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This study presented a numerical model for the quantitative assessment of the heat transfer behavior of grinding media inside a
ball mill. Effects of various mill speeds, grinding media filling, and the number of lifters on heat transfer were studied and verified
by comparing the experimental results and the numerical simulations calculated by DEM (Discrete Element Method). The results
show that the heat transfer of grinding media has a strong sensitivity to the variation of the mill speed, grinding media filling, and
the number of lifters. The optimum grinding conditions for heat transfer behavior can be determined in terms of the temperature
field of the grinding media. The maximum temperature rise of grinding media occurs at a range from 70% to 80% of critical speed.
The maximum average temperature of grinding media up to 295.057 K appears at the grinding media filling 25% and the number
of lifters 12. Subsequently, validation experiments are carried out to validate the numerical simulation results. The experimental

results are closer to the simulation results, indicating the reasonability of the heat transfer model.

1. Introduction

Ball mills are widely used in many industrial fields for grinding
and crushing granular materials, such as the mineral,
chemical, and pharmaceutical industries [1-4]. Itis dependent
on the lifters to lift the grinding media to a specific level of
energy and the balls then cataract and cascade, and in con-
sequence, collide with each other, resulting in particles
breakage. As a very complicated system, ball mills are typically
high-energy and inefficient equipment because of the envi-
ronment itself. To this end, it is worth attempting to reduce the
energy consumption of the ball mill by any means [5].

The charge motion, liner wear, and particle breakage
behavior in ball mills have been attracted considerably further
attention [6-8]. These outstanding results provide a sound
foundation for optimizing mill performance and reducing
energy consumption. In the grinding process, bulk ore
particles in the grinding process lead to elevated temperatures
of the milling environment. This in turn will influence the
particle breakage behavior and the energy consumption of the

ball mills, such as tantalum ore particles. However, there are
comparatively few studies on heat transfer in conjunction
with particle collisions in ball mills. One of the challenges
involved in understanding the heat transfer is the approach to
determining the temperature distribution of the grinding
media in ball mills.

Heat transfer in granular materials is a common phe-
nomenon, and it affects a wide variety of applications ranging
from food products to building materials. The phenomenon
of heat transfer inside a rotating drum is widely encountered
in areas ranging from food products to building materials. In
recent years, alternative methodologies have been used to
study the heat transfer phenomena, including kinetic theory
[9], continuum approaches [10-13], and DEM simulation
[14-17]. Chaudhuri et al. [18] used the method of experi-
mentation and DEM simulation to examine the flow, mixing,
and mass and heat transport in rotary calciners. Alumina and
copper were used to understand the effect of particle flow and
heat transfer on the calcination performance. The results
showed that the material with higher thermal conductivity
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warmed up faster in experiments and DEM simulations. Xie
etal. [19] investigated the heat transfer inside a drum mixer by
coupling the DEM simulation with a conductive heat transfer
model. The DEM simulation showed that the specific heat
transfer coeflicient of the particle flow increased with the
increasing rotating speed but decreased with the amounts and
heights of the lifters. Komossa et al. [20] investigated the heat
transfer in an indirectly heated tumbling drum. The particle
movement and heat transfer showed a good agreement be-
tween the DEM simulation and the experiment. Gui and Fan
[21] used the DEM simulation with a thermal conduction
model to investigate the effects of the rotation speed and the
wave number on the heat transfer. The wavy drums raised the
heat transfer process higher than a circular drum for a lower
rotation speed. Figueroa et al. [22] applied various evaluation
methods to examine the interaction between heat transfer and
particle load behavior. A continuum model was used to study
the relationship between temperature contours and mixing
patterns. Oschmann et al. [23] derived a novel particle-wall
heat transfer coupling algorithm from resolving the heat
transfer due to particle-wall contact and inner wall heat
conduction. Li et al. [24] studied the heat transfer of granular
material in a rotary drum. The results showed that increasing
rotational speed can intensify heat transfer to a certain degree,
and the average temperature of granular materials increases
with the number of flights and decreases the fill level. These
above-mentioned studies have provided an understanding of
the heat transfer phenomena of granular materials. The
drums and granular materials are preheated before grinding
and mixing, which is completely different from the grinding
process of ball mills. In addition, the heat generated by the
granular particle collision is not taken into account.

