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Air classification is a method used to classify feedmaterial according to the shape, specific gravity and size of the
particles and preferredwhere water interaction is avoided. Since it is widely used bymany of the industries, this
study contributes to the literature related with high efficiency air classification by considering the design and
modelling aspects for cement industry. In this context, various types of high efficiency classifiers operated at ce-
ment grinding circuits were sampled at the same cement quality then mass balancing studies were carried out.
After all, the variation of rotor size and air amount parameters with the capacity of the classification process
was investigated. Moreover, a mathematical model for high efficiency air classifiers was developed by applying
the efficiency curve approach. In contrast to previous studies, the sharpness parameter (α) was found to be de-
pendent on the capacity of the separation process and the diameter of the classification chamberwhichmade the
model structure unique.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Air classification is a process employed to control or adjust the final
product fineness of the grinding circuit where water interaction with
the material is avoided. This technology was developed early in the
19th century to meet the demand of cement industry where tube
mills with high capacities were employed. High milling capacities
and the need for fine particle classification had driven the technology.
Up to now, various types of air classifiers have been developed to be
used in different industries, i.e., pharmaceutical, food, pigment, coal,
and cement.

Air classifiers can be grouped as static classifiers and dynamic clas-
sifiers. Static classifiers have no moving parts and the target size is ad-
justed by changing magnitude and direction of the air flow. Vane-type
[1] and V-separators [2] are the two examples for these types of clas-
sifiers. Dynamic air classifier technology has been evolving since 1885
and nowadays their classification range changes between 300 μm and
sub-micron (b10 μm) with a specific type of classifiers [3]. Typically,
dynamic classifiers have a rotating plate on which the material is
poured and dispersed with the aid of centrifugal force. As the particles
are thrown towards the separator wall, air is introduced into the
separation chamber where final classification is carried out [4]. Fol-
lowing the first generation technology, second and third generation
air classifiers were developed. The second generation classifiers are op-
erated with cyclones in order to increase the fine collection efficiency;
additionally, fan is mounted outside of the separator body so as to sup-
ply air for the classification. Third generation (high efficiency separator)
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classifier was unveiled in the 1980s. In these classifiers fineness is
adjusted by changing either rotor speed or air flow [5]. As the rotor
speed increases, the product gets finer; on the other hand, increasing
the air flow rate makes the product coarser [4,6–8]. High efficiency
separators are demanded mostly by cement industry and some of
the studies reported that it was achievable to decrease the bypass per-
centage of the classification process down to 5–10% [9] and increase
the overall production rate of the grinding circuit by 15–35% at the
same cement quality [10]. High efficiency separators are also found
applications in integrated grinding systems such as vertical roller mill
[11], air classifier mill [12] and air jet mills [13] where classification
down to fine sizes is performed.

The performance of an air classifier is evaluated by drawing the
“actual efficiency curve” or “Tromp curve” that explains what portion
of thematerial in the feed subjects to theunderflowor overflow streams
at a given size fraction [7,14]. The x-axis of the curve denotes to particle
size and the y-axis denotes to the probability for being separated as
fines and coarse. Fig. 1 illustrates an observed efficiency curve of an
air classifier. Because the classification process is not 100% efficient, in
actual cases, the y-axis does not reach to 0%. This portion of the curve
is named as the bypass fraction and is defined as the fine material not
appearing in the fines but circulating back to the mill with the reject
stream for re-grinding [7,15,16]. The bypass fraction is mainly influ-
enced by the solid air concentration (dust loading) of the separator
feed [4,5,7]. In addition, poor feed dispersion and fine agglomeration
are thought to be effective on the amount of bypass fraction [16,17].
The d50 is denoted as the cut size where the forces equally affect the
particles; hence, they have 50% probability either subject to underflow
or overflow streams. The sharpness of the curve is another perfor-
mance indicator for the classification process. The steeper the curve,
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Fig. 1. Actual efficiency curve (Tromp curve) of an air classifier.

Table 1
Technical specifications of the classifiers sampled and number of surveys performed.

