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ABSTRACT: The airflow dynamics within hammer mills’ crushing chambers significantly affect material crushing and screening.
Understanding the crushing mechanism necessitates studying the airflow distribution. Using a self-built crushing test platform and
computational fluid dynamics (CFD) simulations, we investigated the impact of screen aperture size, rotor speed, hammer-screen
clearance, hammer quantity, and mass flow rate on airflow distribution within the rotor region, circulation layer, and screen
apertures. Results indicated generally uniform axial static pressure distribution within the rotor region, with radial gradients.
Increased rotor speed improved radial static pressure gradients, while higher mass flow rates reduced them. The highest airflow
velocity within the circulation layer reached approximately 83.46% of the hammer tip’s tangential velocity. Greater rotor speed and
hammer quantity intensified circulation airflow, whereas increased mass flow rate decreased it. Eddies formed within screen apertures
with higher rotor speeds and hammer quantities but diminished with larger apertures and higher mass flow rates. Static pressure
differences across screen apertures increased with mass flow rate and rotor speed but decreased significantly with larger apertures.
This systematic examination provides insights into airflow distribution within hammer mill crushing chambers, offering a theoretical
foundation for improving and designing hammer mills.

1. INTRODUCTION improve the crushing performance, it is essential to investigate
Crushing powdered materials is one of the important processes the characteristics of airflow distribution in the crushing
in the production of feed."” After being crushed, the materials chamber.

are turned into powder, which not only makes the feed The operation of the hammer mill may be separated into two
processing stable and efficient but also improves the conversion stages: powder materials crushing and particle screening. There
rate of nutrients and the productivity of the animals.” Hammer are two processes of crushing powdered materials, including
mills are often used in the CI‘UShiH§ process which are easy to impact crushing and friction crushing. The movement of the
operate, wide to use, and low cost.”” However, the hammer mill particles is influenced by the airflow in the crushing chamber,

may consume more energy than crushing devices such as ball
mills and counter roll mills, and there are some problems like
overcrushing and temperature rising of material in the crushing
process.”” Liu et al. studied that the airflow distribution in the
crushing chamber, material properties, crusher design, and
operational parameters were all related to the high energy
consumption of hammer mills.* Among them, the airflow field in Acce.pted: May 17, 2024
the crushing chamber is one of the most important elements Published: July 17, 2024
affecting the performance of hammer mills, which could cause -
particle movement and affect the ability of mills.” Therefore, to

which affects the impact strength and frequency of the particles’
impact with the hammer, the liner, and the screen. In addition,
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Figure 1. Group of hammer mills. (a) Schematic diagram. (b) Structural diagram.

the drag force of the airflow affects the friction force and impact
frequency of particle—particle and particle-screen, which would
affect the crushing efficiency when the circulation movement of
particles occurs in the circulation layer of the chamber.'”'" In
the process of particles out of the screen, the particles are
affected by the action of centrifugal inertia force, airflow drag
force, and pressure difference inside and outside the screen
apertures. So, the amount of particles screened is influenced by
the airflow in the circulation layer, inside and outside the screen
aperture.'”~"> Meanwhile, researchers have proposed that the
hammer mill should be equipped with a mass flow rate fan to
work at the same time, which could change the airflow
distribution in the crushing chamber, improving the efficiency
of crushing and screening, and reducing overcrushing and
temperature rising. Therefore, the hammer mills could crush
efficiently, and uniformity of particle size distribution of crushed
materials, and reduce energy consumption."'®

To determine the appropriate mass flow rate and other
operating parameters of hammer mills, researchers have
extensively studied the airflow distribution in the crushing
chamber. The results showed a distinct stratification and
gradient distribution along the radial direction of the rotor in
the static pressure within the crushing chamber, but there were
few differences in the static pressure and velocity in the axial
direction. From the tip of the hammer to the center of the rotor,
the static pressure steadily decreased, with the biggest negative
pressure value in the center of the rotor.”'”~*' The airflow in the
crushing chamber moves annularly with the rotor, and the
airflow velocity gradually increases from the center of the rotor
along the radial direction and reaches the maximum at the tip of
the hammer. The airflow near the screen surface forms a high-
speed and high-pressure circulation airflow (airflow circulation
layer) with the high-speed rotating hammer. The drag force of
the airflow circulation layer on the particles is beneficial to the
friction crushing between the particles, but the airflow
circulation layer also causes the material to condense into the
rotor’s center and precludes screening.” The static pressure of
the airflow field and the velocity of the circulation layer in the
crushing chamber increase with the increase of the rotor speed.””
The mass flow rate and the fan effect of the rotor raise the static
pressure difference between the interior and outside of the
screen apertures, which improves the efficiency of screening
particles. However, if the static pressure differential is too
significant, large particles will be adsorbed and block the screen
apertures, reducing the efficacy of screening broken particles. In

conclusion, the overall airflow field distribution of hammer mills
has been extensively studied, but few people have systematically
analyzed the influence of the operating parameters of the mill on
the airflow field of the mill. In particular, the a lack of research on
the distribution characteristics and influencing factors of the
airflow field inside and outside the circulation layer and the
screen in the crushing room.