This paper provides a novelty DEM heat transfer model
to investigate the multibody collision in the ball mills. The
effects of the mill speed, grinding media filling, and the
number of lifters on the temperature field of grinding media
are further studied. A laboratory-scale ball mill is employed
to perform measurements and validate numerical results.

2. Heat Transfer Model

The heat transfer involved within the particles includes
thermal convection, thermal radiation, and thermal con-
duction, as shown in Figure 1. To quantitatively describe the
discrete heat transfer behavior of the grinding media in ball
mills, the thermal conduction, and collisional heat of the
heat transfer model are considered while the convection and
the radiation are being ignored [19]. In this model, the
following assumptions are considered:

(1) The ball mill temperature remains unchanged, and
there is no thermal exchange between the particles
and the geometry

(2) The heat generated due to friction can be neglected

(3) Only the heat transfer in the particle flow due to the
contact conduction and collision effect is considered,
and the interstitial gas is neglected

(4) The thermal-physical properties of the grinding
media and the iron ore are constant
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FiGure 1: Schematic of heat transfer.
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In the DEM simulation software, the granular materials
are considered as a collection of frictional inelastic spherical
particles. A nonlinear Hertz-Mindlin no-slip model is
employed to solve the contact force between colliding
particles. In DEM simulations, the forces and torques acting
on a particle i can be expressed as follows:

ma; = ZF,
L6, =Y M,

where m;, I;, a; and 0; are, respectively, the mass, moment of
inertia, acceleration, and angular acceleration of particle i;
Y Fand ) M are the total force and torque applied on particle
i, respectively.

The normal contact and tangential contact forces be-
tween particles 7 and j can be described as follows:

K,Ax+C,v,

(1)

F =

. (2)
F, = mm{an,Kt j v, dt + Ctvt}.

where K, and K; are the normal and tangential stiffness,
respectively; Ax is the amount of overlap; v, and v, are the
normal and tangential relative velocity, respectively; C, and
C; are the normal and tangential damping coefficient, re-
spectively; u is the friction coefficient.

The C,, depends on the coeflicient of restitution ¢, which
is given by the following equation:

m,-an

o
[ 2 2
n°+ In"(¢)
where m;; = m;m;/m; + m;.

The total heat dissipation of the particle I can be written
as follows:

C,=-

21n(e) (3)

Q= Cﬂ—iHUT T)+Q!
i =mili = ( C( i j)+QC)~ (4)

=

The H. is a function of the compression force, which
refers to the ability of two materials in contact to transfer
heat through their mutual interface, which can be expressed
as follows [25]:

(5)

. 4k .k 3F a*1¥°
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where C; is the specific heat capacity of particle i, T; and T;
are the temperatures of particle i and j, respectively, H¢ is
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TaBLE 1: Ball mill parameters.

Parameters Test 1 Test 2 Test 3

Mill speed y (of critical speed) 50%, 60%, 70%, 80%, 90%, 100% 75% 75%

Grinding media filling J 25% 10%, 15%, 20%, 25%, 30%, 35% 25%

Number of lifters n 12 12 0, 8, 12, 16

the heat transfer coeflicient between particles i and j with j
varying from 1 to the contact number N, k, is the thermal
conductivity of the granular media, A represents the contact
radius, F, is the normal force, a* is the equivalent radius, and
E* is the effective Young’s modulus.

The Q is the heat dissipation by particle collision, which
can be expressed as follows:

Q7 = kBE; I (6)

where k refers to the proportional coeflicient of collision loss
energy converted into internal energy, k=0.97 [26, 27], § is
the heat flux distribution coefficient, and Ej; is the collision
loss energy.

3. Materials and Methods

In this paper, the laboratory-scale ball mill of 520 mm di-
ameter and 260 mm length is employed to investigate the
effects of mill speed, grinding media filling, and the number
of lifters on the temperature field of the grinding media. The
ball mill parameters and its DEM simulation parameters are
listed in Tables 1 and 2 [27].

