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ABSTRACT

In cement industry about 110 kWh of electrical energy is consumed to produce one ton of cement and about 26% of the total
electrical power is used during farine production. In this study, certain measures are implemented in an existing raw mill in a
cement factory and the specific energy consumption of the unit is calculated to be 25.52 kWh/ton farine. The effects of ball
charge rate, moisture content and size of feeding materials on vibration of main driving motors are investigated. The data
collected over a 12-month period indicate that vibration directly related to the specific energy consumption (SEC) of the unit.
The vibration on the motors of the raw mill is decreased by about 12% as the moisture content and size of the raw materials
decreased by half. By this way, specific energy consumption of the unit decreased to 25.19 kWh/ton farine. Keeping the
vibration values on the main driving motors less than 4 mm/s by periodical maintenance, the specific electrical energy
consumption of the mill has reduced by 2.16% to 24.97 kWh/ton farine which corresponds to a saving of 0.55 kWh per ton of
farine production.
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CIMENTO ENDUSTRISINDE FARIN DEGIRMENI OZGUL ENERJI TUKETIMI VE
TITRESIM DEGERLERI ARASINDAKI ILISKININ BELIRLENMES]

OZET

Cimento endiistrisinde 1 ton ¢imento iiretimi i¢in yaklasik 110 kWh elektrik enerjisi tiiketilmektedir ve toplam elektrik
enerjisinin yaklasik %26°s1 farin iiretimi sirasinda harcanmaktadir. Bu ¢alismamizda bir ¢imento fabrikasinda g¢alistirilmakta
olan farin degirmeninden belirli dl¢iimler alinmis ve tnitenin 6zgiil enerji tiiketim degeri 25,52 kWh/ton farin olarak
hesaplanmistir. Bilye doluluk orani, malzeme nem miktar1 ve {initeye beslenen hammadde ebatlarinin ana tahrik motorlart
iizerindeki titresim degerlerine olan etkisi incelenmistir. 12 ay boyunca diizenli olarak toplanan veriler, degirmen titresim
degerlerinin {initenin 6zgiil enerji tiiketim (OET) degerlerini dogrudan etkiledigini ortaya ¢ikarmistir. Hammaddenin icerdigi
nem oraninin yariya diigiiriilmesiyle ana tahrik motorlari lizerindeki titresim degerlerinin yaklasik %12 oraninda azaldig tespit
edilmigtir. Bu sayede, {initenin 6zgiil enerji tiiketimi 25,19 kWh/ton farin degerlerine diiiiriilmiistiir. Diizenli bakimla ana
tahrik motorlarindaki titresim degerlerinin 4 mm/s degerinin altinda tutulmasiyla, degirmenin 6zgiil enerji tiikketim degeri
%2,16 diiserek, 1 ton farin i¢in yaklagik 0,55 kWh’lik bir enerji tasarrufunu saglanmis ve degirmenin enerji tiiketimi 24,97
kWh/ton farin degerine diistirilmiistiir.

Anahtar Kelimeler: Cimento, Farin degirmeni, Titresim, Enerji, Ogiitme

1. INTRODUCTION

Farine which is the semi product of clinker is an important material which is produced by raw mills in
cement industry. About one third of the electrical power is consumed during the farine production in a
conventional cement factory. Improving machine design and choosing optimal operating conditions
could possibly lead to the development of new approaches toward energy saving in cement production
[1]. About 1.6 billion ton cement is produced per year in the World in 2011. About 2% of the electricity
produced in the whole world is used during the grinding process of raw materials [2]. While total
electrical energy consumption for cement production is about 100 kWh/ton of cement, roughly two
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thirds are used for particle size reduction [3]. About 65% of the total electrical energy used in a cement
plant is utilized for the grinding of coal, raw materials and clinker Figure 1 [4].
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Figure 1. The use of electrical energy in cement production

While producing large amounts of cement, the sector is one of the worst pollutant industries in the World
[5]. Primary physical energy intensity for cement production has dropped by 30%, from 7.9 GJ/ton to
5.6 GJ/ton since 1970 [6]. However at the same time the production of cement increased from 570
million tons to 1.6 billion tons per year. As a result, about 5% of global carbon dioxide emissions
originate from cement production. About half of this is due to calcinations and the remaining half is due
to combustion processes. In a cement plant, using energy efficiently during grinding process will lower
the production costs considerably. That will also lead to lower the emission rates [7]. A wide range of
options exists to reduce CO. emissions [8], and almost all of them are based on increasing energy
efficiency in various processes in industry. At the first part of the literature survey, it is seen that there
are some studies covering the energy consumption of different units in cement industry.

