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Abstract: The traditional model of closed circuit ball milling systems has been used for several
decades, however, if the classifier of the closed circuit ball mill system performs the duties of both
pre-classification and check-classification, the characterization error of the traditional model is large.
To address this problem, a new model is obtained by modifying and supplementing the traditional
one. The most important feature of the new model compared to the traditional model is that the
circulating load is considered to be the fresh feed for the entire system rather than the ball mill. The
error between the slurry level height calculated using the traditional model and the actual is 52.31%,
which is 13.77 times higher than that of the new model. When the relative capacity varies greatly,
that of the ball mill calculated by the traditional model fluctuates between 0.95 and 1.15, while the
new model is 0.6 to 1.4. The new model has a higher accuracy than the traditional model in
characterizing the production status of the grinding system, which is of some significance for
industrial production.

Keywords: closed circuit ball mill; circulating load; classification efficiency; relative capacity of ball
mills; industrial applications

1. Introduction

Grinding is a pretreatment operation for mineral processing, and its main purpose is to crush
large pieces of ore to the size needed for separation[1]. At the same time, the ball mill is the most
energy-intensive operation in the ore processing plant because of its large operating power[2,3]. With
the increasing severity of the greenhouse effect and the growing urgency to reach the carbon peak,
milling is receiving more and more attention from researchers[4-7]. From laboratory batch
grinding[8-10] to industrial ball mills[11-13], from single[14,15] to multiple minerals[16-18], from
breakage rate function[19] to population balance model[20-23], scholars have invested a lot of effort
in better characterizing and predicting grinding characteristics. For industrial ball mills, circulating
load[24-27] and classification efficiency[28,29] are the two most important indicators to characterize
their working condition.

Industrial ball mills are usually used in conjunction with classifiers, which play the role of
preventing fine particles from entering the ball mill and controlling the size of the final product. With
the wide application of classification equipment represented by hydrocyclones[30] and high-
frequency screens[31], the working condition of classification equipment has received unprecedented
attention, and a large number of models to characterize the working condition of classification
equipment have emerged over time[30,32,33]. In all models, circulation load and classification
efficiency are the two most important indicators, the former reflects the operation of the ball mill and
the latter signals the efficiency of the classifier. For open circuit grinding[34,35], there is no
disagreement with the calculation of the circulating load and classification efficiency, both of which
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can be characterized relatively accurately. However, for closed circuit grinding[28,36], the authors
find that the existing calculation methods and models are not accurately characterized based on data
from a large number of industrial grinding and classifying systems, and need to be revised and
supplemented.

2. Theoretical background

2.1. Classification

Classification is an operation where particles are separated according to particle size. The two
most common classification methods are screening and hydraulic classification. The high-frequency
vibration sieve is the representative of the former method and the hydrocyclone is the representative
of the latter. The process by which materials are separated into different particle sizes through one or
more layers of the screen surface is called screening classification[31]. Hydraulic classification is the
process of dividing a broad particle size class into a number of narrow size class products according
to the different settling velocities of the frame in the moving medium[30]. The product of the grinding
operation is a broad size mineral group, where the coarse size minerals do not meet the size
requirements of the subsequent operation. At this time, the ball mill needs to be used with
classification equipment to feed the material that meets the size requirements into the next process,
and the material that does not meet the size requirements is returned to the ball mill for regrinding.
According to the different functions of classification, it can be further divided into pre-classification
and check-classification.

Pre-classification is to discharge the qualified particles in advance before entering the ball mill
to avoid the transitional crushing of materials and thus improve the capacity of the ball mill and
reduce energy consumption. For pre-classification, there is no circulating load because no material is
returned to the ball mill.

Check-classification is to control the particle size of the discharged product after the material has
been ground by the ball mill, and to return the coarse particles with unqualified particle size to the
ball mill for regrinding, so as to ensure that the final product meets the particle size requirements of
the subsequent operation.

2.2. Grinding circuit

Depending on the function of the classifier, the grinding circuit can be divided into open circuit
ball milling and closed circuit ball milling. As shown in Figure 1(a), open circuit ball milling involves
the grinding circuit in which the material is pre-discharged by the classification operation before
entering the ball mill. It is characterized by a relatively small amount of material entering the ball
mill, in which case the relative processing capacity of the ball mill is larger and the energy
consumption per unit is lower. However, a certain number of coarse particles will be present in the
final product of the open circuit ball milling, which will have an impact on the subsequent separation.
As shown in Figure 1(b), the ball mill discharge enters the classification stage before going into
separation, and the classification operation returns the unqualified particles to the ball mill for
regrinding to form a closed circuit, which is called closed circuit ball milling. When the amount of
returned material is large, the efficiency of the ball mill decreases and the energy consumption per
unit increases significantly.
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Figure 1. Open circuit and closed circuit ball milling.