4. DEM Simulation Results and Discussions

4.1. Effect of Mill Speed. Mill speed is one of the vital pa-
rameters in ball mills, and it is normally specified as a fraction
of critical speed. It determines whether the load behavior is
predominantly the cascading regime, the cataracting regime,
or the centrifuging regime. Figure 2 shows the effect of mill
speed on the temperature field of the grinding media. As
shown in Figure 2, significant differences in the temperature
field of the grinding media can be observed at different mill
speeds. The difference in the colors refers to the temperature
of the grinding media, red for the highest temperature and
blue for the lowest. As the mill speed is increased from 50% to
100%, a larger amount of grinding media are lifted, and the
load behavior has changed from the cataracting regime to the
centrifuging regime. This result indicates a dependency of the
temperature field of the grinding medium on the loading
behavior.

In addition, the load behavior remains nearly unchanged
at the mill speed of 50% to 60%, whereby the grinding media is
being increasingly lifted to a higher position at mill speeds of
70% to 80%. The temperature field is accordingly altered. As
the mill speed reaches 90%-100%, the outermost layer of the
grinding media undergoes centrifugation, while the inner
layer moves with a cascading regime, exhibiting a significant
temperature difference. This is due to a larger amount of
grinding media being lifted, reducing heat transfer and contact
behavior. In summary, mill speed has a significant effect on

heat transfer, and the change in the temperature field of
grinding media indicates the intensity of charge motion.

To quantify the effect of mill speed on the temperature
field of the grinding media, the particle numbers at different
temperatures are performed, as shown in Figure 3. The
results show that the maximum particle number corre-
sponds to the grinding media temperatures for various mill
speeds are 298.043K, 298.048K, 298.055K, 298.057K,
298.049K, and 298.021 K, respectively. In addition, the
average temperature of grinding media increases first and
then decreases with mill speed. With a mill speed of 50% of
the critical speed, the range of grinding media temperatures
is relatively more minor due to the lower mill speed, which
leads to the grinding media in cascading motion. With a mill
speed of 60% of critical speed, the range of grinding media
temperatures is much greater than that at ¢ =50%. The
grinding media temperature distribution of the grinding
media is dispersed, and the grinding media temperature
increases. This changes because the grinding media is lifted
and mixed. With a mill speed of 70% of the critical speed,
most grinding media is concentrated at a higher tempera-
ture. The range of temperatures is minimal compared with
the other condition of the mill speeds. This indicates that the
mill speed significantly affects the grinding media temper-
ature rise. With a mill speed of 80% of critical speed, there is
a similar tendency to at y = 70%, but the main change is that
the grinding media temperature is marginally lower.
However, at a higher speed of y =90%-100%, the grinding
media is trapped between lifters and progressively deviates
to the centrifugal motion, resulting in the wide distribution
of grinding media temperature. The above-given cases in-
dicate that the mill speed affects the load behavior and the
temperature rise, and the maximum grinding media tem-
perature rise is between v = 70%-80%.

4.2. Effect of Grinding Media Filling. The particle breakage
process is performed by falling grinding media in ball mills.
The crushing and the grinding intensity of the ore particles
are dependent on the grinding media amount and velocity.
The grinding media filling is a significant operating factor
affecting particle breakage and load behavior [28]. The
amount of grinding media in the ball mill affects the load
behavior and the heat transfer. The current research mainly
involves observing the heat transfer phenomenon of the
particles by heating the rotating body. However, there has
been no reporting on the variation of the temperature field of
grinding media with different grinding media fillings. To
understand the interrelation between the grinding media
filling and the temperature field of grinding media, for the
ball mill, grinding media fillings for six levels between
J=10% and ] = 35% are selected, as shown in Figure 4. All the
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TaBLE 2: DEM simulation parameters.

