls
and flow aid insert within the hopper appear where industrial hopper jamming has been
observed at a height above the top half of the flow aid, as shown in Figure 9A,B. The forces
are higher on the upper portion of the flow aid and are lower below the widest part of the
flow aid where the flow aid narrows. The higher forces on the top of the flow aid and on the
walls in this region are consistent with an increased probability of jamming in this region.

Dynamics 2023, 3, FOR PEER REVIEW 13 
 

 

Table 7. Average void, average pellet velocity, and time per iteration for both the reduced baseline 
case and the computationally efficient case along with percent changes. 

 
Average Void 

Fraction 
Average Pellet  

Velocity Time Elapsed per Iteration 

Reduced baseline 0.365 0.339 m/s 627.78 s 
Reduced computa-

tional cost 0.376 0.295 m/s 13.44 s 

Percent change 3.17% −12.85% −97.9% 

3.2. Baseline Operation 
3.2.1. Forces on Walls 

The baseline operation results indicated that the location of higher forces on the walls 
and flow aid insert within the hopper appear where industrial hopper jamming has been 
observed at a height above the top half of the flow aid, as shown in Figure 9A,B. The forces 
are higher on the upper portion of the flow aid and are lower below the widest part of the 
flow aid where the flow aid narrows. The higher forces on the top of the flow aid and on 
the walls in this region are consistent with an increased probability of jamming in this 
region. 

 
Figure 9. Force distribution on the surface of the flow aid insert during baseline operation with an 
arrow pointing to the widest part of flow aid where the flow aid begins to narrow (A); force distri-
bution on the hopper walls during baseline operation (B). 

3.2.2. Void Fraction and Pellet Velocity 
A contour of the void fraction is shown in Figure 10 and shows that the void fraction 

increases as the pellets descend through the hopper. Likewise, the velocity of the pellets 
is shown in Figure 11 showing an increase as they descend through the hopper. The in-
creased velocity of the pellets is expected as the cross-sectional area of the hopper is de-
creasing while the mass flow rate of the pellets remains constant. The corresponding in-
crease in the void fraction as the pellets descend is also expected as the increasing kinetic 
energy of the pellets, and the rolling of pellets over each other in a reducing cross-sectional 
area creates more space between the pellets. At the same time, the flow aid insert inter-

Figure 9. Force distribution on the surface of the flow aid insert during baseline operation with
an arrow pointing to the widest part of flow aid where the flow aid begins to narrow (A); force
distribution on the hopper walls during baseline operation (B).



Dynamics 2023, 3 723

3.2.2. Void Fraction and Pellet Velocity

A contour of the void fraction is shown in Figure 10 and shows that the void fraction
increases as the pellets descend through the hopper. Likewise, the velocity of the pellets is
shown in Figure 11 showing an increase as they descend through the hopper. The increased
velocity of the pellets is expected as the cross-sectional area of the hopper is decreasing
while the mass flow rate of the pellets remains constant. The corresponding increase in
the void fraction as the pellets descend is also expected as the increasing kinetic energy
of the pellets, and the rolling of pellets over each other in a reducing cross-sectional area
creates more space between the pellets. At the same time, the flow aid insert interrupts
the flow, supporting the weight of the pellets above it and increasing the void beneath
it. The average velocity of the pellets and the average void fraction are both lower in the
upper flow aid region when compared to the lower flow aid region (regions highlighted in
Figure 6), indicating that the upper flow aid region is more prone to jamming than below.
This is also consistent with where the forces suggest jamming is most likely to occur. Table 8
shows the values of the average void and average velocity of the pellets in both regions.
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Average Pellet Velocity (m/s) Average Void Fraction

Upper Flow Aid Region 0.13 0.33
Lower Flow Aid Region 0.36 0.37
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3.3. Operation during High Moisture Conditions
3.3.1. Moisture Level and Impact on Bulk Flow Behavior

Pellets are exposed to year-round environmental conditions before charging, and
depending on the facility’s local climate, pellets can be exposed to freezing and wet weather
conditions for extended periods of time. The effect of high moisture content in the charged
pellets is explored using the same methodology as the baseline case, but with an assumed
higher friction between the pellets.

