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Pospo6aeno ananimuunuii memoo eusna-
yenns 3nouwenns Oponi Oapadana mauna 3
8PAXYBAHHAM 11020 KYAb0B020 3A6AHMANCEH-
H npu po3mentosamti eyeinns mapxu <I's.
Pospooneni pexomendayii wooo npaxmuu-
HO20 GU3HAMEHHS KYNb06020 3A6AHMANCCHHS
MAUHA 3A eKCRAYAMAUTHHOI0 XapaKmepucmu-
xoto N,=f(G,) 3 ypaxysannam nonpasxu na
nepesumpamy Kymiv, KA KOMNEHCYE empamy
Memany oponi 6apadana

Kmouosi crosa: ananimuunuii memoo, napo-
euil KomeJ, Ky 106Ul bapadannuii Maun, eyezi-
s, memn 3nouenns Opomi Gapabany, memn
3HOWEHHA KYNb, 4AC POOOMU MIAUHA, KYTbOBE
3a6anmasicenns

[m, ]

Paspaboman anarumuueckuii memoo onpe-
denenus usnoca Oponu Gapadana MenvHUUbL
C yuemom ez20 wapoeoll 3azpy3Ku npu nomo-
ne yensn mapxu <I>. Paspabomanvt pexo-
MeHOauuu no NPaKxmuuecKkomy onpeoeseHuro
wWapoeoll 3azpy3Ku MeIbHUUbL N0 IKCRAYAma-
yuonnou xapaxmepucmuxe N,=f(G,) ¢ yue-
MoM nOnpasKu Ha nepepacxoo wapos, Komo-
pas KoMnencupyem nomepio memania oponu
oapabana

Kntouesvie cnosa: ananumuueckuii memoo,
napoeoil xomen, waposos dapadannos meiv-
Huua, yzouas, memn usnoca o6ponu Gapabdana,
memn u3HOCA Wapos, epems padomol meavHuU-
Ybl, Waposvle 3azpY3Ku

u] =,

1. Introduction

The power industry is one of the basic components of
Ukraine’s economy, the effectiveness of which contributes to
the state progress. The basis of the power industry is the elec-
tric power industry, which uses coal as primary power source.
About 30 % of the total electric power is produced on coal-
fired power plants in Ukraine. Such amount of electric power
generation requires efficient combustion of fossil fuel, i. e. coal.

The coal entering a boiler furnace undergoes appropriate
preliminary preparation. The fuel is dried and ground in
drum ball mills, after which it is fed into the dust hopper, and
then in the boiler through the burners.

The efficiency of combustion depends on the quality of
the prepared coal dust in drum ball mills, the performance of
which deteriorates in the process of operation because of the
need to periodically check and adjust the work of the mills.

One of the key operating parameters of a drum ball mill is
the drum armor wear and ball charge of a drum, which affect
the performance and specific electric power consumption for
dust preparation.

During the mill operation, the ball charge is maintained
at a constant maximum level by the periodic addition of balls
to the drum, which provides the best possible performance
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with satisfactory quality of the finished dust. According to the
characteristic N,,= f(G)), the operating maximum ball charge
corresponds to the mill electric motor loading, which depends
on the value of the rotating mass of the drum and balls. In this
case, the replacement of the drum armor wear (AGs) with the
value of the ball charge (AG,) increase occurs, which adverse-
ly affects the performance of drum ball mills and ultimately
the reliability. Therefore, the development of an analytical
method for determining the armor wear of the mill drum,
taking into account its ball charge, is an urgent task.

2. Literature review and problem statement

Coal-fired power plants are the basic component of the
power industry of Ukraine and many countries of the world
and occupy one of the main places in electric power genera-
tion [1, 2]. Today, Ukrainian thermal power plants produce
about 30 % of electric power [3]. In accordance with the
development plans of Ukraine’s power industry till 2030,
TPPs operating on coal of own production will be the basis
of flexible power facilities of the united energy system (UES)
of Ukraine. It is planned to introduce clean coal technolo-
gies, based on the development of new and already known




technological processes and to consider the issue of pos-
sible coal combustion in a pilot plant [4]. The works [5-7]
highlight the issues of fossil fuel combustion and capture of
fuel ash particles in flue gases. In the above publications, the
authors consider not efficiency, but actual operation of drum
ball mills. Ensuring the reliability of boiler units is a key
component of efficient operation of TPP power units, as well
as operation of drum ball mills and armor surfaces.