Parameters Value
Size (mm) 30
Initial temperature (K) 298
Poisson’s ratio 0.30
L . Specific heat capacity (J/kg * K) 598.60
Grinding media Thermal conductivity (W/m * K) 55.90
Thermal diffusion coefficient (cm?/s) 0.12
Shear modulus (Pa) 7e+10
Density (kg/m’) 7850
. I Grinding media—grinding media 0.75
Coeflicient of restitution Grinding media—wall 0.45
. . - Grinding media—grinding media 0.01
Coeflicient of rolling friction Grinding media—wall 0.01

Temperature (K)
2.9808e+002

2.9806e+002

2.9805e+002

2.9803e+002

2.9802e+002

2.9800e+002

Temperature (K)
2.9808¢+002

2.9806e+002

2.9805e+002

2.9803e+002

2.9802¢+002

2.9800e+002

(e)

Temperature (K)
2.9808¢+002

Temperature (K)
2.9808¢+002

2.9806e+002 2.9806e+002
2.9805e+002 2.9805e+002
2.9803e+002

2.9803e+002

2.9802e+002 2.9802e+002

2.9800e+002 2.9800e+002

Temperature (K)
2.9808e+002

Temperature (K)
2.9808e+002

2.9806e+002 2.9806e+002
2.9805e+002 2.9805e+002
2.9803e+002

2.9803e+002

2.9802¢+002 2.9802¢+002

2.9800e+002 2.9800e+002

®

F1GURE 2: Effect of mill speed on the temperature field of grinding media. (a) ¥ =50%. (b) y=60%. (c) ¥ =70%. (d) y=280%. (e) y=90%.

(f) v=100%.

load behavior shows that the toe and shoulder angles of the
grinding media remain almost unchanged, but the signifi-
cant difference is the cascading free surface. The grinding
media distribution presents obviously two parts of cata-
racting and cascading. More grinding media is lifted, and the
amount of grinding media cascading down from the bulk of
grinding media increases with the grinding media filling. At
J=10%-15%, the grinding media mainly have a green color.
As the grinding media filling increases from 20% to 35%, it is
clearly displayed that the red grinding media are more than
that of the lower grinding media filling. However, the
temperature field of grinding media only changes slightly.
Figure 5 shows the average grinding media temperature
variation for different grinding media fillings, which

corresponds to the temperature field of grinding media in
Figure 4. As the ball mill motion tends toward a steady state,
the average grinding media temperature increases to a
maximum value at J=25%, decreasing from J=30% to
J=35%. The average temperatures of grinding media are
298.051 K, 298.053 K, 298.056 K, 298.057 K, 298.057 K, and
298.055 K. The temperature field of grinding media under
higher grinding media filling is more inhomogeneous than
that of a lower grinding media filling. The reason for this is
that the collision frequency and the contact number increase
with the grinding media filling, so the grinding media
temperature rises increases. As the grinding media filling
continues to increase, the bulk of the grinding media is very
close to the center of the mill and contributes little to the
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F1GURE 3: The distributions of grinding media temperatures for different mill speeds. (a) y =50%. (b) ¥=60%. (c) y=70%. (d) ¥ =280%.

(e) y=90%. (f) y=100%.

grinding media being off-center. Therefore, the grinding
media contributes little to the temperature rise. This result
indicates that the grinding media temperature varies slightly
with the increase of the grinding media filling.

4.3. Effect of Number of Lifters. Lifters are generally used to
raise grinding media to transfer the energy from a mill to a
load. The distribution of the lifters around a mill shell is an
essential factor that affects the grinding and crushing
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FiGure 4: Effect of grinding media filling on the grinding media temperature field. (a) J=10%. (b) J=15%. (c) J=20%. (d) J=25%. (e)

J=30%. (f) J=35%.
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Figure 5: The distributions of grinding media temperatures for
different grinding media fillings.