Rotor diameter
(m)

Rotor circumferential
area (m2)

No. of
surveys

SEPOL® 2 3.14 3
2.15 3.63 14
2.5 4.91 6
2.9 6.61 6
3.1 7.55 5

SEPAX® 1.77 2.46 4
1.9 2.84 4
2.24 3.94 15
2.53 5.03 4

SEPMASTER® 2.68 5.64 2
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the sharper the separation. Developments in air classification technol-
ogy allowed performing sharper classification operations [18].

Air classification process has attracted interests of researchers as it is
widely used in dry processing, particularly in cement grinding area. Its
selection and efficient operation are of crucial importance for the plants.
Within the scope of the study, amethodology for selecting high efficien-
cy separators was developed and then the modelling studies were per-
formed by using the data obtained from cement grinding circuits. In this
context, sampling campaigns around high efficiency separators were
conducted initially. Operational parameters, i.e., feed tonnage, product
tonnage and air flow rate, were correlated with the design of the
rotor. The obtained results from the sampling campaigns were then
used in modelling studies so as to develop a software that could be
used in simulating closed circuit cement grinding operations accurately.
In this context, the efficiency curve approach was applied and all the
Fig. 2. Sampling points (a) and typical control ro
parameters in the equation were correlated with the operating condi-
tions and design variables. The novelty of the model structure with re-
spect to previous modelling studies is;

• The development of the correlations with the sharpness of separation
parameter. This parameter was assumed as constant in the previous
modelling works; however, it was found to have a correlation with
the design and operating parameters of the classifier.

In the following sections, the findings obtained are discussed in
details with the literature related to modelling of air classifiers.

2. Materials and methods

2.1. Sampling campaigns

In this study, several sampling campaignswere arranged around dif-
ferent brands of high efficiency air classifiers. All of the sampling studies
were conducted at the same cement type (CEM I 42.5R) having the final
product fineness (% retained on 45 μm sieve) ranging between 6.4% and
7.24%. Table 1 summarizes the technical specifications of the classifiers
sampled. As can be seen from the table, the performances of Sepol®,
Sepax® and Sepmaster® classifiers were evaluated within the scope
of the study. The details on the operating principles of the classifiers
are reported in the literature [7,19–21].

Prior to performing a sampling survey around a classifier, steady
state conditions were provided that is, minimum fluctuations were ob-
served in power draws of the mill discharge elevator (that feeds the
classifier), rotor and product conveying systems. In other words, what
came into the grinding circuit came out from the final product stream
equally. Simplified representation of a classifier with the sampled
streams and control room trends is illustrated in Fig. 2.

2.2. Experimental and mass balancing studies

The collected samples from sampling surveys were subjected to the
size characterization studies. Sympatek Laser Sizer was used to deter-
mine the whole size distribution of the material starting from the top
size, down to 1.8 μm. Fig. 3 shows obtained cumulative particle size dis-
tribution curves by mass around a high efficiency separator. Similar
trends were observed for each of the sampling campaign and Table 2
gives the ranges of the d50 and d80 values of the classifiers sampled. As
can be understood, although the sampling campaigns were performed
at the same cement quality and cement type, the variations in raw ma-
terial properties result in obtaining different product size distributions.
Within the study it was observed that d50,3 of the final product varied
between 12 and 15 μm.

The measured particle size distributions were then used to perform
mass balancing studies in order to calculate the flow rates of each
om trends (b) of a high efficiency classifier.

image of Fig.�2


Fig. 3. The cumulative particle size distributions by mass.

Fig. 4. Measured and calculated cumulative passing values.
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stream and to disperse errors occurred during sampling campaigns. For
this purpose, JK-SimMet software was used and the accuracy of the re-
sults was assessed by plotting the measured cumulative passing per-
centages against the calculated values (Fig. 4). As a result of the mass
balance studies, the efficiency curves were graphed to estimate bypass,
cut size, sharpness of separation parameters, etc. which were both used
in developing a selection methodology and model structure for high
efficiency classifiers. Fig. 5 illustrates some of the actual curves of the
classifiers with their types, rotor speeds and dust loadings.

3. Results & discussion

3.1. The selection and performance of high efficiency air classifiers

The selection of an air classifier for a given application is accom-
plished by sizing the separator body and choosing sufficient fan capacity
that are actually functions of throughput required and fineness desired
from the classification operation. Within the scope of this study, correla-
tionswere developed between the operational and design parameters of
high efficiency classifiers. It should be emphasized that the presented
correlations are valid within the product d50 range of 12 μm and 15 μm.

