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Abstract

An approach is proposed to visualize the working area of the technological parameters of
the process of shaping the ceramic mixture, carried out in an auger vacuum extruder, in the
production of bricks, which is an important element of the analysis of the stage under consid-
eration as object of automation. The vectors of control and disturbing influences, the vector of
controlled coordinates, which make up the shear strain rate and the moisture content of the
ceramic mixture in the pressure head, the amount of vacuum in the vacuum chamber of the
auger extruder are determined. The well-known experimental data on the influence of the el-
ements of the vector of controlled coordinates on the strength of the finished ceramic brick,
and, therefore, in accordance with GOST 530 2012 on its mark, have been studied. Evaluation
of these dependencies and a number of transformations and manipulations allowed us to rep-
resent the sought space of technological parameters of the shaping process in the form of a
structural diagram, which is convenient to use when conducting computational experiments,
and in the form of a three-dimensional graphic design, the analysis of which allows us to de-
termine the optimum operating modes of an auger vacuum extruder in brick production re-
quired brand.

Keywords: ceramic brick, auger vacuum extruder, shaping, object of automation, shear
rate of ceramic mixture, vacuum in vacuum chamber, moisture of ceramic mixture, brick
strength.

Introduction

Modern requirements for the rational use of raw materials and energy resources for indus-
trial enterprises, including factories producing construction supplies, require innovative
development and upgrade of their production facilities. Despite the new types of walling
products, the popularity of ceramic bricks remains at a high level, and technological com-
plexes for brick production represent a significant share of the industry. It is important to
develop and implement methods and means of controlling the technological process of ce-
ramic bricks manufacture, as it ensures the required quality of the products -with the low-
est possible specific energy consumption in each individual case. The creation of algo-
rithms and control systems with similar properties requires a preliminary analysis of the
production cycle processes, the selection and justification of technological parameters, that
characterize the quality of bricks and determine the causes of defects. The graphical repre-
sentation of technological variables dependencies simplifies the analysis of the technologi-
cal process and helps to identify hidden patterns. In this regard, the visualization of the
working area of the space of technological parameters for the processes of brick production
is considered an important task.

The manufacture of ceramic bricks, carried out most often by plastic shaping, includes sev-
eral basic steps, at each of which the mechanical, physical, and chemical properties of the
raw materials change in a certain way [1, 2]: preliminary preparation of raw materials,
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shaping, drying and firing. The peculiarity of this technological chain is in the significant
impact of each process on the subsequent stages.

In this paper, we solve the problem of data visualization, that characterize the stage of
shaping the ceramic paste in an auger vacuum extruder for the paste wetting, mixing, vac-
uuming and the extrusion itself. The subsequent analysis of the obtained graphic images
will allow to determine the most effective approaches to the management of the considered
technological process.

1. Analysis of the Technological Process of Shaping Ce-
ramic Paste in an Auger Vacuum Extruder as an Object of
Automation

The shaping of ceramic paste is one of the most important stages of brick production, de-
termining the quality of the finished product [3, 4]. The complexity of managing this pro-
cess is due to its substantial non-linearity, the non-stationary nature of the mechanical,
physical and chemical properties of the raw materials, the inability to measure certain
technological parameters, and the fact that defects caused by the extrusion step and the
deviation of the products from the required value are detected only after drying and firing
[4-6]. Nevertheless, rather strict requirements are imposed on ceramic bricks related to
their strength, deviations of their geometric shape, absence of defects in the internal struc-
ture (concentric and s-shaped cracks, laminated bars, etc.) [7].

The auger vacuum extruder is an aggregated unit that consists of a clay mixer, a vacuum
chamber and the extruder [8]. After preliminary preparation, clay feedstock is fed into the
loading window of the mixer using a belt feeder for further moistening, steam heating and
mixing. Next, the ceramic paste enters the vacuum chamber where the air is extracted from
it, adsorbed by the surface of clay particles (causing microcracks in the brick). After vacu-
uming, the ceramic paste is transported by an auger to the pressure head where the paste
is pressed through the head outlet of a given shape resulting in a bar of the desired cross
section.

It is known [4, 6, 9] that the strength value R of finished products under compression de-

pends significantly on the shear rate Y and the moister level w of the ceramic paste in the
pressure head, the value of the vacuum pressure Py in the vacuum chamber of an auger ex-
truder (Fig. 1). Therefore, these parameters make up the vector of controlled coordinates

Y() =[y(t) R@) w®]

where t is time; T 'is the transpose mark.