2.3. Circulating load and classification efficiency

The circulating load of the ball mill refers to the mass percentage of the return to the fresh feed
(by solid). Circulating load is an important index of grinding and classifying system, which can
directly reflect the instantaneous processing capacity of ball mills. It is directly related to the working
condition of the ball mill and the classifier, usually the circulating load of the ball mill and the
classifier is small when the working efficiency is high, and vice versa. The plant calculates the
circulating load to determine if the grinding media needs to be replenished or the processing capacity
needs to be changed.

Hydraulic classification is the process of dividing a broad particle size class into a number of
narrow size class products according to the different settling velocities of the frame in the moving
medium under centrifugal and drag forces. The classification used in this thesis refers to the use of
hydrocyclones as classification equipment to obtain a finer size overflow and a coarser size
underflow. The classification efficiency refers to the mass of solids smaller than a certain size in the
overflow as a percentage of the total weight of solids of that size. Both it and the circulating load are
important parameters in the analysis of the operation of a closed circuit ball mill, and there is also a
functional relationship between the two that one can be transformed into the other.

3. Mathematical models and Methodology

Numerous studies have indicated that the particle size characteristics of the ground product
from short time grinding are consistent with first-order grinding kinetics[37-40], implying that the
rate of fines production (D) equals to the rate of the coarse (R) breakage. The first-order grinding
kinetics can be written as the following equation:

dR _
— =kR 1)

where R is the amount of coarse material, k the grinding rate constant, and t is the grinding time.

3.1. Sole function of check-classification (the traditional model)

As shown in Figure 2, when the feed ore in a closed circuit ball mill system is first fed into the
ball mill and then the discharge enters the classifier, the classifier plays only the role of check-
classification. The overflow from the classifier is the final product and the underflow is returned to
the ball mill for regrinding. In this case, the ball mill capacity is related to both the circulating load
(C) and classification efficiency (E).
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Figure 2. Flow chart of the first type of closed circuit ball mill.
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Assuming that there is only coarse material in the mill feed (new feed), the total mass of solids
in the ball mill discharge can be derived according to the mass conservation equation of solids as:
Q+CQ=0(1+0) )
According to Jankovic's[29] calculations, the fractions of coarse material in the feed (R;) and
discharge (R;) of the ball mill can be derived as:

1 1
Rf:E(Z-I_C_E) 3)

Ri=——(1+C—-) @)

1+C

Assuming that the fraction of coarse material in the mill load (R;) is the arithmetic mean of the
fraction in the feed and product, according to the first order grinding kinetics, mill capacity can be
expressed as:

k 1
Q=kR;, = m(l.S +C— E) 5)
Ultimately, the relative capacity of this closed circuit ball mill is:
(1+cz)(1.5+c1—Ei1)

Ko = (1+C1)(1-5+Cz—é) ©)

where K; is the relative capacity, C;, C, are the circulating load and E;, E, are the classification
efficiency under different milling circuit capacity (It is worth noting that Jankovic made a mistake in
calculating this value by reversing the numerator and denominator, which has been corrected in this

paper).
According to the material mass conservation it can be derived that the following relationship

exists between the new feed Q of the ball mill, the ball mill discharge D, the overflow OF of the
hydrocyclone and the underflow UF:
OF =Q; UF =(CQ (7)
According to the conservation of mass of fine material, it is obtained that:
OF Xd+UFXb=QXc+UF Xc
The circulating load refers to the ratio of the hydrocyclone underflow to the new feed to the ball

mill:

C=—= X 100% (8)
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The circulating load refers to the ratio of the hydrocyclone underflow to the new feed to the ball
mill:
According to the definition of classification efficiency it is obtained that:
_ OFxd Qxd __dx(c—-b) 0
T (Q+UF)xc  (1+C)XQxc  cx(d—b) x100% ©)

The following relationship exists between classification efficiency and circulating load:

— d 0
E—dbLX100/o (10)

100

where b, ¢ and d are the mass fraction of the underflow, classifier feed and overflow less than a
specific size, respectively.