As given in Table 1 there are more than 1 sampling campaigns ar-
ranged for each of the classifier.While developing a selectionmethodol-
ogy the average values of the calculated feed and product tonnages as
well as the operational air amount were taken for each classifier type.
The results are presented in Table 3. Fig. 6 illustrates the variation of
feed and product tonnages with rotor circumferential area. These
kinds of correlations enable to determine what size of rotor is needed
for a given feed andproduct rate. The trends imply that the use of higher
rotor diameter allows processing higher feed rates. Consequently, the
production rate increases. Within the study, the ratio of the separator
feed rate (t/h) to rotor circumferential area was found to be ranging
between 23 and 90 (t/h)/m2. Kershaw and Yardi [17] in their studies
reported that this ratio changed between 23 and 28.7 (t/h)/m2 for
O-Sepa® separators.

The other important parameter is the amount of air to be used
during classification operation. This study also proved that the air
Table 2
d50,3 and d80,3 values around the classifiers sampled.

d50,3 (μm) d80,3 (μm)

Min. Max. Min. Max.

Feed 32 46 56 102
Reject 45 65 78 122
Product 12 15 25 30
amount varied with the rotor area as well. Fig. 7 indicates that rotor
area and air amount are directly proportional to each other.

In this study the influences of operating parameters on perfor-
mance of air classifiers were discussed in order to estimate what per-
formance data is obtained when an air classifier is selected for the
specified applications. As indicated previously, the main parameters
used in evaluating the performance of an air classifier are; the bypass
amount and the cut size. Within this study it was found that the bypass
obtained from the efficiency curves varied between 2% and 40% de-
pending on the separator feed tonnage and the air amount. Fig. 8a
shows the trend between the feed tonnage and bypass. As can be un-
derstood, there is a direct correlation between them. However, an im-
proved correlation is obtained when the dust load is correlated with
bypass fraction (Fig. 8b). The graph shows that 30% bypass is obtained
at 2.8 kg/m3 which is quite similar to what has been reported in the
literature [17,22].

The cut size of the classification was another parameter considered
in performance evaluation studies. As reported in the literature, rotor
speed and air speed are the main parameters used in adjusting the
fine stream product size of a high efficiency air classifier. In fact, these
parameters mainly shift the efficiency curve and thus have an influence
on the cut size. Within the study, air speed was calculated by dividing
the air flow rate by the rotor cage area. Fig. 9a shows the variation of
rotor speed with cut size parameter. It implies that as the rotor speed
increases the cut size decreases. When the rotor speed is normalized
with the air speed Fig. 9b is obtained. The graph shows that there is a
steadily upward trend between the air speed-rotor speed ratio and
the cut size.
Fig. 5. Some of the actual efficiency curves of the classifiers sampledwith their types, rotor
speeds and dust loadings.
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Table 3
The calculated flow rates and the design of the classifiers.

Rotor circumferential
area (m2)

Separator
feed (t/h)

Separator
reject (t/h)

Air amount
(m3/h)

SEPOL® 3.14 173 118.2 112,000
3.63 235 176.06 120,222
4.91 445 332 166,307
6.61 548 432 216,000
7.55 512 345 230,810

SEPAX® 2.46 59 21 55,433
2.84 75 21.4 57,390
3.94 231 127 103,978
5.03 369 232 143,045

SEPMASTER® 5.64 470 352 223,000

Fig. 7. The relationship between rotor area and air amount needed in classification.
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3.2. Mathematical modelling of dynamic air classifiers

There are number of different approaches in modelling of air classi-
fiers. Within the scope of this study, efficiency curve approach was
applied to develop a model structure for high efficiency air classifiers.
This approach basically depends on developing the relations between
the parameters in equation and the operational or design parameters.
Up to now, a number of equations have been developed defining the ef-
ficiency curve [16,23–27]. Altun [28] compared the accuracy of different
equations and found that Whiten's approach fitted the curve with the
least sum of squares of deviations, in particular at fine sizes, when com-
pared to the others. Therefore, within this studyWhiten's equation was
used in modelling of high efficiency air classifiers. The mathematical
expression of Whiten's approach, which uses overflow efficiency of
separation process, is given in Eq. (1) [14].