Iron ore pellets have been shown to hold a maximum moisture content of 5.5% the
mass of the pellets when soaked [34]. However, the impact of moisture levels on pellet
contact parameters and on the bulk flow behavior of the pellets is not well documented. In
contrast, the bulk flow behavior of iron ore fines in relation to specific moisture levels has
been studied, and it has been found that the flowability of the fines decreases significantly
at moisture levels between 3 and 12% the mass of the fines [36]. The decreased flowability
of the fines is due to the interparticle cohesive forces that are caused by the surface tension
of the liquid bridges between the particles [36]. The strength of the liquid bridges being
significant relative to the weight and size of the particle reduce the bulk flow resistance
to shear [37]. The fines resistance to shear increases dramatically for increasing moisture
levels between 0 and 3% and stays relatively constant between 3 and 12% moisture levels.
Data for the impact of moisture levels higher than this in relation to bulk flow behavior
are sparse; however, it is known that when moisture levels become high enough, granular
materials become suspended in the fluid, and the cohesive effect of liquid bridges is lost.
Moisture levels within the feed system that are high enough to suspend the particles are
highly unlikely. Given that the pellets can hold a maximum of 5.5% their mass as moisture,
and the pellets make up the majority of the mass in the system, it is reasonable to assume
that a high moisture level in the system for pellets and fines is 5.5% the mass of them both.
So, for this study, when high moisture in the feed is referenced, it is referencing a 5.5% mass
moisture level of the pellets and fines.

Given that the combined bulk flow effects of moisture on both fines and pellets together
are not well documented, this study assumes that the net bulk flow effect of moisture (at
a level of 5.5% the mass of the charge) with fines on the charged pellets is an increased
resistance to shear stress. To investigate the potential impacts of this increased resistance,
the rolling and sliding friction coefficient assumptions are significantly increased for these
test scenarios, both to a value of 0.9. This proof-of-concept is intended to explore whether
a significant increase in friction due to moisture might explain jamming phenomena,
regardless of the exact correlation between friction coefficients and moisture content, which
is as yet unknown.
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3.3.2. Forces on Walls

Friction levels in granular flow are positively correlated with the probability of jam-
ming; however, no jam formation is captured during simulation with high friction coeffi-
cients. The high moisture scenario, which assumes 5.5% moisture level, showed a similar
pattern of forces exerted on the walls and flow aid insert as found in the baseline operation,
shown in Figures 12 and 13. The forces on the flow aid are higher above the maximum
width of the flow aid, as pointed to in Figure 12. The location of the highest average forces
on the hopper walls is lowered for the high moisture scenario and decreased more rapidly
as the pellets descended near the flow aid, as shown in Figure 14. This is because the
increased friction forces change how the forces are distributed within the bed of pellets,
impacting the location and distribution of the forces exerted on the walls. However, in both
cases, the forces are higher above the flow aid and rapidly decrease below.
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Figure 14. Average force on hopper walls vs. normalized hopper height for the baseline and 5.5%
moisture pellet flow.

3.3.3. Void Fraction and Pellet Velocity

The void fraction within the hopper increases as the pellets descend for both cases;
however, the void fraction increases significantly more when accounting for the assumed
impact of moisture on friction compared to baseline operation, as shown in Figure 15. Like
the baseline case, the increase in the void fraction as the pellets descend is because the
increased kinetic energy of the pellets creates more space between the pellets, along with
the pellets rolling over each other in a decreasing cross-sectional area, increasing the void
space between pellets. Also, the flow aid insert interrupts the flow and supports the weight
of the pellets above it, increasing the void beneath it. However, the more dramatic increase
in void fraction in the high moisture scenario is because the stronger friction forces between
the pellets causes them not to slip as much into the void spaces. The similar behavior of the
pellets, but with a more dramatic impact on void fraction, can be seen in Figure 16; for both
cases, the void fraction increases as the pellets descend until the pellets reach the widest
point of the flow aid insert, where the void fraction begins to decrease and then increases
rapidly again below this point.
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Figure 15. Contours of the void fraction in the baseline (A) and 5.5% moisture (B) cases.
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Figure 16. Void fraction vs. normalized height of the hopper for baseline and 5.5% moisture pellet flow.
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It can be seen in Figure 17 that the pellet velocity is lower throughout the hopper when
compared to the baseline case, with the difference being most apparent above the flow aid
and near the exit. A decrease in pellet velocity is expected as the increased friction between
pellets creates a high resistance to shear on the bulk flow level of the pellets. Above the
flow aid, the pellet velocity is higher during baseline operation and then lowers near the
widest part of the flow aid, where the velocity is the same for both scenarios, as shown in
Figure 18. Beyond this point, near the lower flow aid and below, the velocity of the pellets
increases much more in the baseline than what is seen when moisture is present.
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Figure 18 shows that for both cases, the velocity of the pellets increases in a non-linear
fashion as the pellets descend below the flow aid; however, for the high moisture scenario,
the magnitude of the increase is less. Namely, the assumed increase in friction due to the
moisture content in the pellets reduces their average velocity near the outlet by 41% with
respect to the baseline case. In Figure 18, for the baseline case, it can be seen that the pellets
are increasing in velocity as they descend through the upper portion of the hopper until
the pellets approach the upper portion of the flow aid. The baseline pellet velocity then
decreases as the flow aid obstructs the flow until the pellets pass the widest part of the flow
aid; however, this is not seen in the high moisture scenario. For the high moisture case, the
decrease in velocity due to the upper flow aid obstructing the flow is not seen; rather, a
small increase in the velocity is seen until it reaches the max flow aid width, where the rate
of increasing velocity lowers and then continues to increase dramatically.