The calculation method and relationship between circulating load and classification efficiency
described in closed grinding circuit with single check-classification has been used since 1968 when
Hukki proposed it[3,29,41], regardless of the type of closed circuit ball mill (traditional model). The
traditional model has been a key tool in guiding ball mill production for many years and is the
cornerstone of grinding technology development. However, a deeper study of closed circuit grinding
reveals that the simple extension of this model is not rigorous, especially for closed grinding circuit
with pre-classification and check-classification.

3.2. Synergized functions of pre-classification and check-classification

When there is pre-classification and check-classification in closed circuit grinding, we need to
modify and supplement the model. As shown in Figure 3(a), when the feed ore in closed circuit ball
mill system is first fed into the classifier and then entering the ball mill, the classifier has role of both
pre-classification and check-classification. Now, there are two models necessary to be analyzed in
detail later. Model A works when the two roles of the classification equipment are analyzed
separately, and then the parameters such as circulating load of classification are calculated (pre-
classification has no circulating load). Model A could be viewed as an extension of the traditional
model, but the shortcoming of the traditional one, which lies in guiding the industrial practice, still
exists. Thus, model B is developed and referred to as the “new model” for the sake of comparison
later. As shown in Figure 3(b), model B functions when the two roles of the classifier are considered
as a whole to calculate its parameters such as circulating load and classification efficiency.

______________ -
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Figure 3. Flow chart of the second type of closed circuit ball mill.

3.2.1. Model A (the extension of the traditional model)

Model A is based on the fact that although a classifier has both pre-classification and check-
classification roles to play, there is no circulating load for pre-classification, so a separation is made
for the classifier as shown in Figure 3(a). From the mass conservation of the solid of the feed and the
discharge, it is obtained that:

S:SI-I_SZ
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Q=0.+0;
Q3 =51 +5;

Q=S5 (11)
where S7, Szand S are the solid mass of the underflow of the pre-classification, check-classification
and the whole classification operation, respectively; @z, @z @Qsand Qare the solid mass of the overflow
of the pre-classification, check-classification, ball mill discharge and the whole classification
operation, respectively.

The total solid mass of the ball mill discharge is (1 + C)Q,, and the mass of the fine particle in
the feed of classifier is Q,/E. The mass of fines in the underflow of check-classification is equal to the
mass of fines in the classifier feed minus the mass of fines in the overflow, and its equation is
expressed as:

%_51:%_Q2:Q2(%_1) (12)

The mass flow of the coarse material in the mill discharge is the difference between the total
solids and the fine particle:

S1+CQ—2=0,+CQ—2=0Q(1+C—7) (13)

The total amount of the coarse material in the mill feed is:

$1+CQ-QG-1D=0+CQ—-QG-1)=02+C-9 a4

Combining Equation (12)-(14), we can derive the fraction of coarse particles in the feed and the
discharge of the ball mill as:

_QC+c-p 1 1
R = oice - 1ic (2+C - E) (15)
_QU+C-p 1 1

Assuming that the fraction of coarse material in the mill load is the arithmetic mean of the
fraction in the feed and the product, according to the first order grinding kinetics, the mill capacity
can be expressed as:

k 1
Q, = kR, = E(l.S +C— E) (17)
Ultimately, the relative capacity of this closed-circuit ball mill is:

1
_ (HC)(ASHC g

Q (1+C)(15+C; ) (18)
where K, is the relative capacity, C;, C, are the circulating load and Ej, E, are the classification
efficiency under different milling circuit capacity.

Based on the mass conservation of the solid for a specific particle size in and out of the classifier,
it can be concluded that:

Q3C - SC - (Sl + Sz)c == de + Szb == Sld + Szb (19)
After conversion, the circulating load is obtained as:
d_
C=32=%2=-2"Cy100% 20)
Qz S 1 c—b
The following relationship exists between classification efficiency and circulating load:
d
E = = X 100% (21)
d bm

where b, ¢ and d are the mass fraction of the underflow, classifier feed and overflow less than a
specific size, respectively.
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From the calculation results, it can be seen that model A actually also works for the closed circuit
ball mill with solely the function of check-classification (Section 3.1). So, model A could be regarded
as the extension of the traditional model, working for the closed circuit ball mill with the synergized
functions of both pre-classification and check-classification.