Schuer et al. [9] studied energy consumption data and focused on the energy saving methods for German
cement industry considering electrical energy saving methods and thermal energy saving methods.
Worell et al. [6] dealt with energy analysis in the U.S. cement industry for the years 1970 and 1997. The
study indicates that for a dry type cement production process, the carbon dioxide emission intensity for
kiln feed preparation process is about 5.4 kg CO per ton cement produced. Utlu et al. [10] studied
energy and exergy efficiencies of a raw mill for analysis and improvement of the plant.

There are many studies about grinding process in cement industry. Sogiit et al. [11] calculated first-law
(energy) and second-law (exergy) efficiencies of a raw mill by varying dead state temperatures between
—18°C and 41°C.

At the second stage of the literature survey, it should be seen that the experimental analysis are generally
carried out on laboratory scale ball mills. Behera et al. [12] have picked up vibration signals by using
accelerometers mounted directly on the mill shaft of a ninety centimeter diameter mill. The time domain
signals were transformed to frequency domain by using fast Fourier transform. The grinding behavior
under dry as well as wet grinding conditions was analyzed by following the variations in the vibration
signature as a function of speed of the mill, volumetric filling, powder loading, and time of grinding.

Kolacz [13] investigated the influence of the mill load (powder filling) on a dry fine grinding circuit. To

improve the circuit performance at industrial scale, alternative ways of mill load measurement were

investigated. He used a piezoelectric strain transducer to detect strain changes in the mill shell during
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mill rotation and evaluated the weight of the mill charge and controlled the powder filling to obtain an
optimal level. By measuring mechanical vibration with the transducer, additional useful information has
been obtained about the behavior of the cataracting and cascading balls inside the mill shell.

Gugel and Moon [14] studied mill load variations by using vibration sensors. The sensors were mounted
directly on the mill shell. They developed the neural net soft-sensor model and predict the filling level
of the dry ball mill.

Zeng and Forssberg [15] studied the mechanical vibration of tumbling mills using accelerometers. They
used several grinding parameters to see the variations in vibration signals. The technique that they used
to interpret vibration data is difficult and it is not possible to quantify the difference in signals by direct
inspection.

Huang et al. [16], were analyzed the relationship between the filling level and the position of the
maximum vibration point on the mill shell. They detected that when the filling level increases the
position of the maximum vibration point on the mill shell moves to a lower angular position.

There are many studies about raw mills in cement industry. Some of the studies focus on increasing the
efficiency of the unit and some of them emphasize the effects of some different parameters on the
vibration values of the system to establish the optimal operating conditions by recording and analyzing
the vibration on the unit regularly. The literature survey indicates that studies on industrial scale raw
mill in cement industry under real working conditions are limited in number. In this study, the raw mill
of acement plant is considered and its specific energy consumption is investigated. Effects of ball charge
rate, humidity and size of the feeding materials on vibration values of the system are studied. The effect
of vibration on the main driving motors to the electricity consumption of unit is analyzed. In that way,
the relation between the vibration and specific energy consumption of the whole unit is be revealed.
This paper can contribute to a better understanding of raw mill operation and parameters affecting the
electrical energy consumption of the unit.

2. SYSTEM ANALYSIS
2.1. Description of Farine Production Process

The most common raw materials used for farine production are limestone, chalk and clay [17]. These
raw materials are extracted from a quarry near to the plant. The collected raw materials are crushed and
carried to the raw mill for grinding process. Raw material preparation is an electricity-intensive
production step. The materials are ground in a ball mill until the desired properties are provided. Steel
balls are responsible for decreasing the size of the raw material pieces in the rotating tube. The product
of raw mills are called as; farine which is the semi product of clinker. It is then fed to the rotary burner
which transforms it into clinker which is the semi product of cement. After the grinding process in a
cement mill, the production process completes (Figure 2).
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Figure 2. Cement production process

When selecting the most convenient grinding and drying process, various factors must be considered
such as size, humidity and grindability of the feeding materials, ambient air conditions, mill size, and
quantity of hot gas which is sucked from the rotary burner. Therefore it is not easy to accept a grinding
and drying process ideal or most convenient [18].

The raw mill considered in this study is located in a cement plant located in Gaziantep, Turkey. The
plant is a double chamber mill with mechanical circulation system which grinds a medium hard material
at a capacity of about 102 tons/h. The mill diameter is 4000 mm and the grinding chamber length is
9,950 mm (Table 1). The bunkers contain raw materials and these materials are fed to the mill with
required proportions where they are dried and ground. After that, the pulverized material is conveyed to
the separator with a bucket elevator. The oversized material is conveyed back for further grinding. The
amount of recirculating material designates the feed rate through the raw mill. With the help of an
external air heater, 10 to 20% of moisture content can be dried. If the only external heat supply is the
rotary burner, only 5 to 10% moisture content of the input materials can be dried.