It is known that the coal grinding process is accompanied
by a simultaneous wear of ball metal and drum armor [8].
Gradual and continuous wear of armor reduces the drum
weight, which lowers the electric load N, and introduces an
error when determining the ball charge.

In [9, 10], the problem of the power industry regarding
the production of synthesis gas from fossil fuels (coal) is in-
vestigated. At the same time, the authors pay attention not
to fuel preparation, that is, drying and grinding, but only to
the process of synthesis gas production.

The papers [11, 12] investigate the processes of solid fuel
gasification and describe the design features of circulating
fluidized bed (CFB) gasifiers, and do not consider the coal
preparation in ball mills, but take estimated values only.

Modern research works on drum ball mills, as well as
regulatory documents, do not specify the rates and periods of
armor wear of drums of different manufacturers, but only ex-
penditures of balls [13—15]. The paper [15] describes the ex-
perimental studies of dust systems, while analytical methods
of research have not been given due attention. Accordingly,
this does not allow ensuring cost-effective and reliable ope-
ration of drum ball mills.

Experimental methods for determining the performance
of drum ball mills are also known [16, 17]. However, the ra-
tional and maximum efficiency of the mills can be provided
by reliable operation of armor surfaces of mills. At the same
time, the recommendations contained in them have either
a rather general nature, or, conversely, a very narrow appli-
cation scope.

Therefore, the development of an analytical method that
would allow carrying out diagnostic tests and engineering
calculations of dust systems without conducting experimen-
tal studies is an important scientific and applied problem.

3. The aim and objectives of the study

The aim of the work was to develop an analytical method
and carry out the corresponding calculations of the mill drum
armor wear. To achieve this aim, it was necessary to accom-
plish the following objectives:

— to determine the armor wear of the mills KBM 370,/850
(Sh-50A) that grind «G» grade coal,

— to determine the wear rate of the drum armor depending
on the manufacturer in Ukraine;

— to determine the ball charge, taking into account the
mill drum armor wear and the characteristic N,,=f(Gy) of the
mill electric motor loading.

4. Objects and methods of research

4. 1. Objects of research of Burshtyn TPP to develop
an analytical method for determining the KBM armor wear
The boiler TP-100 (TP-100A) of the 200 MW power
unit of Burshtyn TPP (Ukraine) is equipped with two

individual dust preparation systems with drum ball mills
KBM 370/850 (Sh-50A).

The dust system of the boilers TP-100 is designed
for grinding «G» grade coal of the Lviv-Volyn coal ba-
sin (Ukraine): QF=24.41 MJ /kg (5830 keal /kg), WP=7.4 %,
AP=22.4 %, V6=38.5 %; grindability index I;=1.2.

Design parameters of the finished dust: Ryg=24 %, WP=2 %.

Basic elements of the mill KBM 370/850 (Sh-50A):

— rotating horizontal cylindrical drum;

— armor coating of the inner surface of the drum body;

— drum ball charge;

—mill drive — low-speed synchronous electric motor,
connected to a drive gear and a gear ring of the drum through
a coupling;

— self-lubricating bearings.

In the design, the cylindrical inner surface of the drum is
equipped with armored plates, the mounting of which to the
case shell is carried out by means of spacer wedges. Plates and
wedges form a continuous wave that promotes capture and
lifting of balls and coal material. The end walls of the drum
are covered with flat armor plates.

Characteristics of ball charge and design armor of the
mill drum:

— ultimate ball charge t=100 t;

— design ball charge G/=8ball 0t;

— maximum operating ball charge G,"*=70t;

— ball diameter d =40 mm;

— design weight of the drum armor plates G,"*=70t;

— estimated specified life of the mill drum armor T=20000 h.

The complete replacement of the drum armor is recom-
mended in case of weight reduction up to 50 % of the original
design value.

The mills equipped with armor plates, depending on the
manufacturer, located in the cities of Donetsk, Bilozersk and
Dnipro (Ukraine), have different service life of the drum
armor.

The technical measure to increase the life of the drum
cylindrical surface armor is the introduction of the rolling
sleeper armor, developed by the «Rudmetalurgprom» enter-
prise (Ukraine) and manufactured by the Dnipro steel works.

4. 2. Methods of research for determining analytical
optimization of armor wear of the KBM drum and balls

To perform the experimental part of the work, common-
ly used methods of heat engineering measurements were
used. Modern methods of research and calculation using the
physical modeling of a numerical experiment on a computer,
methods of experiment planning and mathematical statistics
means were used.