Eoa ¼ C �
1þ β �β� � d

d50c

� �
� exp αð Þ−1ð Þ

exp α �β� � d
d50c

� �
þ exp αð Þ−2

2
664

3
775 ð1Þ

where;

Eoa : The actual efficiency to overflow
C : Fraction subjected to real classification; (100-bypass)
β : Parameter that controls the initial rise of the curve in fine

sizes (fish-hook)
β* : Parameter that preserves the definition of d50c; d = d50c

when E = (1/2)C
α : Sharpness of separation
d : Size
d50c : Corrected cut size

In this equation, some of the parameters are explained by drawing
the corrected and reduced efficiency curves. Corrected or normalised
Fig. 6. The separator feed and product ton
curve methodology was developed to compare the efficiency curves of
classifiers operated at different operating and design conditions [14,29].
It is calculated by extracting bypass fraction from each size class. This
graph (Fig. 10) enables estimation of corrected cut size parameter
(d50c). A reduced efficiency curve [14,30] is graphed to observe the dif-
ferences in the shape of the curves. It shows how sharp the classification
operation is carried out, and, how β parameter varies. Literature reports
that the agglomeration behaviour of fine powders affects β parameter
directly and it is also called as the fish hook behaviour of the efficiency
curve [14]. Lynch [25] proposed that the reduced efficiency curve was
dependent on cyclone size and processed material and independent
on design and operating conditions. On the contrary, Nageswararao
[30] reported that Plitt's approach had accepted the variable reduced ef-
ficiency curve (varied sharpness) as a function of throughput, cyclone
diameter and volumetric flow in underflow and overflow streams.

So far, air classifiers have been mathematically modelled by various
researchers [27,31,32]. Zhang et al. [27] in their study used efficiency
curve function developed by themselves and the operating parameters,
i.e., separator feedfineness (proportion ofmass between 53 and 19 μm),
separator feed tonnage, and separator air flow, were correlated with
d50c and C parameters. Benzer et al. [31] and Gunlu [32] performed
modelling studies based on Whiten's efficiency curve approach so as
to correlate rotor speed, air speed, and separator feed rate parameters
with C and d50c. The modelling studies performed to date have proved
that bypass correlates directly with separator feed dust load. Addition-
ally, cut size parameter is found to be directly proportional to air flow
and inversely proportional to rotor speed. Besides, these studies as-
sumed that the sharpness of the separation parameter was constant
for the same separator; however, the sampling campaigns conducted
within the study proved that it changes depending on theworking con-
ditions considerably. In addition, the air classifier models mentioned
above do not include the design features which were in the scope of
this study. It is believed that such kind of correlations improves the
nages as a function of the rotor area.

image of Fig.�6
image of Fig.�7


Fig. 8. The trends between separator feed-bypass fraction (a) and dust loading-bypass fraction (b).
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reliability of the model since different designs have different classifica-
tion performance.

In this study, themodelling studies were performed for Sepax® high
efficiency classifiers processing CEM I 42.5R type cement (Table 1,
Table 3). Initially, the corrected (Fig. 11a) and reduced (Fig. 11b) effi-
ciency curveswere graphed both to determine the corrected cut size pa-
rameters and to make observations on how the sharpness of separation
changes. As can be seen from Fig. 11b, the sharpness changes consider-
ably. Therefore within the study, modelling of air classifier with the
variable reduced efficiency curve is aimed that makes the model struc-
ture unique and advantageous over the models developed so far.

Themodellingworks commencedwith themodel fitting studies. For
this purpose, JK-SimMet softwarewas used and efficiency curve param-
eters for Sepax® separators were back calculated. A typical agreement
Fig. 9. The trends between rotor speed-cut s

Fig. 10. Expressions of the parameters in W
between the measured and the fitted efficiency curve is illustrated in
Fig. 12. This agreement was observed for all of the fitting studies.