The average velocity of the pellets in the high moisture case is 46.2% lower than that
of the baseline for the upper flow aid region and 49.5% lower than that of the baseline in
the lower flow aid region. The average void fraction increases by 22.2% in the upper flow
aid region and by 23.1% in the lower flow aid region when compared to the baseline, as
shown in Table 9.

The lower pellet velocity indicates that operating with moist pellets may increase the
probability of jamming if moisture increases pellet–pellet friction forces; however, the lower
forces on the flow aid and higher void fraction indicate a lower probability of jamming. The
void fraction is increased in the high moisture case because with higher friction, the pellets
do not slip as easily to fill the void space and pack as densely, and the lower velocity is due
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to the increased resistance to shear stress in the bulk flow. The change in force distribution
on the walls and flow aid of the hopper is likely due to the changed bulk flow behavior
influencing the shape of the granular force chains throughout the moving bed.
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Figure 18. Pellet velocity vs. normalized height of hopper for both baseline operation and 5.5%
moisture pellet flow.

Table 9. Percent change in bulk flow properties near the flow aid insert due to assumed increase in
friction from moist pellets.

Average Pellet Velocity%
Change

Average Void Fraction%
Change

Upper Flow Aid Region −46.2 22.2
Lower Flow Aid Region −49.5 23.1

4. Discussion
4.1. Pellet Temperature Profile

The previously discussed modeling indicates that even if moisture content results in
increased friction between pellets, flow jamming is not observed with the associated pellets
(including all specified assumptions). Given that jamming has been reported by operators
in cold climates during winter months, and that moisture in the feed may be present year
round, moisture is unlikely to be the only factor involved in jamming. Therefore, the effect
of temperature in concert with pellet moisture generating icy/frozen pellet bonds was also
considered in this study.

The heating of iron ore pellets within the hopper due to the counter-current seal leg
gas flow is explored using the simplified test hopper (Figure 8B). The gas to ore mass
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flow ratio is the same as the normal operation of the feed system, with flow rates adjusted
proportionally to the mass difference between the small hopper case and the baseline case.
The operational temperature of the counter current gas is 100 ◦C and is used for the heating
gas, and the pellets are tested at a temperature just below the freezing point of water at
−1 ◦C. The pellets in this test are assumed to have no moisture content and use the thermal
properties of iron ore pellets.

The results showed that the heat transferred from the gas to the pellets quickly leaves
the domain as the pellets discharge from the hopper. The heating gas does not supply
enough sensible heat to significantly change the temperature of the pellets within the
hopper, as shown in Figure 19, and quickly approaches the bulk temperature of the pellets
(−1 ◦C) as the pellets leave the domain. This suggest that freezing conditions may exist in
the feed system when charged with pellets at low temperatures, which would be a common
scenario in many climates during winter operation, as the pellets are exposed to weather
conditions outside.
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The pellets tested use the thermal properties of iron ore pellets and are assumed to
contain 0% moisture. If the moisture content is higher, more energy would be required
to heat the pellets as water has a much higher specific heat value [34]. Further energy
would be required to overcome the latent heat of fusion for melting ice. Considering these
findings, it appears plausible that sub-freezing conditions in the solid phase could persist
to a significant depth within the feed system and that pellets charged in a wet and icy state
may form ice bonds which could contribute to flow jamming.