This study examined the airflow distribution of the rotor
region, circulation layer, inside and outside the screen apertures
in the crushing chamber by using the CFD solver (Fluent 2019
R2). It also studied the influences of screen aperture size, rotor
speed, hammer-screen clearance, hammer number, and mass
flow rate on the airflow distribution in the crushing chamber.
This study is expected to improve the research on the airflow
distribution in the crushing chamber, and provide a theoretical
basis for examining the crushing mechanism, provide a reference
for the setting of the working parameters of the hammer mills.

2. EXPERIMENTS

2.1. Experimental Setup. The study of airflow was carried
out with a self-built hammer mill group shown in Figure 1. It
included an impeller-feeder, a hammer mill, a screw, a bag filter,
and a mass flow rate fan. The actual hammer mill was made up of
a high-speed spinning rotor with 24 hammers that were 30 X 90
X 3 mm, a crushing chamber that was 160 mm deep, and a screen
with a packing angle of 300°. Feed raw materials entered the
crushing chamber independently during the crushing operation
through the impeller feeder. They were originally shattered by
the high-speed rotating hammer before being struck by the
airflow and coming into touch with the screen. The particles
bounce back after an impact on the screen. In this way they were
constantly being struck by the hammer and the screen, getting
smaller and smaller until they finally flew out of the screen
apertures. The large particles that were remaining in the
crushing chamber were further crushed by the friction force of
particle—particle and particle-screen and the impact force of
particle-hammer and particle-screen, and particles were dis-
charged through the screen apertures until the particle size was
approved.'® The bag filter adsorbed the fine particles after the
crushed material particles were screwed into the aggregate box,
reducing the amount of dust that was released. The maximum
suction capacity of the negative pressure fan was 1200 m®/h, but
after going through the bag filter, the suction lost air volume. To
determine the actual mass flow rate via the crushing chamber,
the airflow velocity detection port needed to be located at the
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Table 1. Levels of Experimental Factors

Factors Threshold value Levels
Screen aperture size/mm 3-6 3,4,5and 6
Rotor speed/rpm 1500—3600'¢ 1500, 2200, 2900 and 3600
Hammer-screen clearance/mm 6—18'0'¢ 6,10, 14 and 18
Hammer number 8—321¢ 8, 16, 24 and 32
Mass flow rate/kg-h™" 0.01-0.21"¢ 0.01, 0.10, 0.14 and 0.21

square pipe connecting the bag filter and the winch, as shown in
Port A (Figure 1b). Port C and Port B were installed to detect
static pressure of airflow at the hammer mill’s inlet and outlet to
validate the accuracy of the airflow field simulation model
(Figure 1b).

2.2, Experimental Design. Cao et al. studied that the
aperture type and opening rate of the screen accounted for
33.5%, the hammer tip linear velocity accounted for 31.5%, the
hammer screen clearance accounted for 10%, the hammer
density accounted for 15%, and the mass flow rate accounted for
10% among the factors affecting the efficiency of the hammer
mill."® Therefore, to study the factors on the distribution of
airflow field in the crushing chamber, screen aperture size, rotor
speed, hammer-screen clearance, hammer number, and mass
flow rate were chosen as experimental factors for the single-
factor simulations. The hammer mill's standard operating
settings were as follows: the number of hammers was 24,
which are positioned symmetrically, the screen aperture was 4
mm, the rotation speed was 2900 rpm, the hammer-screen
clearance was 10 mm, and the mass flow rate was 300 m?/h.
According to the study and the standard parameters setting of
the hammer mill, the experimental design was carried out as
shown in Table 1.

3. NUMERICAL MODELING

3.1. Mathematical Model. The simulation and analysis of
the hammer mill’s airflow field revealed that the high-speed
rotating hammer’s turbulent motion could be present in the
airflow field of the crushing chamber.”” The maximum airflow
velocity in the crushing chamber was less than the hammer tip
linear velocity v,.”'® The hammer tip linear velocity can be
calculated by equation 1.

v, = wr (1)

where @ and r are the rotational speed of the rotor (r/min) and
the rotor radius (mm), respectively.

The maximum rotational speed of the rotor was 3600 r/min
and the diameter of the rotor was 300 mm. So, the maximum
hammer tip linear velocity was 56.52 m/s, and the maximum
velocity of airflow in the crushing chamber was less than 56.52
m/s.

