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Abstract: The article deals with studying of the gas-dispersed systems classification process 
in gravitation pneumoclassifiers of prismatic shape. The research is aimed at developing a 
pneumatic classification method for granular materials using a rhomb-shaped apparatus and 
ensuring the reliability of the operating process based on the influence of the flow on the 
granular material concentrations. The related mathematical model is developed for estimating 
the non-stationary concentration of fine particles in a gas-dispersed flow with respect to time 
and height of the working space of the apparatus. It is shown that the rhomb-shaped pneumatic 
classifier provides effective separation of granular material, reaching up to 95 % of the target 
fraction.
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1. Introduction

Removal of highly dispersed particles from a mass of various polydispersed materials 
(dedusting) is a widespread technological operation that enables to eliminate dust 
emission and dust entrainment during the subsequent processing of granular materials. 
After the removal of highly dispersed particles, energy consumption for grinding the 
material is reduced, the gas permeability and sintering capacity of dust-free granular 
masses increases; their shape, flowability, and intensity of mechanical classification 
are much better. If granular materials of homogeneous chemical composition are 
separated with a gas flow into two or more fractions, this process is called pneumatic 
classification. It is used both as an independent technological operation (sorting) and 
as a preparation of granular material for subsequent processing.

Known designs of pneumatic classifiers are effectively used for separating the 
products when the content of fine fractions in the initial material is maximum 15–
20%. When separating binary free-flowing mixtures that contain equal amount of 
fine and coarse fractions, typical pneumatic classifiers provide purity of the obtained 
fractions up to a maximum of 70–75%. However, there are technologies that require 
the production of pure separation products with the purity of at least 95%.

Therefore, a necessary task is to develop new methods and designs of pneumatic 
classifiers by rational use of the working volume and implementation of more effective 
methods of influencing the granular material flow. This technique will contribute to 
additional sieving of the material and, thus, significantly improve separation of the 
polydispersed granular mixture into fine and coarse fractions.

2. Problem Statement
In work [1] an overview of modern air classification devices is given; their operation 

principles, features and parameters, as cut size, cleanness and recovery are presented. It 
is proven, that in practice, various gravitational and centrifugal classifiers are employed, 
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including those with vertical and horizontal air 
streams, cascade classifiers, fluidized bed separators, 
inertial, vortex, rotor classifiers, etc. 

Centrifugal pneumatic classifiers are structurally 
complex and contain a block of separation elements 
[2] or they have rotating rotor with blades [3], which 
requires balancing the shaft.

Pneumatic classifiers based on the action of 
centrifugal forces are mainly used for separation of 
fine materials with a particle size less than 0.04–0.05 
mm [4, 5]. Their main disadvantage is the content 
of a significant amount (about 20–25 %) of fine 
particles and the presence of a coarse fraction in the 
final product.

The gravitational pneumatic classification 
method provides higher operational reliability [6].

In works [7, 8], the process of pneumatic 
separation of polydispersed granular mixture 
consisting of three fractions (4.75–8 mm, 8–12.7 
mm, 12.7–19.1 mm) was investigated. Air blowing 
of the granular layer makes it possible to separate 
the product into different fractions. However, it is 
indicated that after separation the coarse product 
is contaminated with fine particles, and the coarse 
fraction gets into the fine product. Final products 
require additional mechanical sieving after 
pneumatic classification.

The simplest pneumatic classifiers with vertical 
channels are not widely used since they do not 
provide the required separation efficiency [9]. In 
such devices, a raw material is loaded into the 
working volume, causing an increase in gas-
dispersed flow density. Consequently, the mixture 
has poor contact with the gas flow. Therefore, the 
coarse fraction entrains the fine fraction, which 
decreases the efficiency of fractional separation. 

Further development of such devices was 
presented by zigzag pneumatic classifiers [10, 11], 
wherein centrifugal forces arise due to the gas 
flow turns, causing particle circulation. This effect 
reduces flow density and, consequently, increases 
the efficiency of the classification process. However, 
this type of pneumatic classifier was modernized, 
and the new design has a vertical channel with a 
rectangular cross-section, in which blind shelves 
are installed at two angles to the gas flow [12, 13]. 
However, blind shelves significantly increase the 
hydraulic resistance of the device and turbulize 
the flow, which increases entrainment of a coarse 
fraction into the cyclone. The device with inclined 

perforated shelves allows implementing an active 
aerodynamic mode of suspending the granular layer. 
Consequently, entrainment of the coarse fraction 
and energy costs of the pneumatic classification 
process are reduced.

The apparatus of this design enables effectively 
removing the fine fraction of less than 1 mm from 
the polydispersed mixture of granular mineral 
fertilizers [14]. Pneumatic classifiers with a fluidized 
bed of the granular layer and perforated grate [15, 
16] are mainly intended for separation of the bulk 
product in order to separate particles less than 
0.5 mm from the layer. This allows extending the 
separation possibility to significantly increase the 
gas flow rate, which leads to increased energy costs.