4.2. Jamming Due to Freezing Conditions
4.2.1. Modeling Freezing of Wet and Icy Pellets

If it is assumed that freezing conditions are present in the hopper, and that a certain
content of moisture suspended with the pellets (either pre-frozen or freezing) will be
required for icy bonds to be observed, an exploration can be conducted of the minimum
amount of icy and wet pellets required to influence the solid flow in the feed system.
A wet pellet is defined as a pellet that is soaked (additional mass water of 5.5%) above
freezing temperature, and an icy pellet is defined as a soaked pellet that is below freezing
temperature. Wet, icy, and dry pellets are charged into the hopper and are defined in
the simulation by their ability to form bonds. These pellets are representative of material
charged from different regions of the ore stock yard. Icy pellets are wet and pre-frozen
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from the stock yard, with any moisture present allowing ice to bond to other icy pellets. Icy
pellets (sub-freezing) are also assumed to bond with wet pellets as the wet pellets contain
enough moisture to form a bond when in contact with a cold pellet. Wet pellets are not
assumed to directly bond with other wet pellets, and dry pellets are assumed to be both
dry and warm enough so as not to bond with any other pellets (a visual aid is provided in
Figure 20 for clarity). The bond shear and tensile strength between the pellets are set equal
to that of ice, as shown in Table 10. It is worth noting here that this assumption of bond
strength may have a significant impact on the total moisture content required to interrupt
regular flow, as weaker or stronger icy bonds (both ice strength and ice–pellet strength,
from a combination of fines and ice) may result from different conditions. The friction
between the pellets in this case is set to be the same as the baseline. This is so the bulk flow
impact of bonding due to freezing is isolated, without applying the assumed large increase
in resistance to shear. Additionally, for this analysis, no thermal model is applied as the
impact of heating was previously found to be insignificant.
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Table 10. Shear and tensile strength of bonds between pellets.

Bond Shear Strength (kPa) Bond Tensile Strength (kPa)

600 500

To model and vary the percentage of icy and wet pellets charged into the hopper, the
baseline case methodology was repeated, but with five additional discrete element phases
added to the hopper above the flow aid insert. Figure 21 shows the feed system filled with
the five additional discrete phases in blue, where the percent dry, icy, and wet pellets will
be defined. In Figure 21 the grey pellets below the blue represent dry non-frozen pellets,
and the red pellets above represent the heavy pellets that replicate the weight of the pellets
in the full hopper fill height, as is the case in the baseline and high moisture cases (see
Section 2.4). The five additional discrete phases allow for control of what percent of the
pellets are frozen, wet, or dry, and are distributed evenly through this region. The amount
of icy and wet pellets charged were parameterized to determine what the minimal amount
of each in the charge is required to produce a jam. It is assumed that the wet and icy pellets
hold 5.5% of their dry mass in moisture content, which was found by Petrich et al. to be the
maximum amount [34], and the total moisture content in the charge is calculated.
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4.2.2. Minimal Amount of Icy and Wet Pellets to Jam the Flow

Ice bonds forming between pellets in the flow resulted in jamming of the feed system
at varying amounts of charged dry, icy, and wet pellets, as shown in Figure 22. The system
is jammed where the pellet velocity is zero. Higher levels of icy and wet pellets jam the
system above the flow aid, forming a large blockage, as seen in Figure 22B. Lower levels of
icy and wet pellets jam the flow by also forming a blockage above the flow aid, but some
of the icy and wet pellets that are not a part of the blockage descend slowly through the
domain out of the hopper as they form bonds, which is seen in Figures 22C and 23.

Figure 23 shows the average pellet velocity through the height of the hopper for the
baseline (blue curve) and two scenarios, one with 33% icy, wet, and dry pellets (orange
curve), and one with 10% icy, 5% wet, and 85% dry pellets (grey curve). Specifically,
considering that 10% of the pellets are frozen and 5% are wet (grey curve), the pellet
velocity reduces with respect to the baseline in the entire domain. The velocity is reduced to
−85% of the baseline velocity near the exit of the domain. By further increasing the number
of frozen pellets to 33% and wet pellets to 33% (orange curve), the results in Figure 22B
show that the pellets do not behave as a continuous granular flow, but instead they show
two regions, one region where the charged wet and icy pellets are jammed and a lower
region where the dry pellets continue to flow out the domain at the operational feed rate.
Figure 23 shows this jump in the pellet velocity as a discontinuity in the plot around 0.4 of
normalized height.

The minimal percentage of icy pellets (pellets containing 5.5% of their dry mass in
frozen water as ice) charged with dry pellets to jam the flow was found to be roughly 15%
of the charged pellets. In scenarios when 10% of the charged pellets are icy, pellet flow can
still be observed, but upon an additional 5% charge of wet pellets (pellets containing 5.5%
of their dry mass in liquid water, able to freeze with icy pellets but not each other), the
flow jams. For both cases, the total moisture in the charge is calculated to be 0.818% of the
mass of the total charge (85% of the charge is dry, with 15% of the charge containing 5.5%
moisture, either wet or frozen), as shown in Table 11.
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Figure 22. Baseline flow (A) compared to jammed flow with 33% wet, 33% icy, and 33% dry (B), and
jammed with 5% wet, 10% icy, 85% dry (C).
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Figure 23. Velocity of the pellets in the baseline vs. jammed with 33% icy, wet, and dry pellets, and
jammed with 10% icy, 5% wet, and 85% dry pellets.
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Table 11. Minimal amount of icy and wet pellets charged and percent moisture of total charge.