The Mach number (M,) is widely used in aerodynamics,
which is the ratio of velocity to sound velocity and could be
calculated by equation 2. Therefore, the maximum M, of the
airflow filed in the chamber was 0.17. When M, is less than 0.3,
the airflow is incompressible.**

v
M= @)
where M, is the Mach number, v is the airflow velocity (m/s),
and a is the sound velocity.
In the research, the standard k-¢ turbulent model is frequently
used to solve the simulation motion of fluid turbulent motion.
The quantitative variables are turbulent kinetic energy k and

dissipation rate ¢, and the model can quantify the turbulence in
terms of both airflow and time scales. Based on the solution of
the N—S equation, a new transport equation is introduced for
these two variables. Consequently, this model is widely utilized
in simulation analysis of the hammer mill’s airflow field.”*** The
continuity equation, Reynolds-averaged Navier—Stokes
(RANS), energy equation, and ideal gas state equation are all
solved by the model to determine the airflow. The governing
equations of continuity, RANS equation, energy, and state of the
ideal gas are as follows.
Equation of continuity:

d
Eﬂ + V(pU) =0 (3)

RANS equation:

%tu) + V(pUU)

= —Vp + V[u(VU) + (VU)'] + pg — VEWS(VU)]
- V(pUu'U") (4)

Equation of energy:

o(1 ) (1 » )
=|=pU* + pE,| + V(pE) + V|=pU* + pE,|U
at(zp PE; (PE) P PE;

= —VpU + kg V*T — p(UVglh) (s)
Equation of state of the ideal gas:

_ ptr
SRCWITRES ©
where p is the fluid density of 1.225 kg/m?, Uis the fluid velocity
(m/s), U’ is the fluctuating velocity of the fluid (m/s), p is the
fluid pressure (Pa), pi s the fluid viscosity of 1.79 e kg/m, g is
gravity acceleration, ¢ is the Kronecker delta, E; is the internal
energy of fluid (J/kg), K.gis the effective thermal conductivity of
fluid (W/(m-°C)), T is the fluid temperature (K), h is the height
from the reference plane (mm), P, is the standard pressure (Pa),
R, is the molar gas constant (J/(mol-K)), M,, is the molar
weight of the fluid (kg/mol).

In the RANS equation, during the Reynolds average, the
Reynolds stress produced an unknowable Reynolds stress term,

—pU'U’. To make the equation sealed and solve the airflow

velocity, —pU'U’ needs to be represented by the known
quantities, which could be calculated by the Boussinesq
method”® as the equation 7.

S 2 2
—pU'U" = u(VU + (VU)") — gﬂté(VU) - gpké
(7)
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Figure 2. Actual appearance and fluid grids of the hammer mill. (a) Simulation model of the hammer mill. (b) Fluid grids of the hammer mill. (c) Grid

independence verification.

Table 2. Mesh Information of the Hammer Mill

Element Quality Orthogonal Quality Skewness
Region Elements Min Average Min Average Max Average
1 12603120 0.40 0.83 0.36 0.76 0.64 0.24
2 3068619 0.46 0.82 0.40 0.75 0.60 0.25
3 157865 0.42 0.94 0.45 091 0.33 0.11
Value 15848634 0.40 0.83 0.36 0.76 0.64 0.24
where y, is the eddy viscosity coefficient, k is the turbulent n
C, = max|{043, ——
kinetic energy (m”/s*). The correlations between y,, k, and € can ! ’ n+Ss
be described by eqs 8—10, respectively.
=S—
2 ! €
=pC,— —
K =Pl e (8) = J25S;
1 0uj 0ui
fJ 9 (phu) [ PR
—(pk) + —(pku; u; .
m (pk) o pku; i ;
u
0 H, | ok = e
=—(lu+_t]_ +Gk+Gb+p€+Ym C3E—tanh )
axj 5k axj 9) vg (11)
where y,, and u,, are horizontal and vertical fluid velocities (m/
0 0 s), respectively. x; and u; are the fluid length and fluid velocity to
ot (pe) + a(p suj) the direction of j, respectively. These parameters were chosen for
/ this investigation under Tsan-Hsing et al.’s study.*®
0 H, ) de &2 3.2. Boundary Conditions and Parameters Setting.
= En Mt 5 |om +pCe+p sz The hammer mill’s real construction is the basis for building the
% e ) 0% simulation model. Since the mesh aperture, rotor speed, number
£ of hammers, hammer-sieve clearance, and mass flow rate in the
+ Cls‘_ C3£'Gb . . . p
K f (10) hammer-type crushing unit directly affect the airflow field

where G, and G, are the generation of turbulent kinetic energy
due to the mean velocity gradients and buoyancy (m?/s?),
respectively. Y, is the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, v is the
kinematic viscosity (m?/s), x; and ; are the fluid lengths (mm),
and fluid velocity (m/s) to the direction of j, respectively. C, and
C,. are constants. o, and o, are turbulent Prandtl Numbers for k
and ¢, respectively. C;, C;,, and S can be calculated as the

following equations:

32677

distribution in the crusher, the simplified simulation model is
shown in Figure 2a. The grid of the hammer mill was divided by
Ansys Meshing 2019 R2 software shown in Figure 2b. The
sweep meshing method was used to split the hexahedral meshes
of the bag filter and screw (screw’s bottom) (Region 3 in Figure
2b). In Table 2, the mesh quality, mesh orthogonal quality, and
mesh skewness of Region 3 all met the simulating require-
ments.”” Since the airflow field near the crushing chamber,
screen and rotor was the main focus of this work, checking the
independence of the rotor and crushing chamber grids was
important to ensure the accuracy and stability of the numerical
simulation. The static pressure of 1/2 rotor diameter and one
point between the two hammers as the reference variables to
demonstrate the independence of the dynamic domain grid

https://doi.org/10.1021/acsomega.4c02187
ACS Omega 2024, 9, 32674—32686
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(Region 1 in Figure 2b), the static pressure of the screen
aperture’s center point as the reference variables to demonstrate
the independence of the static domain (Region 2 in Figure 2b).
The static pressure at the two reference positions stabilized
when the dynamic mesh reached 30.6 million and the static
mesh exceeded 112.6 million shown in Figure 2¢c. The airflow
field distribution was independent of the grid size since the static
pressure at the reference locations virtually remained constant as
the number of grids increased. There were 3068619 dynamic
domain grids and 12603120 static domain grids in the crushing
chamber. The mesh quality, mesh orthogonal quality, and mesh
skewness of Regions 1 and 2 all met the simulation requirements
shown in Table 2.”

The Multiple Reference Frame (MRF) model adopts the
calculation model of steady-state approximation. The circular
motion is set in the dynamic domain, and the interface between
the dynamic domain and the static domain is set as the interface
boundary type, which is used to transmit the information
difference between the two sides of the interface.”” The airflow
field simulations of classifier mills***’ and hammer mills,*~>*
have currently been completed with the MRF model, and the
results were accurate and trustworthy. In addition, compared to
the sliding mesh model and others, it could reduce the amount of
calculation.®® Therefore, the MRF was applied to simulate the
hammer mill. The hammer mill’s outlet was set as a mass-flow-
outlet, the airflow direction was perpendicular to the boundary
surface, and velocity distribution was uniform. The inlet was set
as a pressure inlet with 0 Pa because the pressure at the inlet of
the hammer mill is nearly equal to the standard atmospheric
pressure. The numerical values were set based on the measured
value. Due to the fact Ma in the crushing chamber was
approximately 0.17, in the range of 0—3, the pressure-based
solver (PBS) was appropriate for airflow fluid and used in this
research. In the meanwhile, the Coupled algorithm was adopted
because of the advances in solving the incompressible flow of
rotating motion.””

3.3. Analysis. Based on the research on the process of
particle crushing and discharging in the hammer mill, the airflow
field can be divided into three regions for simulation analysis as
shown in Figure 3. Region I represents the static pressure
distribution of the airflow field in the rotor diameter range,
where small particles become adhered to the rotor center,
making it challenging to filter them out.'® Region I was made up
of the circulation layer region along the screen surface, where
particles were moved over the screen surface by the airfield drag

Region 111

Figure 3. Schematic diagram of the partition in the crushing chamber.

force, and reduced the relative velocity between the hammers
and the particles, making it difficult for the particles to be
impact-crushed. The particle motion velocity in the circulation
layer also affects the screening of particles."’ Region III was
within the screen aperture in the crushing chamber, where the
particle screening was impacted by the airflow distribution and
trajectory through the screen apertures, as well as by the pressure
difference between the inside and outside of the screen
aperture.”® Therefore, the static pressure distribution of the
airflow field in Region I, the velocity distribution in Region II,
the airflow trajectory through the screen in Region III, and the
static pressure difference inside and outside the screen aperture
were studied in this work.

4. RESULTS AND DISCUSSION

4.1. Validation of Simulation Model. To measure the
accuracy of the simulation, the overall pressure drop between the
inlet and outlet in the hammer mill was compared with the
results of experiments and numerical simulations shown in
Figure 4 at constant screen aperture size (4 mm) , constant rotor

1500 - : : :
Ap - Experiment 4  Ap - Simulation
- - = £15% rel. deviation from experiment
1200 | A 2 ,
- p~m, >
=
g 900f
f=
13
S 600t
2
8
A 300+
0F

0.00 0.04 008 012 016 020 024
Suction air volume(m,)/ kgs'

Figure 4. Pressure drop comparison of experiments and numerical
simulation.

speed (2900 rpm), and varying mass flow rate. The results show
that the pressure drop between the inlet and outlet in the
simulation is consistent with experiments. Additionally, there
was a 15% or lower difference between simulations and
experiments, indicating that the simulation was credible.””
This method could be applied to simulate the distribution of the
airflow field in the hammer mill.

4.2. Static Pressure Distribution in Region I. To study
the characteristics of the static pressure distribution, Section 1
and Section 2 were created in Region I shown in Figure Sa.
Section 2 was used to analyze the static pressure distribution
close to the hammer, and Section 2 was used to analyze the
overall static pressure distribution in Region I. The static
pressure distribution in Region I is shown in Figure 5b. With
characteristics of clear stratification and gradient distribution
along the radial direction of the rotor, the fluid static pressure
was uniformly distributed along the axial direction and gradually
increased along the radial direction away from the center of the
rotor. Due to the gradient distribution properties of static
pressure in the radial direction, fine particles would move to the
center of the rotor under the static gradient force, which
increased the residence time of the particles in the crushing
chamber, decreased particle screening effectiveness, and led to
over grinding, which not only increased the energy consumption
but also reduced the eﬂ'iciency.*}’5 In Region I, the static pressure
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Figure 6. Variation of static pressure with various factors in Region I (a) Screen aperture size. (b) Rotor speed. (c) Hammer-screen clearance. (d)