The range of the calculated efficiency curve parameters for the clas-
sifiers having different chamber/rotor diameters is given in Table 4. As
can be understood, each parameter changes evidently owing to the
variations in operating conditions and design parameters. Later in this
section, the parameters and their influences on the efficiency curve
are discussed plainly.

As reported in the literature, the bypass parameter is influenced
by dust loading of the separator feed (DL). In this study, an inverse
trend is observed between calculated C parameter and dust loading
(Fig. 13). That is, an increase in dust loading increases bypass and re-
duces C parameter (Eq. (1)). Benzer et al. [31] drew similar conclusions
with the modelling studies performed for Sepol® classifiers.
ize (a) and air/rotor speed-cut size (b).

hiten's efficiency curve approach [14].
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Fig. 11. Corrected (a) and reduced (b) efficiency curves of Sepax® separators.
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Dust loading not only affects the bypass fraction but also changes the
circulating load around the classifier at the same product fineness. Cir-
culating load is calculated by dividing the flow rate of classifier reject
stream by product stream. The trend illustrated in Fig. 14 implies that
the higher the bypass the higher the circulating load.

Corrected cut size (d50c) is the parameter that has a major influence
on the productfineness of the classification process. Since thefineness is
adjusted by changing the air flow and rotor speed of the classifier there
should be a correlation between the cut size and the operating condi-
tions. Moreover, the feed size distribution has an effect on the process.
The finer the feed size, the finer the product; hence, the model should
also include the changes in feed size characteristic. For this purpose,
(−36 + 3) μm size fraction amount in feed was used as a fineness
criterion. Fig. 15 illustrates the effect of operating parameters on the
corrected cut size.
where;

AF : Air flow used in the classification process (m3/h)
RS : Rotor speed of the classifier (m/s)
F : The amount of (−36 + 3) μm size fraction in the separator

feed (t/h)
Fig. 12. Agreement between the measured and fitted actual efficiency curves.

Table 4
The range of the calculated efficiency curve parameters.

SEPAX®
chamber
diameter (cm)

SEPAX® rotor
diameter
(cm)

α β β* C d50c
(mm)

280 177 1.76–1.95 0.5–0.6 1.5–1.6 83–87 0.06–0.07
300 190 1.98–3.5 0.3–0.7 1.1–1.5 82–92 0.05–0.1
355 224 1.14–6.74 0.001–1.69 1–2.7 56–94 0.04–0.11
400 253 0.98–1.4 1.3–1.83 2.1–2.7 35–60 0.03–0.04
From the reduced efficiency curves illustrated in Fig. 11b, it is seen
that sharpness changes evidently with operating and design conditions
of the classifiers. Any kind of classifier performs sharper classification at
lower throughput rates; hence, it is thought that dust loading of the sep-
arator feed may influence the sharpness of separation (Fig. 16a). As can
be seen from the figure, increased feed loading of the classifier reduces
the sharpness. When dust loading is normalised by the separator diam-
eter Fig. 16b is obtained. It is seen that, at the same dust loading, a larger
diameter classifier carries out a sharper classification operation.
where;

DL : Dust loading of classifier feed (kg/m3)
D : Classifier chamber diameter (m)

Figs. 17 and 18 illustrate the influences of parameters on β and β*
respectively. The studies imply that C parameter and β are inversely
proportional to each other (Fig. 17). As explained in Eq. (1), the
Fig. 13. Effect of separator feed dust loading on bypass or C parameter.

Fig. 14. Effect of bypass or C parameter on circulating load.
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Fig. 15. The variation of d50c with operating conditions.
Fig. 17. Correlation between C and β parameters.

Fig. 18. The variation of β* parameter with β.
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β parameter represents the shape of the initial rise of the curve in fine
size. It is also called as the fish hook. When the material load of the
separator feed increases (C is lowered), the dispersion performance of
the rotor is reduced and β increases. Consequently, theβ* parameter in-
creases as well (Fig. 18).

So far, the results of the mathematical modelling studies presenting
correlations betweenworking conditions, design variables and efficien-
cy curve parameters (Eq. (1)) have been reported. These correlations
can be integrated into Eq. (1) to predict classifier performance under
different operating and design conditions. It should be emphasized
that, with the use of such a tool in closed circuit simulation studies,
energy utilization of the cement grinding process can be optimized.