3. Results of calculating the mill drum armor wear

Metal loss from the drum armor wear was calculated
based on the armor wear rate and duration of the maximum
interrepair time of the mill. Thus, the metal loss was calcu-
lated in case of replacement of individual armor plates during
repair without the complete removal of the armor of the cy-
lindrical or end surfaces.

The mill drum armor wear rate (gs) is determined by the
formula (1):
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the ball wear rate (g) is determined similarly

aG,
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e (2)
In [18, 19], analytical dependencies of changes in the
values of g5 and g, were obtained, according to which it was
found that the given dependencies are linear, that is,
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where M, is the coefficient of proportionality between the
wear rate of the drum armor and balls.

It was found that for the drum ball mills KBM 370/850
(Sh-50A), M, depends on the manufacturer armor characte-
ristics, as well as coal grade.

The relationship between the wear rate of the drum
armor and wear rate of grinding balls is linear and is deter-
mined by the formula (4):

8s=Mp- 8. (4)

The analysis of the studies showed that the ratio of the ar-
mor wear rate to the ball wear rate is a constant value. The va-
lue of the M, coefficient for the mill KBM 370,850 (Sh-50A),
equipped with armor plates is given in Table 1.

Table 1

Characteristics of the mill metal wear rate depending
on coal grade

Coal grade [20]
Parameter
ASh GSSh
balls 96, 31.0 15.1
Metal wear T
rate, kg/h 9G
drum armor —% 2.15 1.1
J7
Coefficient of proportionality M, 0.060 0.067

The calculation was performed according to the ex-

5 5 at/ ot

=2.15/31=0.07 and for GSSh %/% =1.1/15.1=0.07).
T T

perimental data taken from Table 1 (for ASh

According to experimental studies, the ratio of the armor
wear rate of the drum, equipped with a sleeper armor, to
the wear rate of grinding balls is a constant value of 0.07.
The M, coefficient for the mill with a sleeve armor has a value
of 0.060 (Table 1).

The ball wear rate was calculated by the formula (5):

a
8y =8y —", (%)
a

norm1

where g1 is the known wear rate of balls in case of GSSh
grade coal grinding (Table 1); @uprm, @norm1 are standard spe-
cific expenditures of balls in case of G and GSSh grade coal
grinding [4].

The actual armor life depends on the quality of manufac-
ture. According to the place of manufacture in Ukraine, the

armor used in mills is divided, as noted earlier, into Bilozersk,
Donetsk and Dnipro.

It is known that the armor life is characterized by the
actual duration of the maximum interrepair time of the mill.
The durations of the maximum interrepair time of the TPP
mills, depending on the place of armor manufacture, are given
in Table 2.

The duration of the maximum interrepair time of the
mill st. No. 8B, the drum of which is equipped with armor
plates of Donetsk production is taken as the main parameter
for estimating the armor wear rate. According to Table 2,
correction factors for the armor wear rate for mills with the
Bilozersk or Dnipro armor are determined:

a) Bilozersk armor:

— correction factor M{=0.8;

— armor wear rate gs=0.05 - g,

b) Dnipro armor:

— correction factor M{=1.6;

— armor wear rate gs=0.1"-g.

Table 2

The statistics of the interrepair time of Burshtyn TPP mills
depending on the armor grade

Place of Mill Interrepair time of the mill
armor manu-
facture st.No. | Durationt, h | Average duration 1, h
Donetsk 8B 25194 25194
. 9A 34823
Bilozersk 10A 27507 31165
1A 14175
1B 17160
3B 13761
Dnipro S5A 16318 15283
6B 8046
12A 18318
12B 19200

Metal loss from the drum armor wear for the interrepair
time of the mill was calculated by the formula (6):

AG, = aa%' At, (6)

where At is the duration of the interrepair time, h.
The drum armor wear magnitude (bs) was calculated by
the formula (7):

— AGS

b :
s Gl

(7)

where G, is the initial weight of the drum armor, t.
The over-expenditure of balls during the interrepair time
of the mill was calculated by the formula (8):

G
AG, = (a—;~AIJ~MI) =M,-AG, (8)

where M, is the coefficient of the armor metal loss recal-
culation to equivalent over-expenditure of balls in terms
of energy costs; for the mill KBM 370/850 (Sh-50A), the
coefficient M,,=0.36.