Hammer number. (e) Mass flow rate.

was higher in the region where the rotor was rotating in a
positive direction than it was in the opposite direction. This is
because the effect of the hammer on the extrusion force of the
airflow in the positive region was stronger than that in the
negative region. Therefore, the mechanical energy of airflow
increased in the positive region more than it did in the negative
region, which caused substantial thermal motion of gas
molecules. Moreover, since the static pressure of airflow was
mostly produced by the thermal motion of molecules, the static
pressure in the gositive region was higher than that in the
negative region.”® Due to the large extrusion pressure of the
high-speed rotating hammer in the crushing chamber, a high-
pressure region was formed at the tip of the hammer, and the
static pressure value of the airflow at the tip of the hammer is the
largest, which was similar to the research of Hirohisa Takeuchi
and Yang Kang.”’37 During extrusion, the mechanical energy of
the airflow in the region increased to its peak, leading to the
strongest thermal movement of gas molecules and the highest
static pressure in the region.

Figure 6 shows the effects of screen aperture size, rotor speed,
hammer-screen clearance, hammer number, and mass flow rate
on the static pressure distribution of the airflow field in Region I.
The static pressure increased as the screen aperture and
hammer-screen clearance increased, when screen aperture and
hammer-screen clearance were in the range of 2—5 mm and 6—
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14 mm respectively, (Figures 6a and Figure 6¢). However, the
static pressure with a screen aperture of S mm was higher than 6
mm, and the static pressure with a hammer-screen clearance of
14 mm was higher than 18 mm. The static pressure decreased as
the rotor speed, hammer number, and mass flow rate increased
(Figure 6b, Figure 6d, and Figure Ge).

The static pressure gradient force along the radial direction of
the airflow field caused the fine particles to move to the center of
the rotor. However, the static pressure varied due to changes in
various factors, and it was a challenge to analyze these factors’
influence on the static pressure gradient. Therefore, to study the
impact of various factors on the static pressure gradient, the
radial static pressure of the airflow field was normalized. The
ratio of the static pressure value (P,) at each point and the
maximum static pressure (P,,,.) in the radial direction of the
airflow was used as the normalization results shown in Figure 7.
The static pressure gradient of the positive region was higher
than that of the negative region. The slope of the fitting line
indicated the change rate of the static pressure gradient, that is,
the larger the absolute value of the slope, the greater the static
pressure gradient. The larger the static pressure gradient force
absorbed by the particles, the more particles move to the rotor
center, and the less efficient the particle screening. The static
pressure gradient reduced as screen aperture size, hammer-
screen clearance, and mass flow rate increased (Figures 7a, 7c,
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Figure 7. Variation of normalized static pressure with various factors in Region I. (a) Screen aperture size (b) Rotor speed (c) Hammer-screen
clearance (d) Hammer number (e) Mass flow rate

Table 3. ANOVA of the Normalized Static Pressure

Positive region Negative region
Source Sum of Squares  F-value  P-value  Coefficient Estimate ~ Sum of Squares ~ F-value ~ P-value  Coefficient Estimate

Linear Model 8.26 1832 <0.01 - 75.06 4077 <0.01 -

Screen aperture size 0.14 1.56 0.23 —0.23 0.51 1.40 0.26 —0.44

Rotor speed 0.85 9.53 <0.01 0.58 14.30 38.83 <0.01 2.36
Hammer-screen clearance 0.53 5.89 0.03 —-0.45 0.05 0.13 0.73 -0.13
Hammer number 0.33 3.63 0.07 0.36 6.63 18.00 <0.01 1.61

Mass flow rate 6.77 74.79 <0.01 —-1.74 56.05 152.21 <0.01 —5.01
Residual 1.26 5.16

Velocity / m -s-1

y
C

Figure 8. Velocity vector in Region II. (a) The right region. (b) The bottom region. (c) The left region.
and 7e). The static pressure gradient increased as the rotor speed field in the positive and negative regions was used as the
and hammer number increased (Figures 7b, and 7d). response value, and the significance of the influence of factors on
To quantitatively analyze the influence of various factors on the response values was explored. The linear model in Design-
the distribution of static pressure gradient, the slope of the fitting Expert was applied for the analysis of variance (ANOVA), and
line of the static pressure normalization results of the airflow the results are listed in Table 3. The linear model was extremely
32680 https://doi.org/10.1021/acsomega.4c02187
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Figure 9. Influence of various factors on the fluid velocity in Region II. (a) Screen aperture size. (b) Rotor speed. (c) Hammer-screen clearance. (d)

Hammer number. (e) Mass flow rate.

significant (P < 0.01), indicating that the ANOVA was reliable.
The mass flow rate, rotor speed, and hammer number had a
significant impact on the static pressure gradient distribution,
respectively. And, the static pressure gradient was negatively
correlated with mass flow rate but positively correlated with
rotor speed and hammer number. The static pressure gradient
was negatively correlated with screen aperture size, but it had no
significant effect on the static pressure gradient distribution.
However, the static pressure gradient was also negatively
correlated with the hammer-screen clearance, but it had a
significant effect on the static pressure gradient in the positive
region and had no significant effect on the negative region.
Reducing the rotor speed and hammer number, increasing the
screen aperture size, the hammer-screen clearance, and the mass
flow rate could decrease the static pressure gradient, so that both
the static pressure gradient force pointing to the center of the
rotor and the residence time were decreased to improve the
screening efficiency and the crushing efficiency.