3.2.2. Model B (the new model)

If the functions of the classifier are considered as a whole, then the total solid mass of the ball
mill discharge is €Q, and the mass of the fine particle in the feed of classifier is @/E. The mass of fines
in the ball mill feed is equal to the mass of fines in the classifier feed minus the mass of fines in the
overflow, and its equation is expressed as:

Q 0=
-~ 0=0GC—-1) (22)
The mass of the coarse particle in the mill feed is:
1
CQ-CG-Q=0C-3z+1 (23)

The mass of fines in the classifier feed is likewise the sum of the mass of fines in the new feed
and ball mill discharge of the closed circuit ball mill system.
So, the mass of the fines in the ball mill discharge is:

Q =0l -
2-Qa=0QG-a) (24)
The mass of the coarse particle in the ball mill discharge is:
CQ-(G-Qa)=Q(C--+a) (25)

where a is the fraction of fine particles (particles with a size less than a specific particle size) in the
fresh feed of the closed circuit ball mill system. Combining Equation (22)-(25) we can derive the
fraction of coarse particles in the feed and the discharge of the ball mill as:

Rp==(1+C—-) 26)
Re=(a+C—-) 27)

Assuming that the fraction of coarse material in the mill load is the arithmetic mean of the
fraction in the feed and the product, according to the first order grinding kinetics, the mill capacity
can be expressed as:

Q=kR =2(>"+C—3) 28)

Ultimately, the relative capacity of this closed circuit ball mill is:

1+a 1
C2(H 0 ECa[E1(C1+05+2)-1]

(29)

= T itay i, — a
e ¢ 24C—) E1C1[Ez(C2+0.5+%2)-1]

where a; and a, is the fraction of fine particles under different milling circuit capacity.
Based on the mass conservation of the solid for a specific particle size in and out of the classifier,
it can be concluded that:

Qa+ Sc=Qd+ Sb (30)
where S is the mass of solids in the circulating load. The circulating load is the ratio of solids mass
in the returned material to the new feed in the closed circuit ball mill system. Dividing each of the
left and right terms of Equation (30) by Q, the circulating load is obtained as:

_S_G-a 0
€ =2 =% 100% (31)
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The classification efficiency is the mass percentage of fine particles in the overflow to the same
size in the classifier feed:

E=-% 24Dy 100% (32)

" Qa+Sc  cd-ab

The following relationship exists between classification efficiency and circulating load:

=——=x100% (33)

where b, ¢ and d are the mass fraction of the ball mill feed, ball mill discharge and overflow less
than a specific size, respectively.

3.3. Methodology

To better illustrate the characteristics and differences between the two models, we summarize
two very different mineral processing plants as examples. Case A is a mineral processing plant in
Nanshan Mine, Anhui Province, China. Nanshan mine is typical of a closed circuit ball mill system
where the classifier has two roles (fresh feed is fed to the classifier instead of the ball mill). The second
stage ball mill model of Nanshan mine is MQY2736, and the second stage classifier is hydrocyclone
model FX350, and their specific parameters are shown in Table 1. The volume of this ball mill is only
about 20 m?, and the circulating load will increase significantly when the feed volume increases. Case
A is a typical case of high circulating load that would be encountered in industrial production of a
small ball mill, so it is used as the first case to compare the two models.

Table 1. Main parameters of the equipment of Nanshan Mine.

Parameters Ball Mill Hydrocyclone
type MQY2736 FX350
Diameter/ m 2.7 0.1-0.05
Length/ m 3.6 0.82
Effective volume/ m? 17.66
Rotational Speed (r/min) 20.3
Power/ kW 430
Throughput (t/h) 50-150 50-160
Classification pressure (Mpa) 0.1

Case B is a mineral processing plant in Longqiao Mine, Anhui Province, China. The second stage
ball mill of Longqiao mine is MQY3660 ball mill and the second stage classifier is high frequency
screen, their specific parameters are shown in Table 2. The volume of the ball mill is about 60 m?, but
there are two primary ball mills. The plant will decide whether to run two primary ball mills or only
one according to production needs, which results in a very unstable amount of ore entering the
secondary ball mill and large variations in the relative capacity of the ball mill. On the other hand, in
contrast to Case A, the classification equipment in Case B is a high-frequency screen, which is known
for its high classification efficiency. Case B is another industrial typical ball mill classification system
with a high frequency screen as classification equipment, characterized by low circulating load and
high classification efficiency.