Icy Pellets Charged (5.5%
Moisture, Frozen)

Wet Pellets Charged (5.5%
Moisture, Liquid)

Dry Pellets
Charged

Mass Percent Moisture of
Total Charge (%)

15% 0% 85% 0.818
10% 5% 85% 0.818

The minimal mass moisture percentage of the charge that produces a jam is under
the assumption that the wet and icy pellets are soaked and holding 5.5% of their mass in
moisture, and that the dry pellets contain 0% moisture. This may be a reasonable assumption
for estimated calculations, but it needs to be confirmed experimentally. This assumption also
does not consider additional ice frozen on the pellet or charged with the pellets. Operators
may be able to monitor pellet feed moisture to provide prior warning should the feed meet
or exceed the 5.5% metric for a significant length of time during winter months in cold
regions. Based on these results, if a minimum of 15% of the material within the hopper
meets or exceeds this 5.5% moisture level during freezing weather conditions, and two
thirds of the soaked material is already frozen, precautions to avoid jamming may need to
be taken. This translates to 0.818% moisture content in the bulk flow when divided amongst
the wet and dry material, which may appear manageable, but local conditions (based on
spatial variations in moisture content in the ore field from which raw material is charged)
may far exceed this level, resulting in jamming. These conditions may easily occur in wet
winter months in geographical regions experiencing snowfall, particularly when outdoor
stock yards are subjected to intermittent periods of near and sub-freezing temperatures.

It should be noted that the simulations detailed herein do not account for the dynamic
and geometric effect of fines present in the flow due to the immense computational cost of
simulating fines in such a flow. The bulk flow effects of fines present in the flow of iron
ore pellets, in dry, moist, and icy/moist conditions, should be explored experimentally,
along with their effect on jamming and arch formation. Another key assumption in these
simulations is that icy–wet or icy–icy contact always results in icy bond formation between
the pellets. It is likely that only a fraction of the contacts with the potential to form icy
bonds actually do form a bond, which would imply that real-world conditions would
require higher levels of wet and icy pellets charged to result in flow jamming. However, as
extremely steep repose angles have been observed in raw material stock yards in winter
months, it is likely that a not insignificant amount of ice could be charged into the feed
system under cold and wet weather conditions. It is also assumed that the icy bonds that
form between pellets have the shear and tensile strength of ice, but given that the ice bonds
would likely contain fines and the strength of the ice pellet interface is unknown, this
may be an inaccurate estimation of bond strength. Experimental work may be required
to determine the probability of icy bonds being made in a descending bed of icy and wet
pellets in freezing conditions and to make a determination of the strength of the bonds.

5. Conclusions

Based on the simulations conducted and prior analysis, the conclusions drawn from
this study are as follows:

1. To reduce computational expense to a reasonable level using DEM, it was deter-
mined that the important bulk flow parameters for the formation of jams in hoppers,
void fraction, and particle velocity could be maintained near original values (3.17%
higher and 12.85% lower, respectively) by doubling pellet diameter and implementing
symmetry conditions.

2. Above and near the top of the flow aid, the forces on the walls are higher, the void
fraction is lower, and the pellet velocity is lower, indicating that this region is more
prone to jamming and consistent with where feed system jamming has been reported
in industrial operations.
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3. Moisture and its impact on bulk flow is likely not the sole cause of jamming within
the system based on aforementioned assumptions.

4. During frigid winter conditions, not enough sensible heat is supplied by the counter
flowing seal leg gas to significantly impact the temperature of the iron ore pellets;
therefore, it is likely that freezing conditions can exist within the feed system.

5. A minimum of 15% icy pellets (at an assumed moisture content of 5.5% of dry weight)
charged reduces the velocity of the pellets and produces a jam in the system, or 10%
icy with 5% wet pellets. Similarly, levels of icy and wet pellets each in the range of
33% of the feed cause the system to jam by the formation of a large blockage.

Finally, it should be noted that experimental work on moist pellet contact parameters,
bulk flow effects of fines and pellets as they relate to jamming in wet and dry conditions,
and icy bond formation and strength between pellets are likely necessary to confirm the
assumptions made in this study. Further work could utilize such investigations to assess the
likelihood of jamming in real-world operation conditions specific to a given facility or system.
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