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a b s t r a c t

A novel characteristic variable of fill level has been proposed, in order to reduce the influence of various
factors on measuring the fill level and improve the measurement accuracy of the fill level. A relationship
was developed between the fill level and the angular position of the maximum vibration point on the mill
shell through theoretical calculation and on-site experiments. This relationship was studied theoretically
with two assumptions. The vibration signals were then collected by an accelerometer mounted directly
on the mill shell, and analyzed on the time domain to obtain the maximum vibration point on the mill
shell, in order to study the correlation between the fill level and this angular position.

Both the results of theoretical calculations and experiments show that the position of the maximum
vibration point on the mill shell moves to a lower angular position as the fill level increases. Comparison
of the traditional and the new characteristic variable of the fill level reveals that the characteristic vari-
able proposed in this paper is more superior and stable. It shows potential for measuring the fill level
more accurately.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

It is well established that the ball mill pulverizing system has
exceptional adaptability for processing different types of coal and
facilitating maintenance, and it has been widely applied for com-
minuting and drying coal in coal-fired power plants. However this
system is highly energy intensive and consumes about 20% of all
electricity in the power plant. As the ball mill pulverizing system
is non-linear, has long time delays and time-varying, the fill level
of the coal powder cannot be measured accurately, which leads
to the mill usually being operated under very uneconomical condi-
tions in order to prevent coal blockage. Furthermore it is difficult
for the automatic control system to accomplish steady operation
of the mill. Therefore exact measurement of the fill level is a key
and basic factor for realizing the automatic, reliable and efficient
operation of the mill system.

Until now, many methods have been applied to measure the fill
level. One of the traditional methods was measurement as a func-
tion of the differential pressure between the inlet and the outlet of
the mill. As the fill level increases, more coal powder is exposed to
the air flow through the mill, and the differential pressure in-
creases. The same relationship governs the opposite condition, as
the fill level decreases. However, the differential pressure signal
is also affected by other factors, such as the rotational speed of

the mill, the type of lifters used and their wear, particle size distri-
bution of the mill hold-up, physical properties of the ground mate-
rial and concentration of material in the air during pneumatic
transportation. Zhang (2001) studied the fill level by measuring
the energy consumption of the mill motor, but the wear of steel
balls and the variation of ball load can seriously affect the power
value of the mill. Kolacz (1997) proposed a method to measure
the fill level by using a strain transducer. The transducer was in-
stalled at the middle of the mill shell. When the transducer moved
to the top position of the mill shell, it measured the compression.
After half a revolution, the transducer reached the bottom of the
mill shell, the tension being measured. By taking the difference be-
tween the readings corresponding to compression and tension, it
was possible to calculate the total strain variations that are directly
proportional to the fill level. Recently the measurement and con-
trol of the fill level in the mill has also been accomplished by ana-
lyzing the acoustic signals of the mill (Xing, 2004; Sha et al.,
2006a,b; Kang et al., 2006). Together with the increments of fill le-
vel, the acoustic signal shows a decreasing trend, and vice versa.
However, the acoustic signal will be variable with a greater differ-
ence even under the same fill level condition because of the distur-
bance of other noise near the mill, the variations of steel ball load
and the water content of the coal during milling.

Since the vibration strength of the mill shell and the bearing
housings can to a large extent provide information on the fill level
(Sha et al., 2006a,b), vibration methods have recently been carried
out to develop techniques for monitoring the fill level. As the
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accelerometer can be mounted easily on the front and rear bearing
housings, traditional vibration methods can be used to measure
the fill level, based on the vibration signals of the bearing housings.
Among these vibration methods, some characteristic values of the
fill level, such as amplitude (Behera et al., 2007; Lv et al., 2002), en-
ergy (Zhao et al., 2003), power (Zhang and Zhang, 2000) and root
mean square (RMS) (Hao and Lv, 2003; Zhu et al., 2003) have been
extracted from the vibration signals of the bearing housings. How-
ever, besides the impact of steel balls, there are still some other
factors and vibration sources, which can cause the vibration of
bearing housings. These vibration sources can also affect the char-
acteristics of the time and frequency domain of vibration signals of
the bearing housings. So the vibration signals of the bearing hous-
ings do not accurately reflect the collision condition of the steel
balls and the fill level information in the mill. Due to difficulties
in accelerometer installation and vibration data transmission, to
date there has been little work on monitoring the fill level by pro-
cessing the vibration signals of the mill shell but the work of Gugel
et al. (2003) and Gugel and Moon (2007) is noteworthy. In their
work, two vibration sensors, 180� apart, were used to collect the
signal information from the mill shell, so that the instantaneous
readings could be averaged. The averaged data were then fed into
a dynamic neural network and a fill level measurement from 0% to
100% was output.