4.3. Velocity Distribution in Region Il. The width of the
circulation layer in the crushing chamber was set to 2 times the
hammer screen clearance to study the airflow velocity in Region
II. The airflow velocity vector diagram in the crushing inner
circulation layer is shown in Figure 8.

The circulation movement near the screen was gradually
formed by the fluid in the crushing chamber. The airflow entered
the crushing chamber under the fan effect of the rotor and mass
flow rate, which caused the gradual formation of the circulation
movement near the screen. The airflow in the circulation layer
moved tangentially along the screen surface as a whole, and the
direction of airflow movement was the same except near the
hammer area (Figure 8a). The ruminant trough had the effect of
slowing down the airflow velocity of the circulation layer because
part of airflow from the circulation layer generated an eddy on
the ruminant trough, which reduced the airflow velocity (Figure
8b). After passing through the ruminant trough, part of the
airflow flowed along the screen in the opposite direction in the
rotor’s rotational direction, which was primarily caused by the
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impact of mass flow rate (Figure 8c). Airflow entering the
crushing chamber continued to flow out of the screen aperture
along the negative area near the screen surface, and the larger the
mass flow rate, the more obvious reverse flow of airflow. Due to
the acceleration effect of the high-rotation hammer on the
airflow, the maximum airflow velocity in the circulation layer
appeared at the tip of the hammer, which was about 83.46% of
the linear velocity at the tip of the hammer.

The tangential average airflow velocity in the circulation layer
was used to quantitatively analyze the influence of various
factors on the airflow velocity in Region II shown in Figure 9.
The airflow velocity of the circulation layer reduced as the screen
aperture and mass flow rate increased (Figure 9a and Figure 9e).
When the increase of screen aperture and mass flow rate, the
normal airflow velocity through the screen aperture increased,
and tangential airflow velocity decreased. The airflow velocity in
the negative region of the rotor rotation increased when the
mass flow rate was 0.21 kg/h (Figure 9e). It was because the
excessive mass flow rate not only destroyed the movement of the
circulation layer but also formed a circulation layer with reverse
high-speed movement, which led to accelerating in the reverse
region of the rotor rotation. The airflow velocity increased as the
rotor speed, the hammer-screen clearance, and the hammer
number increased (Figure 9b, Figure 9c, and Figure 9d). The
increase in rotor speed and hammer number enhanced the fan
effect of the rotor, which led to the increase of the airflow
velocity in the crushing chamber and circulation layer. The
wider the width of the circulation layer, the greater the
proportion of the airflow accelerated by the hammer in the
circulation layer, increasing the airflow velocity in the circulation
layer. The airflow velocity in the circulation layer of the ruminant
trough area was significantly lower, indicating that the ruminant
trough had the effect of decelerating the airflow velocity in the
circulation layer and crushing the indoor circulation layer
(Figure 9).

To determine the significance of the influence of various
factors on the airflow velocity in the circulation layer, the linear
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model in Design-Expert was used for the ANOVA shown in
Table 4. The linear model was extremely significant (P < 0.01),

Table 4. ANOVA of Velocity in the Circulation Layer

Sum of Coefficient

Squares F-value  P-value Estimate
Linear Model 59.39 22.51 <0.01 —
Screen aperture size 1.13 2.14 0.14 —0.66
Rotor speed 27.67 5244 <0.01 3.28
Hammer-screen 1.92 3.64 0.58 0.86

clearance

Hammer number 10.90 20.65 <0.01 2.06
Mass flow rate 19.52 36.99 <0.01 —-2.95
Residual 7.39

indicating the reliability of the results. The velocity of the
circulation layer was significantly influenced by mass flow rate,
rotor speed, and hammer number. Both rotor speed and
hammer number had a positive correlation with the velocity of
the circulation layer, however, the mass flow rate had a negative
correlation. The velocity of the circulation layer was positively
correlated with hammer-screen clearance and negatively
correlated with the screen aperture size. However, they had no
significant effects on the velocity. The relative velocity of the
particles and the hammer decreased as the drag force on the
particles increased with the velocity, which decreased the impact
energy of the hammer on the particles and increased the energy
loss of the hammer mill. Nevertheless, an extremely high particle
velocity in the circulation layer prevented particle screening.”""
Combined with the results, the optimal circulation layer velocity
could be obtained by changing the rotor speed, hammer
number, and mass flow rate, which could provide a basis for
determining the ideal operating parameters of the hammer mill.