Table 1. Raw mill specifications.

Model Horizontal double chamber ball mill
Inner diameter (mm) 4,000
Length (mm) 9,950
Rotational speed (rpm) 15.8
Ball charge capacity (tons) 115
Feeding mine granularity (mm) <40
Moisture Content of Feed and Discharge (%) 15-1
Fineness Residue 90um (%) 12-14
Processing capacity (tons/h) 102
Total power of main driving motors (kW) 2000
Net weight of mantle (tons) 240
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2.2. Vibration Analysis of the Raw Mill

Collection and processing of the vibration signals are very critical during the investigation of the system.
A sensitive portable SKF Microlog Vibration Analyzer device is used during the diagnosis and analysis
of vibration on the main driving motors of the unit. The device has four channels and able to gather the
signals over a range of 10 CPM (0,16 Hz) to 4 800 000 CPM (80 kHz) (See Table 2). With the help of
data recorder module the signals from sensors connected to the device are digitally recorded and stored
as standard time waveform files (WAV). The data is collected and transferred to a computer for
additional analysis. The data acquisition is governed by the SKF Aptitude Analyst programming
environment which is a software development package designed specifically for instrument control and
measurement. The geometry of the mill and the main driving motors where the data gathered are
presented in Figure 3.

Table 2. Device specifications

Signal input Accelerometer, velocity, displacement.

Measurement parameters Acceleration, velocity, displacement.

Measurement types Overall, spectrum, time waveform, cross phase, shaft centerline
Signal RMS / Peak / Peak-Peak / True Peak / True Peak-Peak
Transducer check Bias Voltage Intearity

Dynamic range >90 dB

Frequency range DC to 80 kHz

Bearing condition gE

gE filters 5 Hz to 100 Hz, 50 Hz to 1 kHz, 500 Hz to 10 kHz, 5 kHz to 40 kHz
FFT resolution 100 to 25 600 lines

Time block length 256 to 65536 samples

Averaging RMS, Time, Peak Hold

Figure 3. Raw mill unit

2.3. Calculation of the Specific Energy Consumption of the Unit

In cement industry, there are two main types of energy use; fuel and electricity. The raw mill here uses
high amounts of electrical energy during the grinding process of feeding materials. Therefore, we
calculate specific energy consumption for electricity. Electricity consumption, farine production, and
the specific energy consumption of the mill under standard conditions are given on a monthly basis in
Table 3. While calculating the specific energy consumption all the equipments (main drive and auxiliary
motors, bucket elevator, separator, electro-filter, and system fan motors) used during the production of
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farine are taken into consideration. The raw mill system consumes an average of 1,380,939 kWh of
electricity while producing 54,274 tons of farine per month. Then the specific energy consumption for
electricity is determined to be, SEC = (1,380,939 kWh / 54,107 tons) = 25.52 kWh/ton farine.

Table 3. Monthly electrical energy consumption, farine production and specific energy
consumption of the raw mill*

Months Total production Electricity consumption SEC
(tons) (kwh) (kWh/ton)

January 58,652 1,551,345 26.45
February 48,366 1,269,124 26.24
March* 18,996 493,706 25.99
April 46,560 1,203,576 25.85
May 59,128 1,506,581 25.48
June 60,996 1,536,489 25.19
July 61,233 1,522,252 24.86
August 60,892 1,501,597 24.66
September 59,669 1,486,951 24.92
October 59,274 1,502,003 25.34
November 57,966 1,503,043 25.93
December 57,556 1,494,604 25.97
Average 54,107 1,380,939 25.52

* Standard conditions with 8% humidity, 30 mm feed material size, 113 ton of ball charge rate and
101 ton/h production capacity.
**Annual maintenance month for the unit.

3. RESULTS AND DISCUSSION

In cement industry, it is known that the ball mills with heavy loads produce strong vibrations. The most
convenient way to analyze these signals is to view them in the time domain. It indicates the deviation of
amplitude with respect to time. The sine waves which are generated by the unit enable us represent the
complex wave form of the mill vibration signal in the frequency domain. The relative amplitudes of
these sine waves of different frequencies contain information directly related to the operating state of
grinding. Thus, the time domain waveforms are transformed into frequency domain by fast Fourier
transform (FFT) technique. With this analysis, it is possible to correlate the variations in the
characteristics of the vibration signals to different parameters in the unit [12].