Both Case A and Case B avail the most common closed circuit ball mill systems as shown in
Figure 3(b), and they will be used in this paper to compare the differences between the two models.

Table 2. Main parameters of the equipment of Longgiao Mine.

Parameters Ball Mill High-frequency screen
type MQY3660 Five deck
Diameter/ m 3.6

Length/ m 6 2
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Effective volume/ m? 56.9
Rotational Speed (r/min) 17.3
Power/ kW 1250
Throughput (t/h) 120-200 40 (per screen)
Installation angle/ ° 22.5
Sieve hole size/ mm 0.1

4. Case Study

4.1. Case A: Larger circulating load

Nanshan Mine is a traditional magnetite processing plant, because of the early construction of
the plant and the need to expand capacity, so the closed circuit ball mill system of the processing
plant has a large circulating load. Figure 4 shows the size characteristics of the products in the closed
circuit ball mill system of Nanshan Mine. It can be seen that the mass fraction of —0.075 mm particles
in the discharge of secondary mill is 26.51%, but the value in the overflow has increased to 77.92%,
indicating that the circulating load is seriously out of the conventional range.

— =
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Figure 4. Particle size characteristics of each product in the closed circuit ball mill system of Nanshan
Mine.

This closed circuit ball mill system was closely tested, and the calculated results of statistical
data, circulating load, and classification efficiency are summarized in Table 3. Although the same
data were used, the circulating loads and classification efficiencies derived using the traditional
model and the new model differed considerably. The difference in circulating load can reach a
maximum of 597.78 percentage points, accounting for 62.36%; The difference in classification
efficiency can reach a maximum of 23.82 percentage points, accounting for 57.03%. Since the
calculation of the two models differs greatly, which model is the better fit for the situation of the site?
In this paper, we will look for the answer to this question in terms of both the relative capacity of the
ball mill and the actual operating condition.

Table 3. Production data and calculations for Nanshan Mine processing plant / %.

. o Circulating load Classification efficiency
UnderflowOverflowDischargeNew feeuTraditional ModelNew ModeldifferenceRatio Traditional ModelNew ModelDifferenceRatio
12.94 74.97 25.86 41.10 380.11 262.15 -117.96 -31.03 60.38 68.85 8.46 14.02
12.94 74.97 20.61 41.10 708.74 441.59 -267.14 -37.69 4498 56.75 1177  26.17
9.11 72.26 1591 30.41 828.68 615.44 -213.24 -25.73 4891 56.31 7.40 15.14
8.92 61.32 13.51 43.46 1041.61 389.11 -652.51 -62.64 39.76 63.86 2410 60.61
8.92 61.32 13.87 43.46 958.59 360.81 -597.78 -62.36 41.76 65.58 23.82  57.03
13.87 83.27 27.61 35.17 405.09 350.07 -55.02 -13.58 59.71 63.17 346 579
13.87 83.27 26.31 35.17 457.88 386.66 -71.22 -15.55 56.73 60.83 4.09 7.22
12.56 77.92 26.51 35.69 368.53 302.72 -65.81 -17.86 62.73 67.21 447 7.13
12.56 77.92 25.74 35.69 395.90 320.41 -75.49 -19.07 61.04 65.94 4.90 8.02

11.26 91.49 19.19 34.78 911.73 715.13 -196.60 -21.56 47.12 53.19 6.06 12.87
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4.1.1. Relative capacity

The mathematical model in Section 3 shows that the expressions of the two models regarding
the relative capacity of the ball mills are:

1
(1+C2)(1.5+C1—E—1)

0 = (1+C1)(1-5+Cz—5i2) (Traditional model)

1+a 1
C2(H G ) E2Ca[E1(C1+05+2)-1]

(New model)

= T itay i, — a
Q" ¢ 24C—) E1C1[Ez(C2+0.5+%2)-1]

The new model considers the classifying equipment as a whole and should not be viewed that
it is divided into two classifying equipment with different roles. If not, it will not only lead to
significant calculation errors but also make it impossible to calculate the classification efficiency for
pre-classification. The biggest difference between the new model and the traditional one is the
addition of the characteristic parameters of the new feed to the closed circuit ball mill system, which
eliminates the fluctuation of the circulating load and classification efficiency due to the fluctuation of
the particle size characteristics of the new feed.