4.4. Airflow Distribution in Region Ill. 4.4.1. Velocity
Distribution of Airflow Field in Screen Aperture. Figure 10
shows the airflow streamline in the screen aperture. The flow was
disarranged and created an eddy (Figure 10a). The fan effect of
the rotor caused the airflow in the crushing chamber to create a
circulating layer in the tangential direction of the screen. When
the airflow moved through the screen aperture, the flow
direction of the airflow changed sharply, the static pressure

imbalance (Figure 10b) and the airflow velocity difference
(Figure 10c) were created on both sides of the screen aperture,
and resulted in a new eddy, whose velocity of the center was
low(Figure 10d). The eddy could form a flow-solid driving force
on the particles in the screen aperture. On the one hand, the
eddy may drive the particles from the top of the screen surface to
the aperture and evacuate the screen aperture under the effect of
the static pressure imbalance between the inside and outside of
the screen aperture. On the other hand, the eddy in the screen
aperture could reduce the effective evacuation area of the screen
aperture and the efliciency of the particle sieving in the crushing
chamber. Meanwhile, the reduction of the effective evacuation
area led to the particle size being several times smaller than the
aperture size.

The distribution characteristics of eddy in the screen aperture
and the influence of various factors on it as shown in Figure 11.
With the increase in screen aperture size, the eddy range was
decreased, and the eddy center moved to the outside of the
screen aperture along the axial position (Figure 11a). When the
screen aperture size was 6 mm, there was no eddy in the screen
aperture, indicating that the larger the screen aperture size, the
more difficult to form an eddy. With the increase in the rotor
speed and hammer number, the eddy range was increased and
the rotation center of the eddy moved to the outside of the
screen aperture along the axial position (Figure 11b and Figure
11d), indicating that the higher the rotor speed and the more the
hammer number, the easier to form an eddy in the screen
aperture. The formation of the eddy occurred in the screen
aperture even when the hammer-screen clearance was altered
(Figure 11c). So the hammer-screen clearance had little effect
on the formation of the eddy. With the increase in the mass flow
rate, the range of the eddy in the screen aperture decreased.
When the mass flow rate was 0.21 kg/h, there was no eddy in the
screen aperture, indicating that the mass flow rate could
effectively destroy the formation of an eddy in the screen
aperture. This was mainly because the suction air could
significantly reduce the airflow velocity of the circulating layer
and increase the angle 6 between the surface of the screen
aperture and the airflow movement of the circulating layer,
which was beneficial for the airflow in the circulating layer out of
the screen aperture and reduced the velocity difference between
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Figure 10. Airflow streamlines in the screen aperture.
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Figure 11. Influence of various factors on the eddy of screen apertures. (a) Screen aperture size. (b) Rotor speed. (c) Hammer-screen clearance. (d)

Hammer number. (e) Mass flow rate.

the two sides of the screen. Therefore, it was difficult to form an
eddy when the airflow through the screen aperture with a large
amount of mass flow rate.

4.4.2. Pressure Imbalance Inside and Outside the Screen
Aperture. The static pressure distribution inside and outside the
screen aperture is shown in Figure 12. The static pressure on the
inside surface of the screen was higher than that on the outside
surface, indicating that there was a static pressure imbalance
inside and outside the screen, which was beneficial for the
evacuation of particles from the screen during the crushing
process. The airflow in the circulation layer could be divided into
three parts from the velocity vector in Figure 12, part of the
airflow directly flew out of the crushing chamber through the
screen aperture (I); part of the airflow continued to circulate
along the tangential direction of the inside surface of the screen
(IIT); and part of the airflow impacted with the inside surface of
the screen mesh and screen aperture at a high speed, and the
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static pressure of the airflow in the impact area was large,
resulting in the static pressure of the inside surface of the screen
aperture higher than that of the outside (II). Also, the static
pressure of the airflow field in the positive screen (front end of
the ruminate tank) was higher than that in the negative screen
(back end of the ruminate tank) shown in Figure 12.

The static pressure distribution of the airflow field inside and
outside the screen aperture could be qualitatively analyzed in
Figure 12, and it was necessary to apply the numerical simulation
for quantitative analysis. The wrap angle of the screen was 300°,
and the angles between the reference line and the center line of
the four hammers were 15°, 105°, 195°, and 285°, respectively
(Figure 12). The influence of various factors on the static
pressure imbalance is shown in Figure 13. The static pressure
imbalance inside and outside of the positive screen was higher
than that of the negative screen. At the left and right ends of the
curves, there were peaks at the x-coordinates of 15°, 105°, and
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apertures.

195°. For the above three points, the peak on the left (the back of
the hammer) of each coordinate point was its minimum, and the
peak on the right (the front of the hammer) was the maximum.
This shows that the static pressure inside and outside the screen
aperture close to the hammer changed greatly, indicating that
the static pressure imbalance at the back end of the hammer was
small, and in the opposite direction was large. However, when
the x-coordinate was 285°, the static pressure imbalance did not
have the above distribution characteristics, which was mainly
because the outside airflow near the position was sucked into the
crushing chamber (Figure 13f), resulting in a small static
pressure imbalance in the screen aperture and a negative static
pressure imbalance. With the increase in the screen diameter, the
static pressure imbalance decreased (Figure 13a). However,
with the increase in rotor speed, hammer number, and mass flow
rate, the static pressure imbalance increased (Figure 13b, Figure

13d, and Figure 13e). The change of hammer-screen clearance
had no obvious effect on the static pressure imbalance (Figure
13¢).