3.1. The Effects of the Ball Charge Rate on Vibration and Specific Energy Consumption of the
Unit

By using the vibration analyzer device, the overall spectrum values with respect to ball charge rate and
capacity of the mill are investigated and represented in Table 4. It is seen from the table that the vibration
values of the unit increases with respect to the ball tonnage and production capacity of the mill. Each
case is implemented for about one month and the electricity consumption of the unit is noted. Readings
of electric meters indicate that electricity consumption is increased by increasing the ball tonnage and
vibration on the main driving motors of the unit (Figure 4).
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Table 4. Overall spectrum values and monthly electricity consumption of main driving motors with
respect to the capacity of the unit

Ball tonnage Farine Vibration Electricity Production SEC
Cases (ton) production (mm/s) consumption  (tons/month)  (kWh/ton)
(ton/h) T motor 2 motor (kwWh/month)

1 107 98 2,319 1,702 1,451,990 57,165 25.40
2 110 100 2,491 2,180 1,477,230 57,999 25.47
3* 113 101 2,912 2,625 1,482,606 58,096 25.52
4 115 104 3,486 2,942 1,499,980 58,297 25.73
5 116 105 4,792 3,723 1,509,962 58,277 25.91
6 121 109 5,179 4,276 1,561,360 59,187 26.38
7 124 111 5,623 4,837 1,596,120 59,579 26.79

* Standard conditions with 8% humidity and 30 mm feed material size

- | st motor 2nd motor

Vibration (mn's)

2540 2547 2551 25.73 2591 26.38 26.79

SEC (kWh/ton farine)

Figure 4. Relationship between vibration and SEC at different ball charge rate and production capacities of
the raw mill

3.2. The Effects of the Size and Moisture Content of Feeding Materials on Vibration and Specific
Energy Consumption of the Unit

Moisture contents of the raw materials are measured in the laboratory of the factory on a regular basis.
In order to determine the moisture content of the feeding materials, a sample of each raw material
entering the raw mill is weighed, heated in an oven for an appropriate period, cooled, and then reweighed
in the laboratory of the factory. Moisture percentages and sizes of the feeding materials are given in
Table 5. Samples from the feeding materials were obtained and the vibration data were collected at
different dates to see the variation of the vibration with respect to humidity and size. It is seen that when
the moisture content of the raw materials is increased or reduced, there is a corresponding change in
vibration of the main driving motors, the rate of farine production and electricity consumption of the
system. During the investigation, both wet and dry materials are chosen for the grinding process.

When the moisture content of the raw materials is increased to about 17%, the specific energy
consumption of the unit is calculated to be 26.11 kWh/ton farine and when it is reduced to about 4% the
corresponding electrical specific energy consumption value is calculated to be 25.19 kWh/ton farine
(Table 6.). The vibration values on the main driving motors and the corresponding SEC values of the
unit are shown in Figure 5.
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Table 5. Moisture content and sizes of feeding materials

Feeding materials Moisture content (%) Sizes (m_m)
max.— min. max.- min.
Limestone 9-4 45 -20
Marl 17 -7 45 -20
Clay 16 -6 35-20
Iron ore 14 -5 30-20
Bauxite 14-5 35-20

Table 6. Weekly electrical energy consumption, farine production, SEC of the raw mill and the
corresponding vibration values on the main driving motors

Vibration o
Cases Raw materials’ moisture (mm/s) Total production Cgriiﬁtrnncggn SEC
contents and sizes 1t ond (tons/week) (kwh /vfeek) (kWh/ton)
motor motor
1 4/7% - < 20mm 2,569 2,302 15,613 393,291 25.19
2 7/9% - < 30mm 2,969 2,715 15,168 384,964 25.38
3 9/11% - < 35mm 3,366 2,907 14,863 380,939 25.63
4 11/13% - < 40mm 3,469 3,299 14,559 377,224 25.91
5 13/17% - < 45mm 4,098 3,791 14,290 373,112 26.11

~4— lstmotor —o—2nd motor

4.10

Vibration (mnv's)

2519 2538 2563 2591 26.11

Figure 5. Relationship between vibration and SEC at different moisture contents and sizes of the feeding
materials of the raw mill