Thus, a rhomb-shaped pneumatic classifier 
is a relatively new device, which is applied in the 
technology of producing organic mineral fertilizers 
[17, 18]. Due to the absence of internal contact 
elements, the rhomb-shaped pneumatic classifiers 
have a minimized hydraulic resistance. Moreover, 
a relatively high degree of product separation in 
such an apparatus is achieved by cyclic loading of 
raw material into the apparatus, thereby creating 
a rotating vortex layer; accordingly, prolongation 
of the contact of particles with the gas flow is 
efficiently provided.

3. Experimental Materials and Methods
Experimental studies of granular material 

separation into fractions were performed in the 
developed experimental laboratory stand (Fig. 1).

Figure 1: Scheme (a) and photograph (b) of the experimental 
stand for pneumatic classification: 1 – cyclone; 2 – pneumatic 
classifier; 3 – loading hoppers for raw materials; 4 – 
manometers; 5 – fine fraction tank; 6 – coarse fraction tank
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The laboratory stand (Fig. 1) includes a pneumatic 
classifier 2, which is made of organic glass, that 
improves visualization of the process studied. 
Separation takes place directly in the housing of the 
pneumatic classifier, which has 2 working sections, 
the lower section is the separation zone, in which 
the suspended layer is rotated and the material is 
sieved, as well as coarse and fine fractions removal 
takes place; the upper section is the zone wherein 
the fine fraction is accelerated and removed from 
the device. The fine fraction removed from the 
apparatus passes through the cyclone 1 and goes 
into the fine fraction tank 5, and the coarse fraction 
falls down and gets into the coarse fraction tank 6. 
Loading of raw material is fulfilled through loading 
hoppers 3.

Quartz sand was used as a model material. Using 
a set of sieves (0.63 mm; 0.4 mm; 0.315 mm; 0.2 mm; 
0.16 mm) one prepared binary mixture containing 
of fractions 0.16–0.2 mm (50.91 %) and fractions 
0.40–0.63 mm (49.09 %). Additionally, stand 
efficiency was tested on the following materials: 
urea (fractions 0.2–2.0 mm – 48.7 %; 2.0–4.0 mm – 
51.3 %) and seeds of agricultural crops (buckwheat, 
millet, carrot, and radish).

 Quartz sand was dried in a muffle furnace and 
using a set of sieves +0.63 mm; +0.40 mm; +0.315 
mm; +0.20 mm; + 0.16 mm, a charge of sand was 
obtained. Then the charge was weighed on an 
electronic scale of Momert-6000 with an accuracy 
of 0.1 g and loaded into the hopper for raw material 
feeding. Further, the gas blower was switched on, 
and the air flow was controlled by means of a clamp 
pressing the air flow.

Pressure in the apparatus body was fixed with 
the help of U-shaped liquid pressure gauges. 
Air velocity in the device was measured using 
Pitot-Prandtl’s tubes inserted at different cross 
sections of the body. The tubes were connected 
to a micromanometer with a sloping tube MMN-
240(5)-0.1, which measured the excess pressure 
at the cross sections of the apparatus body; and 
the pressure value, with the help of tare graphs, 
was translated into velocity. Certain charges of the 
material were periodically loaded into the device. 
To start a process, a triple amount of material was 
fed into the device to create a rotating layer in the 
body. Then the loading hopper cover was opened 
every 60 seconds and the next amount of material 
in the volume of 50–60 grams was fed into the body 

in 15 seconds. It created the specific load rate within 
the limits of 18–65 kg/m2∙s. The layer rotating in the 
body was again filled with material and the process 
was stabilized.

4. Results
To organize the process of pneumatic 

classification in a hollow apparatus of variable cross-
section it is necessary to provide active contact of 
the particle with the air flow. In our case, we have 
a suspended layer of rotating material, which is 
formed by feeding a first triple dose of material into 
the apparatus. Separation efficiency depends on the 
rotation velocity and mass of the suspended layer. 
In general, the rotating suspended layer is shown in 
Fig. 2, a.

Figure 2: General view of the rotating suspended layer in the 
apparatus working volume

Based on the process peculiarities, it can be 
seen that there is a dynamic displacement of the 
suspended layer centre along certain trajectories, 
which is shown in Fig. 2, b. Due to the suspended 
layer rotation, the particles of material are sent 
to the desired area of the apparatus, either to the 
separation zone, or to the zone of acceleration and 
removal of fine particles from the apparatus. At the 
time of loading the participles into the apparatus, 
fine fractions are immediately blown out by the air 
flow, and coarse fractions fall into the suspended 
layer.