To determine the significance of the influence of various
factors on the static pressure imbalance inside and outside the
screen aperture, the linear model in Design-Expert was used for
the ANOVA shown in Table 5. The linear model was extremely
significant (P < 0.01), indicating the reliability of the results of
ANOVA. The mass flow rate, rotor speed, and screen aperture
size had significant effects on the static pressure imbalance. The
static pressure imbalance was positively correlated with the mass
flow rate and rotor speed but negatively correlated with the
screen aperture size. With the increase in mass flow rate, the
static pressure imbalance increased. However, the excessive
static pressure imbalance may lead to the adsorption of large
particles on the inside of the screen aperture to reduce the
effective area of the screen mesh, which not only reduces the
impacting efficiency of the material particles and the hammer
but also reduces the material evacuation efficiency, resulting in
the reduction in the crushing efficiency of the hammer mill. The
results were consistent with Qin et al., that with the increase in
mass flow rate, the unit energy consumption of the hammer mill
increased then decreased.”® The static pressure imbalance was
positively correlated with hammer screen clearance, but hammer
screen clearance had no significant effect on static pressure
imbalance. The hammer number had a significant effect on the
static pressure imbalance of the positive screen aperture of the
rotor in the crushing chamber and had no significant effect on
the negative region.

5. CONCLUSIONS

In this study, CFD was used to study the airflow distribution
characteristics in the crushing chamber of the hammer mill.
Compared with the pressure drop between the inlet and outlet of
the experiment and the numerical simulation, the CFD model
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Figure 13. Influence of various factors on the static pressure imbalance inside and outside the screen aperture. (a) Screen aperture size. (b) Rotor
speed. (c) Hammer-screen clearance. (d) Hammer number. (e) Mass flow rate. (f) When the x-coordinate was 285°, the distribution of static pressure.
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Table S. ANOVA of the Static Pressure Imbalance Inside and Outside the Screen Aperture

Positive screen

Negative screen

Source Sum of Squares ~ F-value P-value  Coefficient Estimate ~ Sum of Squares ~ F-value ~ P-value  Coefficient Estimate

Linear Model 1700.31 41.84 <0.01 - 133.39 8.47 <0.01 -

Screen aperture size 85.05 10.46 <0.01 —5.76 40.48 12.85 <0.01 —3.97

Rotor speed 474.18 58.34 <0.01 13.59 19.64 6.24 0.03 2.77
Hammer-screen clearance 3.12 0.38 0.55 1.10 4.30 1.36 0.26 1.29
Hammer number 47.27 5.82 0.03 4.29 3.19 1.01 0.33 —1.12

Mass flow rate 1078.31 132.67 <0.01 21.96 63.24 20.08 <0.01 5.32
Residual 113.79 44.09

was validated. The influence of the screen aperture size, rotor
speed, hammer number, hammer-screen clearance, and mass
flow rate on the airflow distribution in three regions was studied.
In the rotor diameter range of the hammer mill, the static
pressure of the airflow was relatively uniformly distributed along
the axial direction, and gradient distributed along the radial
direction. The increase in the rotor speed significantly improved
the distribution of the radial static pressure gradient of the
airflow (P < 0.05), and the increase in the mass flow rate
significantly reduced the distribution of the radial static pressure
gradient of the airflow (P < 0.05). In the circulation layer of the
hammer mill, the maximum airflow velocity was about 83.46% of
the linear velocity at the end of the hammer. The increase in the
rotor speed and hammer number significantly increased the
circulation layer airflow velocity (P < 0.05), and the increase in
the mass flow rate significantly reduced the airflow velocity (P <
0.05). When the airflow was through the screen aperture, the
static pressure imbalance and the airflow velocity difference were
formed on the inside and outside of the screen aperture, which
led to the eddy of the screen aperture, and the velocity of the
eddy center was low. With an increase in rotor speed and
hammer number, it was more likely to form an eddy in the screen
aperture. It was difficult to form eddy in the large screen aperture
size (¢ = 6.0 mm). The increase in the mass flow rate was
beneficial to destroy the eddy formed in the screen aperture. The
static pressure of the airflow in the crushing chamber on the
inside surface of the screen aperture was higher than that on the
outside surface, so there was a static pressure imbalance between
the inside and outside of the screen aperture. The increase in
mass flow rate and rotor speed increased significantly the static
pressure imbalance (P < 0.05), and the increase in screen
aperture size decreased significantly the static pressure
imbalance (P < 0.01).

This study revealed the distribution characteristics of the
airflow field in the hammer mill and explored the influence of
various factors on the distribution of the airflow field in three
regions in the crushing chamber. However, it is still necessary to
quantitatively analyze the eddy intensity of the airflow in the
screen aperture, and the significance of the influence of each
factor on the eddy intensity in the screen aperture is further
analyzed.
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