3.3. The Effects of the Periodical Maintenance of the Unit on Vibration and Specific Energy
Consumption

The system transmits power through two shafts. Each shaft has a length of about 6,450 mm and
supported by three ball bearings between the gearing unit and pinion gears of the mill. In order to reduce
the vibration values on the system, an effective lubrication is applied at all rotating parts of the unit. The
connection bolts of the main driving motors, main gearing units, auxiliary motors, pinion gears and ball
bearing beds are controlled and the loose sections are tightened regularly. The vibration values of the
unit are compared with the values before the application of this strict periodical maintenance. The mill
ball load and the production rate are kept constant during the analysis. Table 7 presents the farine
production, electricity consumption, SEC of the unit for one week and vibration values at the main
driving motors after the periodical maintenance of the unit. It is represented as “good conditions” for
the mill.
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Table 7. Comparison of the good and standard working conditions of the mill*

Good Average Average vibration Electricity Farine
i L o o . ; SEC
conditions  vibrationon 1 on 2" motor consumption production (KWh/ton)
(days) motor (mm/s) (mm/s) (kwh/day) (ton/day)
1 2.308 2.102 52,919 2121 24.95
2 2.622 2.466 49,894 1969 25.34
3 2.235 2.059 56,168 2263 24.82
4 2.497 2.198 59,759 2399 24.91
5 2.403 2.263 47,591 1909 24.93
6 2.245 2.033 56,453 2269 24.88
7 2.336 2.107 52,429 2098 24.99
Average 2.978 2.719 53,602 2147 24.97

* Ball charge tonnage (113 tons) and production rate (101 ton/h) is kept constant and standard conditions with
8% humidity and 30 mm feed material size are provided during the comparison

3.3. CO;, Emission Reduction of the Unit

The specific energy consumption of the unit is calculated to be 25.52 kWh/ton farine. The amount of
carbon dioxide emission per kWh of energy consumption can be taken as 940 g [19]. The amount of
emission is found to be 23.99 kg CO,/ton farine. The annual farine production of the unit is about
649,284 ton and the corresponding carbon dioxide emission is about 16,570 tons a year. After decreasing
the moisture content and the size of the feeding materials by half, the SEC of the unit is decreased by
1.29% to 25.19 kWh/ton farine. Periodical maintenance of the unit has an important influence on both
the SEC and emission values. By maintaining the periodical maintenance, the SEC of the unit is
decreased by 2.16% to 24.97 kWh/ton farine. This corresponds to a 2.16% decrease in CO, emissions
of the unit.

4. CONCLUSIONS

The vibration analysis and performance assessment of a raw mill indicate that the grinding process is
affected by certain parameters. The main results of the study can be summarized as follows:

e The ball charge tonnage (113 tons), production capacity (101 ton/h), the humidity (8%) and size
(about 30mm) of the feeding materials are kept constant during standard production of the unit.
The average vibration values of the first and second main driving motors of the unit are
measured to be 2.912, 2.625 mm/s respectively. The specific energy consumption of the unit is
found to be 25.52 kWh/ton farine. Corresponding annual CO- emission of the unit is calculated
as 15,576 tons.

e The ball tonnage of the unit has been increased gradually and the vibrations on both main driving
motors are measured. It is seen that, when the ball tonnage is increased by 9.7%, the vibration
on the first and second main driving motors have increased by 93.1% and 84.3% respectively.
Additionally, the SEC of the unit has increased from 25.52 to 26.79 kWh/ton farine.

e The size and the moisture content of the feeding materials should be as low as possible for
improved performance of the process. Keeping the raw materials in a closed stock area
decreases the moisture content by 30 to 40%. When the moisture content of the raw materials
is reduced by half, the vibration of the first and second main driving motors are decreased by
11.78% and 12.3% respectively. The average SEC of the unit has decreased from 25.52 to 25.19
kWh/ton farine.
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e When the periodical maintenance of the unit is strictly ensured, the vibrations on the first and
second main driving motors are reduced by 20.74% and 19.92% respectively. The SEC of the
unit has decreased from 25.52 to 24.97 kWh/ton farine. The annual CO- emission is reduced
from 16,570 tons to 16,212 tons. The specific CO, emission per ton farine produced is reduced
by 2.16%.

e The raw mills are big grinding facilities and there are many different parameters affecting the
grinding behavior of the unit. Mill size, ball charge rate, shape, temperature and humidity of the
entering raw materials, circulating load within the system, ambient air conditions, rotational
speed of the mill, temporary stops for the periodical maintenance of the system, chemicals used
to speed the pulverization and to eliminate the sticking problem, efficiency and performance of
each machinery used, the microstructure of the raw materials and vibration characteristics of
the system are some of these parameters. Further studies on the topic may involve the
investigation of these parameters on the system performance and optimization of them for best
operation. An economic analysis of the system can also provide significant information
indicating cost allocation in the system. It is realized that, maintaining the best operational
conditions for the mill is so essential to produce maximum amount of farine, to consume less
energy and to decrease the emission rates of the industry.
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