Figures 5 and 6 show the calculation results using the traditional model and the new model,
respectively. The calculations of the traditional model show a classification efficiency of about 60%
for stable production, which decreased to about 40% at higher circulating loads. The relative capacity
of the ball mill ranged from 0.95 to 1.15, indicating that the fluctuations in the capacity of the ball mill
were not significant. The calculations of the new model show a classification efficiency of about 65%
for stable production, which decreased to about 55% at higher circulating loads.

1. 30
Traditional model
lLos kb —E= 0.4
—E=0.5
—E=0.65
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z @ Industrial data
E
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«
3]
2
=110 +
=
D)
&
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1.00
O. 95 1 1 1 1 1

200 300 400 500 600 700 800 900 1000 1100 1200
Circulating load/%

Figure 5. Calculation results of the traditional model of Nanshan Mine.
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Figure 6. Calculation results of the new model of Nanshan Mine.

From the performance of classification equipment and common sense of ball mill industrial
production, the classification efficiency of the same classification equipment will not change
significantly when there is no significant change in the particle size characteristics of the new feed
ore and the work state (like flow, pressure). The classification efficiency calculated with the
traditional model appeared two concentration points, 65% and 50%, respectively. However, the
classification efficiency calculated using the new model is basically distributed around 65%, so from
this point of view, the calculation results of the new model are more fitting.

The relative capacity of the ball mill should increase significantly when the circulating load of
the closed circuit ball mill system is close to 1000%, while the highest relative capacity in the
traditional model is less than 1.10, so the new model is also more reasonable from this point of view.

4.1.2. Actual operating condition

The ball mill used in Nanshan Mine is MQY2736 ball mill, the diameter (R) of the ball mill is 2.7
m and the length (L) is 3.6 m. The internal liner of the ball mill is calculated as 0.1 m, then the volume
of the ball mill is:

Vi = T(D)2L = 17.66 m? (34)

From the mathematical models in Section 3, it is known that the two models regarding the
circulating load are calculated as:

C = g X 100% (Traditional model)

C = Ccl_;z X 100% (New model)

The grinding media filling rate of this ball mill is 40%, assuming that the initial state of the ball
mill slurry can exactly fill the space between the media, the remaining volume is:
V. = (1 —40%)V,, = 10.60 m3 (35)
Figure 7 shows a schematic cross-section of a ball mill, where r is the radius of the ball mill,
and h is the height of the slurry level in the ball mill. Through the spatial geometry calculation, the
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relationship between the volume of new feed slurry in the ball mill and the slurry height h in the
ball mill can be obtained as follows:

; h—r
h—r r(h-7) sin|arccos(— VeV
rZarccos(T)_ [2 (r)]z ;6,7”Sh
- | (36)
2 r—h r(r—h) Sin[arcao_g(ﬁ)] v
T aTCCOS(T)— . T :36,7‘2h

where V is the volume of the newly fed slurry, which is the sum of the volumes of solids (/;) and
liquids (V) in the newly fed slurry.

-

~~—~—~—_ .M

Figure 7. Schematic diagram of ball mill cross section.

The ball mill has a throughput of 60 t/h and the mass concentration of the slurry 70%. It can be
seen from Table 3 that the circulating load calculated using the traditional model is 958.59% for larger,
the density of magnetite is 4.85 t/m?. In the laboratory batch grinding process, keeping all operating
parameters the same as the industrial reality, it was found that the fineness obtained by grinding
1min is similar to the industrial reality, so we assume that the industrial time for the pulp to pass
through the ball mill is about 1min. If the time for the pulp to pass through the ball mill is 1 min, the
volume of solids and liquid in the new feed is:

60 t/hx(1+9.5859)
Vs = 3
60x4.85 t/m

X 1min =2.12m3 (37)

60 t/hx(1+9.5859)x30%
60X70%X1 t/m3

V = V,+V,=6.66 m3 (39)
Bringing the result of Equation (39) into Equation (36) yields a slurry height of 1.98 m in the ball

mill. The same industrial test data with the new model calculates a circulating load of 360.81%.
Following the same calculation method yields:

4 X 1 min = 4.54m3 (38)

60 t/hx(1+3.6081)

P 3
V, = S0x4.05 L/m> X 1min =095m (40)

__ 60t/hx(1+3.6081)x30%
60x70%X1 t/m3

V =V +V,=2.92m? (42)