The drum overcharge with balls for the interrepair time
of the mill was calculated by the formula (9):



G =G+ M, AG;, 9)

where G, is the operating maximum charge of the mill
according to the parameter chart, t.

The estimated maximum ball charge of the mill, which
takes into account the additional weight of balls, replacing
the metal weight from the drum armor wear, was calculated
by the formula (10):

G =G™ — M, -AG,. (10)

According to the method for analytical calculation of the
drum armor wear of the mill KBM 370,/850 (Sh-50A), the
following initial data are required:

— the type of armor coating of the drum (armor plates or
sleeper armor) and the place of armor manufacture;

— the grade of coal ground by a mill;

— the value of the duration of the maximum interrepair
time of the mill.

Calculation of the armor wear rate of the mill st. No. 8B,
the drum of which is equipped with armor plates of Donetsk
manufacture, was conducted according to the developed
methodology and the initial data.

During the interrepair time, the operating conditions of
the mill varied in the following range:

— coal characteristics:

©=17.09-20.18 MJ /kg (4081-4819 keal /kg),

WP=9.4-12.5%,

AP=254-352 %,

V6=38.4-40.3 %;

— ball charge of the drum G,=53-63 t;

— hardness of balls 534 HB.

The initial data for the calculation were:

— a mill with armored plates of Donetsk manufacture;

— «G» grade coal;

— duration of the maximum interrepair time of the mill
1=25194 h.

The results of the calculation of the drum armor wear
rates of the mill st. No. 8B of Burshtyn TPP are shown in
Table 3.

According to the results of the calculation, the state of
armor at the end of the interrepair time of the mill was cha-
racterized by:

—the drum armor wear magnitude bs=0.5 and the
maximum possible metal loss from the drum armor wear
AGs=2217t;

— the drum armor wear rate gs=0.88 kg/h;

— uncontrolled over-expenditure of balls in the drum
AG,=8t and drum overcharge with balls G;*" =78 t.

The dependencies of the drum armor metal loss AGs and
over-expenditure of balls AG, on the operation duration t of
the mill st. No. 8B are shown in Fig. 1.

The values of the armor wear rate g for the mills whose
drums are equipped with the Bilozersk and Dnipro armor are
0.69 and 1.37 kg/h, respectively.

The relationship between the drum armor metal loss AGg
and the time 7 is:

AGs=0.89 1, (11)
and the over-expenditure of balls will be determined by the
formula (12):

AG,=0.32 1. (12)

Table 3

Initial data and results of the calculation of the drum armor
wear rates of the mill st. No. 8B of Burshtyn TPP

Parameter Calculation Calcula—
tion result
Initial data
Initial armor weight G, t - 44
Operating maximum ball charge G, t - 70
Ball wear rate in case of GSSh coal
5 - 15.7
grinding g1, kg/h
G
Standard specific expendi- | g,,... g/t

ture of balls in case of G - 224

coal grinding GSSh
Anorm1, g/t
Coefficient of proportionality M, - 0.067
Conversion factor M), - 0.36
Duration of the maximum interrepair _ 925194
time T, h
Calculation of drum armor wear rates
196
Ball wear rate g, kg/h 15.7-— 13.7
224
Armor wear rate gs, kg/h 0.064-13.7 0.88
Metal loss from drum armor wear AGg, t | 0.88-25.194 2217
, 2.17
Drum armor wear magnitude bg “a 0.50
Over-expenditure of balls AGy, t 0.36-22.17 8
Drum overcharge with balls G}, t 70+8 78
Estimated maximum ball charge G/, t 70-8 62
25-
1
« 204
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<
©10-
@)
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Fig. 1. The dependency of the drum armor metal loss
and over-expenditure of balls on the operation duration
of the mill st. No. 8B: 1 — drum armor metal loss;

2 — over-expenditure of balls

Fig. 2 shows the dependency of the estimated maximum
drum ball charge on the mill operation duration and the
place of armor manufacture provided the maximum allowable
drum armor wear (bs=0.5) and the same estimated maximum
ball charge.

Thus, for the timely prevention of uncontrolled increase
in the weight of balls in the drum, it is necessary to appro-
priately take into account the actual drum armor wear when
determining the mill ball charge.
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Fig. 2. The dependency of the estimated maximum drum
ball charge on the mill operation duration and the place
of armor manufacture: 1 — Bilozersk;

2 — Donetsk; 3 — Dnipro

According to Fig. 2, the analytical dependency of the
change in the maximum mill drum charge on the operation
duration has the form

G/ =A-B1, (13)
where A is the dimensionless coefficient, characterizing the
initial optimum charge of the mill; B is the weight coeffi-
cient, t/h; T is the mill operation time, h.