efficiency. To understand the interrelation between the
number of lifters and the temperature field of grinding media,
for the ball mill, the number of lifters for four levels is selected
to be between n=0 and n=16, as shown in Figure 6. The
results showed that the shoulder angle of grinding media
increases with the number of lifters. However, the temperature
field of grinding media revealed that the heat transfer increases
first and then decreases. With the number of lifters n =0, all
the grinding media is located in the cascading regime, and the

grinding media is piled together to grind each other. The
temperature field of grinding media is more uniform. With the
number of lifters n =8, a fraction of grinding media is lifted,
but the distribution of the grinding media temperature field
changes relatively minor compared with n=0. With the
number of lifters n = 12, increasing the number of lifters cause
more grinding media to be lifted, and the temperature field of
grinding media shows the highest temperature rise. This is
because the lifter hinders the sliding motion of the grinding
media and promotes the cataracting movement. With the
number of lifters n=16, the excessive number of lifters in-
creases the slippage between grinding media. This indicates
that the distance between two lifters restricts the sliding
motion and accelerates the cataracting movement.

Figure 7 shows the distribution of the grinding media
temperature field for the different number of lifters, which
corresponds to Figure 6. It can be seen that the maximum
particle number corresponding to the temperatures of
grinding media are 298.048K, 298.051K, 298.057K, and
298.056 K, respectively. The average temperature of grinding
media reaches a maximum value of 295.057K at n=12.
However, the average temperature of grinding media reaches a
minimum value of 298.047 K at n=0. These results indicated
that increasing the number of lifters can improve heat transfer.

5. Comparison with DEM Simulation
and Experiment

The laboratory-scale ball mill with two detachable acrylic
plates is employed to validate the established heat transfer
model. As shown in Figure 8, the experimental setup consists
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FiGURE 6: Effect of the number of lifters on grinding media temperature field. (a) n=0. (b) n=8. (c) n=12. (d) n=16.
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FIGURE 7: The distributions of grinding media temperature for different numbers of lifters. (a) n=0. (b) n=8. (c) n=12. (d) n=16.
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of a wireless thermal device and a thermal infrared imager. A
high-precision wireless thermal acquisition device is used to
measure the mill shell temperature. The measuring accuracy
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is 0.2% and can realize the online temperature measurement.
The mill shell temperature was measured by the thermo-
couple and the installation method of the thermocouple on
the mill shell as shown in Figure 9. A combination of contact
and noncontact methods is used to determine the emissivity
of the steel ball. The results show an emissivity of 0.96 for the
steel balls. The thermal infrared imager is used to measure
the temperature of the steel ball, with a measuring accuracy
of 2%. In the experiments, the ball mill is stopped at pre-
determined intervals to open the mill shell quickly and then
photograph the steel ball using a thermal infrared imager.
The grinding durations are t=0min, =10 min, t=20min,
and f=30min.

One set of validation tests is used to validate the nu-
merical simulations. The experiments are carried out with a
mill speed of 75% of the critical speed, a grinding media
filling of 25%, and a steel ball size of 30 mm. Figure 10
shows the average temperature rise of the steel ball for the
DEM simulations and the experimental results. Since the
DEM simulation time is limited, the results are calculated
proportionally. As shown in Figure 10, the DEM simulation
results agree with the experimental results, despite the
former being slightly higher. The primary reason for this
discrepancy is that the temperature dissipation produced
by mill shutdown is ignored. In addition, only the tem-
perature on the surface of the grinding media is measured
by the thermal infrared imager, which makes this error
acceptable. In summary, the rationality of the numerical
model of heat transfer is well validated by the experimental
results.

6. Conclusions

This study mainly investigates the effect of the mill speed,
grinding media filling, and the number of lifters on the
discrete heat transfer behavior of grinding media in ball
mills. In DEM simulations, the temperature field of
grinding media and the load behavior is susceptible to the
mill speed, grinding media filling, and the number of lifters.
The average temperature of the grinding media firstly in-
creases and then decreases with the increased mill speed,
grinding media filling, and the number of lifters. Conse-
quently, the developed heat transfer model is well-vali-
dated, and the temperature field of the grinding media is in
good agreement with the experimental results, indicating
the reasonableness and reliability of the model. The nu-
merical models of heat transfer provide an opportunity to
optimize the movement and mixing of granular materials
sensitive to temperature.
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