Bringing the result of Equation (42) into Equation (36) yields a slurry height of 1.45 m in the ball
mill. When the ball mill is running, some of the steel balls and slurry will be in the throwing state,
which will cause the cross-sectional slurry height to decrease. Figure 8(a) shows the actual situation
in the industrial site at that time, and Figure 8(b) shows the height corresponding to the height
calculated by the two models in the ball mill. The distance from the top of the back of the ball mill to
the horizontal center axis is 1300mm, and the height of the discharge liquid from the actual
observation is almost exactly at the position of the horizontal center axis of the ball mill. The height
of the discharge level calculated by the traditional model for the circulating load is 1980mm,

V, x 1 min = 1.97 m3 (41)
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indicating a distance of 620mm from the top of the ball mill interior, and similarly the distance
obtained by the new model is 1250mm. From the above data, it is easy to conclude that the calculation
error of the traditional model is 52.31%, while the calculation error of the new model is only 3.8%.
The error of the discharge level height calculated by the traditional model is 13.77 times higher than
that of the new model. It can be seen that the height calculated using the traditional model is much
higher than the actual height, indicating that the conventional model has non-negligible errors in
characterizing closed circuit ball mill systems with large circulating loads. This error can cause bias
to the site staff in determining the ball mill operation status and in making related decisions, which
ultimately affects production. On the contrary, the new model shows a high fit to the actual
production situation and is instructive for the production of closed circuit ball mills with high
circulating loads.

Traditional Model

New Model

Figure 8. Actual situation on industrial site.

4.2. Case B: Large variation in relative capacity

Like Nanshan Mine, Longqgiao Mine is a typical magnetite ore processing plant and has the same
closed circuit ball mill system. The difference is that the classification equipment in the closed circuit
ball mill system of Longqiao Mine is a high-frequency screen, which is characterized by high
classification efficiency. However, the classification efficiency of the high-frequency screen will be
significantly reduced when the throughput is too large to affect industrial production, so the
circulating load is basically controlled below 300% during production. In addition, this closed circuit
ball mill system sometimes handles material from two primary ball mills at the same time, so its ball
mill relative capacity varies greatly.

Figure 9 shows the size characteristics of the products in the closed circuit ball mill system of
Longgiao Mine. It can be seen that the mass fraction of —0.075 mm particles in the discharge was
54.50% and the value in the overflow was just 73.55%, indicating a circulating load much less than
Case A.
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Figure 9. Particle size characteristics of each product in the closed circuit ball mill system of Longgiao
Mine.

This closed circuit ball mill system was closely tested, and the calculated results of statistical
data, circulating load, and classification efficiency are summarized in Table 4. The circulating loads
calculated by both models did not exceed 300% and were within 100% most of the time. The
difference between the circulating loads calculated by the two models is significantly smaller
compared to Case A, but when the circulating load is 8.24% (conventional model), the error between
the two is as high as 494.25%. The reason for this phenomenon is that the circulating load value
calculated by the traditional model tends to be zero, meaning that there is almost no return material,
not in line with the production reality.

Table 4. Production data and calculations for Longqiao Mine processing plant / %.

UnderflowOverflowDischargeNew feed Circulating load Classification efficiency
Traditional ModeINew ModelDifference Ratio Traditional ModelNew ModelDifference Ratio
33.60 72.73 44.77 41.74 250.31 277.44 2713  10.84 46.37 43.83 -255 -5.49
29.21 72.20 41.71 38.66 243.92 268.32 2440 10.00 50.33 47.95 -238 -4.73
34.52 72.37 51.34 50.29 125.03 131.27 6.24 4.99 62.64 61.49 -1.15  -1.83
32.60 76.87 56.99 55.50 81.51 87.62 6.11 7.49 74.31 7291 -140  -1.89
20.93 80.28 75.76 53.42 8.24 48.99 40.74 49425 97.90 88.67 922 942
30.52 75.10 54.62 54.77 84.98 84.36 -0.62 -0.73 74.33 7447 0.14 0.19
20.11 78.36 68.53 58.37 20.30 41.28 20.98 103.36 95.05 90.42 -4.63 -4.87
22.18 66.51 42.81 3991 114.88 128.94 14.06 1224 72.30 69.93 237  -3.28
27.52 65.47 39.39 39.33 219.71 220.22 0.51 0.23 51.99 51.93 -0.06 -0.11
29.21 68.71 49.96 29.80 90.36 187.52 97.16 107.52 72.25 55.64 -16.60 -22.98
20.37 73.55 54.50 48.98 55.82 71.99 16.17 28.98 86.61 83.38 -3.23  -3.73