At the moment of the suspended layer rotation, 
coarse particles fall out of the flow and are removed 
from the bottom of the apparatus, and fine particles, 
gaining rotation velocity of the suspended layer and 
speeded up by air flow, get into the upper zone 
wherein they are accelerated and removed from the 
apparatus with the air flow.
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The main criterion for evaluating the operation 
of the apparatus for pneumatic classification is the 
separation efficiency, which is defined as the loss of 
a coarse fraction, i.e. the removal of this fraction by 
the gas flow from the apparatus.

To analyse the influence of hydrodynamic 
parameters of the gas flow on the separation 
efficiency, the dependence of the coarse fraction 
losses of granular material on the gas flow 
consumption rate (Fig. 3) and the gas flow velocity 
(Fig. 4) is made.

Figure 3: Dependence of the coarse fraction losses of granular 
material on the gas flow consumption rate

Figure 4: Dependence of the commercial fraction losses of the 
granular material on the speed gas flow

5. Discussion
As it can be seen from the dependences (Fig. 3, 

4), we figuratively obtain 2 sections in which we can 
evaluate the influence of the gas flow consumption 
rate. In the first section (working zone) there is a 
dynamic of reducing the coarse fraction losses and 
less contamination of a coarse fraction with the fine 
fraction with increasing the gas flow consumption 
rate, which has a positive effect on the efficiency of 
classification. However, this trend continues until 
the flow consumption rate exceeds 0.024748 m3/s 
and the flow velocity is 12 m/s. At these parameters 
we will obtain contamination of a coarse fraction 
with the fine fraction within 5 %. With a further 
increase in the gas flow consumption rate (more 
than 0.024748 m3/s and 12 m/s, see the second zone 
of the diagram – flow destruction zone), there is a 

gradual destruction of the rotating layer of material 
and removal of particles of coarse fraction with the 
gas flow from the apparatus.

Select the elementary volume in the suspended 
layer of material in the apparatus (Fig. 5).

Figure 5: Schematic drawing of elementary volume in the 
apparatus

Let’s consider the change in the concentration 
of fine fraction particles (СМ) in the taken volume 
in time and space. The equation describing this 
change is expressed as:
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where G
l
 – mass of particles in the suspended 

layer, kg; U
Tx

 , U
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 , U
Tz

 – solid particles velocity in 
accordance with the axes X, Y, Z, m/s; CM (t) – 
concentration of fine particles in the suspended 
layer, kg/kg; C*

M
 – limiting concentration of fine 

particles in the suspended state, kg/kg; t – time of 
the pneumatic classification process, s; K

y
 – constant 

of entrainment rate, 1/s.
Due to the fact that the width of the pneumatic 

classifier is much less than the length of the cross 
section, we assume that there are no changes in the 
concentration of fine particles along the Y axis, ie in 
Eq. (1) we take
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Also, since the velocity of solid particles in the 
horizontal projection X in the direction from the axis 
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of the apparatus to the walls is significantly reduced 
due to the braking effect and for the same reason 
the gas flow in the horizontal direction will not 
significantly affect particle stratification, then in Eq. 
(1) we also obtain:
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After these assumptions, Eq. (1) will be written 
as:
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The solution of Eq. (5) by the Laplace transform 
method obtained in [19] is represented as:
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where C
0
 is the initial concentration of fine particles, 

kg/kg; h(t) is the Heaviside step function, for t ≥ 0: 
h(t)=1.

Using Eq. (6), we make the graph of changes of 
fine particles concentration in the suspended layer 
along the height of the apparatus Z over time τ (Fig. 
6).

Figure 6: Dependence of the change in the concentration 
of fine particles in the suspended layer on the height of the 
apparatus Z over time τ

The obtained results prove the fact that the 

concentration of fine particles is reduced by the 
apparatus height in time. This fact allows ensuring 
the separation efficiency.

6. Conclusions
The proposed physical model of granular mixture 

separation in rhomb-shaped pneumatic classifiers 
allows explaining the hydrodynamic features of 
separation into fractions. The related mathematical 
model of the classification processes of granular 
mixtures was developed to obtain the generalized 
equation for determining the concentration of a 
fine fraction in a suspended layer. A cyclic method 
for carrying out the pneumatic separation process 
is proposed. The initial cycle consists of loading a 
suspended layer with the outlet mixture for 15–20 
s. The next cycle involves gradual unloading of the 
material accumulated in the layer.

The experimental research on the separation 
efficiency for granular material also showed the 
presence of two different sections. In the first section, 
loss of the coarse fraction decreased, contamination 
of a coarse fraction by the fine particles was 
observed, and the flow rate consumption increased. 
In the second section, flow destruction occurred, 
and flow rate and loss of the coarse fraction 
increased. As a result, it was shown that the rhomb-
shaped pneumatic classifier provides effective 
separation of granular material with the purity of the 
target fraction up to 95 %. Thus, contamination of a 
fine fraction by the coarse one does not exceed 5 %.

Further research should be aimed at checking 
the functionality and strength characteristics of the 
device using the finite element method [20, 21], as 
well as the reliability of the device design according 
to the methodology [22].
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