For the mill KBM 370,850 (Sh-50A) with the armor of
the Bilozersky manufacturer:

G} =70-0.261, (14)
for the armor of the Donetsk manufacturer

G/ =70-0.32-1, (15)
for the armor of the Dnipro manufacturer

Gy =70-0.53 . (16)

The obtained analytical dependencies (14)—(16) allow
carrying out diagnostics of drum ball mills and planning re-
pair works with the greatest efficiency.

6. Discussion of the results of determining
the ball charge, taking into account the mill
drum armor wear

Under operating conditions, ball charge is determined by
the characteristic N,=f(G)) depending on the mill electric
motor loading in the case of discharge of the coal material
from the drum. During the interrepair time, the constant
loading N,,, which, according to the characteristic, corresponds
to the operating maximum ball charge G,™, is maintained
by the periodic addition of the required number of new balls
in the drum. At the same time, the weight of the metal lost
from the armor wear is replaced with the additional weight of
balls AG}, equivalent in terms of energy costs, which increases
the actual total weight of the ball charge to G, +AG, +G,.
Thus, for the drum to have the weight of balls equal to G,"*,
it is necessary to maintain the value of the loading N,,, which
according to the characteristic corresponds to the value of the
estimated maximum ball charge G/ =G, - AG,.

According to the calculation results (Table 3), the de-
pendency of over-expenditure of balls on the mill operation

duration and the place of armor manufacture was const-
ructed (Fig. 3).

0 8 16 24 32
710’ h
Fig. 3. The dependency of over-expenditure of balls on the

mill operation duration and the place of armor manufacture:
1 — Dnipro; 2 — Donetsk; 3 — Bilozersk

According to Fig. 3, the analytical dependency of
over-expenditure of balls on the mill operation duration
has the form

AG,=B -1, 17)

where B is the weight coefficient, t/h; T is the mill operation
duration, h.

For the KBM 370/850 (Sh-50A) mill with the armor of
the Dnipro manufacturer, the analytical dependency will be:

AG,=0.53 -1, (18)

for the mill with the armor of the Donetsk manufacturer

AG,=032 1, (19)

for the mill with the armor of the Bilozersk manufacturer

AG,=0.26 - 1. (20)
Based on the estimated ball charge G/=65t, the mill
electric motor loading N,,=950 kW, whereby the drum
would have the actual operating maximum ball charge
G, =70t (Fig. 4) was determined using the formula (21):

Nyp=14 - G,+40, (21)

where N, is the electric motor loading; G, is the ball charge.

1000+

E 900+

EN

- 800-
AGL=5t

700+

50 55 60 65 70
Gp,t
Fig. 4. Determination of the electric motor loading of the mill

st. No. 8B in case of the actual ball weight of G;** =70t
in the drum



According to the Operating instructions, the adjustment
of AGy, to the characteristic N, =f(G}) is recommended to
be introduced periodically — every 4000—5000 hours of mill
operation after the beginning of the interrepair time or the
construction of a new characteristic. Note that there is no
need for the adjustments of AG, to the characteristics after
each regular sorting of balls, which, according to the Ope-
rating instructions, are carried out with a frequency of at
least 2500-3000 hours of mill operation.

7. Conclusions

1. The method of determining the armor wear of the mills
KBM 370/850 (Sh-50A) is developed on the example of «G»
grade coal grinding, which allows carrying out a partial re-

placement of armor plates during repair without a complete
restoration of armor coating of the cylindrical or end surfaces
of the drum.

2. The comparative analysis of armored plates of the mill
ball drum is designed and conducted and the main estimation
indicator is obtained — the drum armor wear rate depending
on the manufacture quality of plates, which is: Bilozersk
armor 0.69 kg/h, Donetsk armor 0.88 kg/h; Dnipro armor
1.37 kg/h.

3. The mill ball charge and the mill electric motor loading
N,, according to the characteristic N,, = f(G}) as a function of
ball charge G, are determined.

The developed method allows determining the mill drum
armor wear magnitude, and, accordingly, and the mill over-
charge with grinding balls, which allows increasing ultimate-
ly the reliability and efficiency of the drum ball mill.
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