Figure 10 shows the calculation results using the traditional model. The relative capacity of the
ball mill calculated by the traditional model without significant fluctuation is between 0.95 and 1.15,
which is very close to Case A. However, the ball mill throughput in Case B varies greatly, and the
relative capacity of the ball mill should have a large fluctuation. It can be seen that the traditional
model has limitations in the characterization of the relative capacity of the ball mill when the passing
capacity of the ball mill varies greatly, and cannot correctly reflect the working condition of the ball
mill. Worse still, the data points derived from the traditional model do not have any distribution
pattern and cannot be fitted by the traditional model.
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Figure 10. Calculation results of traditional model of Longgiao Mine.

Figure 11 shows the calculation results using the new model. The relative capacity of the ball
mill calculated with the new model is between 0.6 and 1.4, which is more in line with the actual
situation where the throughput of the ball mill varies greatly. When the throughput of the ball mill
is lower, the ball mill processes less ore per unit time and the discharge gets finer, which helps to
improve the classification efficiency. This is verified in the new model, where the classification
efficiency is as high as 95% when the circulation load is below 100%, indicating that the new model
can more accurately predict and characterize large variations in the relative capacity of the ball mill.
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Figure 11. Calculation results of the new model of Longgiao Mine.

From the mathematical models in Section 3, it can be concluded that the relationship between
circulating load and classification efficiency in both models is:
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E=- 2 _ x100%

100
All data from the two cases were aggregated and characterized in Figure 12 and Figure 13 for
the circulating load and classification efficiency relationships of the two models, respectively. The
circulating load and classification efficiency are consistent with the Hukki model, whether calculated
by the traditional model or the new model. It is shown that both models can better characterize the
relationship between circulating load and classification efficiency, although there are deviations in
the characterization about the relative capacity and actual operation of the ball mill.

[ Traditional Modeljd = 100 ® Industrial data -~~~ Hukki model

IOOF ——————————————————————————————— b=0%

Classfication efficiency/%

1 1 1 L b=100%
0 200 400 600 800 1000 1200
Circulating load/%

Figure 12. The relationship between circulating load and classification efficiency in the traditional
model.
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Figure 13. The relationship between circulating load and classification efficiency in the new model.

5. Conclusion

When the role of the classifier in a closed circuit ball mill system is only to pre-classify, the
traditional model calculates the circulating load and classification efficiency with a high degree of
accuracy. However, when the classifier plays the role of both pre-classification and check-
classification, the traditional model does not take into account the changes in the size characteristics
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of the fresh feed, resulting in great characterization errors. Therefore, in this paper, based on the

traditional model, the influence of the particle size characteristics of the fresh feed is taken into

account to obtain a new mathematical model of the closed circuit ball mill system. The new model
has the following advantages over the traditional one:

1.  When the particle size characteristics of the new feed to the closed circuit grinding and
classifying system and the operating parameters of the classifying equipment are not changed,
the classification efficiency does not change significantly. The classification efficiencies
calculated with the new model are basically around 65%, while two concentrations of 65% and
50% occur with the traditional model. Therefore, the classification efficiency characterization of
the new model is more accurate than that of the traditional model in this case.

2. The height of the ore pulp level inside the ball mill at the same moment is positively correlated
with the circulating load. When the circulating load of the closed circuit grinding and classifying
system is large, the distance of the pulp liquid level from the internal top of the ball mill
calculated by the traditional model has an error of 3.8% from the actual one. And the calculation
error of the traditional model is 52.31%, which is 13.77 times of the traditional model.

3. When the relative capacity of the closed circuit ball mill system varies greatly, that of the ball
mill calculated by the traditional model fluctuates between 0.95 and 1.15, while the new model
is 0.6 to 1.4. That is to say, the new model is more responsive to the actual production situation
than the traditional model, and is more significant in guiding the industrial practice.
Consequently, when the classifier in a closed circuit ball milling system performs two functions

of pre-classification and check-classification, the characterization of ball mill operating conditions is

more accurate using the new model. The new model is equivalent to a modification and supplement
of the traditional one.
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