The trends developed in this study have also been obtained from the
mechanistic approaches e.g. (CFD, DEM, LPT etc.) used in modelling of
air classifiers whether it is dynamic or static. These techniques are ap-
plied to calculate the flow fields and particle trajectories in the unit.
Karunakumari et al. [33] reported studies on wheel air classifiers and
concluded that the cut size increased with increasing fan speed and de-
creasing rotor speed that is similar to findings obtained in this paper.
Gao et al. [34] studied on modelling of turbo air classifiers where they
calculated the particle trajectories and reported the influences of pa-
rameters on cut size. They found that rotor speed had effects on the ef-
ficiency curve and the higher the rotor speed the lower the cut size.
Similar conclusions were drawn by Eswaraiah et al. [35]. The CFD
works referred in this paper consider the joint action of centrifugal
force, drag force and wall-rebound characteristics in their calculations.
The particles in certain ranges are influenced primarily by drag force
whereas the trajectories of large ones are affected by centrifugal and
wall-rebound actions. That explains why rotor speed, creating centrifu-
gal force, and air speed, creating the drag force, are correlated with the
cut size. The mechanistic modelling techniques have also been applied
to static air classifiers, e.g., gas cyclones that separate dust from the
gas, in order to understand the process and to predict the efficiency of
separation. Hoffmann and Stein [36], Chu et al. [37] reported the results
of CFD-DEM studies performed for gas cyclones and concluded that the
Fig. 16. Effect of dust loading and classifier chambe
solid loading ratio had effects on both particle flow and separation effi-
ciency. Kepa [38] carried out CFD calculations for gas cyclones having
different geometries. All of the studies conclude that solid loading and
cyclone geometry have a pronounced effect on separation performance
since the bypass and sharpness of separation parameters vary consider-
ably. Similar conclusions were drawn within the paper (Fig. 16) where
the sharpness parameter was found to be varied with capacity and clas-
sifier chamber diameter.

4. Conclusions

Within the context of the study, the performance, selection and
modelling of the high efficiency air classifiers were overviewed de-
pending directly on collected industrial data from cement industry.
The studies showed that;

• Performance of a high efficiency classifier was influenced by feed dust
loading, rotor speed and air flow. These parameters had an influence
on bypass and cut size parameters.
r diameter on the sharpness of separation (α).
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• Design parameters of high efficiency classifiers, e.g., rotor diameter/
area, air flow, could be correlated with the feed/product flow rates.
Therefore a classifier with the required capacity could be selected
with regards to rotor area and fan capacity depending on the target
size.

• Within the study high efficiency classifiers were mathematically
modelled with the efficiency curve approach. The novelty of the
model structure developed is the use of the variable reduced efficien-
cy curve approach since the sharpness parameter was found to be
changing with the separator feed dust load and separation chamber
diameter. It is the first application of changing sharpness parameter
inmodelling of air classifiers thatmakes themodel structure advanta-
geous over the previous studies.

• As a result of the modelling works, all of the efficiency curve parame-
ters (Eq. (1)) were correlatedwith the operating and design variables.
The equations derived are summarized below;

C ¼ 100−10:467� DLð Þ1:4171 ð2Þ

d
d50c

¼ 2:47� AF
RS � F

� �−0:7775 �d ð3Þ

α ¼ 0:905� D
DL

� �1:2679
ð4Þ

β ¼ 0:4417�DL1:4171−0:1293 ð5Þ

β� ¼ 0:4365 �DL1:4171 þ 0:7224 ð6Þ

where;

D : Classifier chamber diameter (m)
DL : Dust loading of classifier feed (kg/m3)
AF : Air flow used in the classification process (m3/h)
RS : Rotor speed of the classifier (m/s)
F : The amount of (−36+ 3) μm size fraction in separator feed

(t/h)

Developed correlations can be integrated into Whiten's efficiency
curve equation (Eq. (1)) to predict the classifier performance under cer-
tain operating and design conditions, which can be used in simulating
closed circuit cement grinding operations.

• The selection methodology and modelling approaches developed in
this study can be used for the other types of high efficiency air classi-
fiers aswell, since the classificationmechanisms and operating princi-
ples are quite similar to each other.
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