In this paper, the relationship between the fill level and the po-
sition of the maximum vibration point of the mill shell has been
established, and a new characteristic variable of fill level is pro-
posed. This research consists of three main components: theoreti-
cal calculations, experimental and vibration signal processing.
Firstly, the angular positions of the maximum vibration point on
the mill shell for various ball loads and fill level conditions were
calculated theoretically under ideal conditions. Secondly, a series
of experiments were carried out at an industrial ball mill in a
coal-fired power plant, and the vibration signals were collected di-
rectly from the mill shell. Finally, the new feature value of the fill
level was extracted by analyzing and processing the vibration sig-
nals of the mill shell, at the same time the traditional and the new
characteristic variable of the fill level being compared and
discussed.

2. Theoretical calculation

Compared with steel balls in other layers, the steel balls in the
outermost layer have the highest impulse and kinetic energy in the
course of falling, and the maximum vibration on the mill shell is
generated by the falling impact of steel balls in this layer. The posi-
tions of steel balls in the outermost layer can be seen in Fig. 1.
When the ball in the outermost layer impacts directly on the mill
wall, the collision point is the maximum vibration point of the mill

shell. When the ball in the outermost layer impacts on the coal
powder, the impact energy is delivered to the mill shell, which also
leads to a maximum vibration point on the mill shell. In this re-
search, the correlation between the fill level and the position of
the maximum vibration point of the mill shell was studied. If this
relationship can show a certain regularity, the fill level can be stud-
ied by using this point.

In the on-site tests, a 3.5-m-diameter by 6.0-m-long industrial
tubular ball mill was operated at 17.57 rpm (77% of critical speed).
For the theoretical calculations, the size and the speed of the mill
are the same as the test mill.

The position of the maximum vibration point of the mill shell is
calculated theoretically under two assumptions described as
follows:

(1) During the working status of the mill, except for a steel ball
in the outermost layer, as shown in Fig. 2, the coal particles
and other steel balls are accumulated at the bottom of the
roller at static state. In Fig. 2, the length of line CH denotes
the accumulated height of the coal particles and steel balls
in the mill, and the line AE represents the accumulated
surface.

(2) In Fig. 2, there is no displacement in the x direction for the
movement trajectory of the ball in the outermost layer,
and the x coordinate of this ball is always equal to zero.

When the ball reaches the detachment point G, as shown in
Fig. 2, this ball will begin a parabolic movement. The intersection
point (collision point) between this parabolic trajectory and the
accumulation surface is point D (0, a, b). The distance between
the maximum vibration point on the mill shell and point D is the
shortest among the distances between the mill shell and point D.
Point B (0, y, z) (see Fig. 2) denotes the maximum vibration point.
Here the minimum distance is obtained with a constraint condi-
tion, which is expressed by:

u ¼ m2 ¼ ða� yÞ2 þ ðb� zÞ2

y2 þ z2 ¼ R2

(
ð1Þ

where m is the distance between points B and D. In Eq. (1), the min-
imum value of u is needed, and the following formula can be ob-
tained by the constraint condition.

z ¼ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � y2

q
ð2Þ

Then the parameter u can be calculated as follows:

u ¼ ða� yÞ2 þ bþ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � y2

q� �2

ð3Þ

Fig. 1. Schematic diagram of motion of steel balls in different layers in the mill.

Fig. 2. Schematic diagram of motion trajectory of the steel ball in the outmost layer
in the mill (mill diameter = 3.5 m, length = 6.0 m, mill speed = 17.57 rpm, ball load
volume = 15%, fill level = 15%).
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