Shear rate ¥ is determined by the auger angular velocity @ and the flow behavior index of
the ceramic paste p [10, 11]; Py is determined mainly by the vacuum pump flow rate Qup
and the flow area of the duct, which can vary by AF due to dust and pollution in the vacu-
um chamber [6, 12]; w depends on the moisture value wo of the raw material entering the
clay mixer and the flow rate of the water added to it while mixing Qv [11, 13, 14]. During
operation, it is possible to regulate w, Qup, Qv values by varying the frequency of the voltage
woa, SUpplying the auger driving motor, the frequency voltage wouvp, feeding the driving mo-
tor of the vacuum pump, voltage Uosv, supplied to the water metering solenoid valve, re-
spectively. In this case, the vector of control actions will be as follows:

U(t) =[o, (1) w0 U, D]
The disturbance vector will take the form:

H(D) =[w(t) AF(t) w,(t)]
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Fig. 1. Influence of the technological parameters of ceramic paste
shaping on brick strength R.

In order to make the most rational management decisions in the current technological sit-

uation, it is necessary to find the optimal position of the operation point in space { ) of
the extrusion technological parameters, the coordinates of which are determined by the

elements of the vector Y . We suggest that the easiest way for such an approach to be im-
plemented is by visualizing the dependencies between the controlled coordinates of the
process and further analysis of the obtained graphical representation.

2, Influence of the Technological Parameters of Shaping
on the Strength of Ceramic Bricks

Strength class M is one of the brick's main characteristics [7]. Based on the analysis of the
requirements described in GOST 530-2012 (Ceramic Brick and Stone. General Technical
Conditions) we can suggest that a certain class M is assigned to a brick (provided that the
requirements for flexural strength are met) in accordance with the following logical rule:



-

300, R =30 MPaq;

250, 25< R <30 MPa;
200, 20=< R <25 MPa;
175, 17.5< R <20 MPFa;
M=:150, 15<R <17.5 MPaq; )
125, 12.5< R <15 MPFa;
100, 10<R<12.5 MPa;
75, 7.5=R <10 MPFaq;
50, 5= R <7.5 MPa.

In studies [4, 9], the authors present an assessment of the influence of the shear rate Y in
samples made of non-vacuum ceramic paste (Py = 0 %) on their strength R’ under com-

pression after drying and firing. Every curve R'=2(y) of the represented family of func-
tional dependencies, corresponding to some fixed moisture value w, has approximately the

same shape with a pronounced extremum at Y=Vr_mz . We assume that these curves
absolutely coincide in shape and are located at the same level relative to the R’ axis, and as

w changes, they shift only along the Y axis. The analysis of the dependencies presented in
studies [4, 9] makes it possible to describe the shifting extremum with moisture level var-
iations in the technologically justified range by a quadratic function

Vaome (W) =k, -w* -k, -w+e,
; (2)

where ki, ko, c3 are constants.
Based on the data [4, 9] for ceramic samples from Cambrian clay, and taking into account

expression (2), we construct a family of curves for five moisture values (Fig. 2).
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Fig. 2. The dependence of the compressive strength of a brick on the shear rate when shap-
ing a non-vacuum ceramic paste:
1-w=155%;2-w=171%;3—-w=19.9%; 4 —w = 22.5 %;
5—w=255%.

In the case under consideration, k;: = 0.1457 s, ko = 4.4815 s71, ¢c3 = 34.778 s~1.

Studies of the effect of vaccum processing of the extruded ceramic paste [6] revealed that
no increase in strength R was observed at vacuum level of 40+60 %, at 80+90 % the
strength increased by 70 %. Based on these conclusions, we introduce the concept of hard-
ening coefficient Kn [12], which is described as the ratio of the strength R of a finished
brick obtained from a vacuum processed paste (where R depends on the vacuum level) to
the strength R’ of a brick made of non-vacuum paste

K,(B)=R(P)/R" (3)

Let us construct the dependence of the hardening coefficient K» on the vacuum level Py
(Fig. 3), and select the area of acceptable variation in the vacuum level (on the condition of
excluding defective products by appearance), which is in the range

min P;" < P;" <max P~

P* — 90 %

timal value ~ ¢

" ] i - [ i i
. Based on [6] - min P, =70 %, max P, = 100 %, op-
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Fig. 3. Dependence of the hardening coefficient of ceramic bricks on the vacuum pressure
in vacuum chamber of an auger extruder.

It can be noted that the change in the hardening coefficient Kn can occur between the
abce’d and abb’c'd polylines, and according to the data in [6] it is not possible to identify
the pattern that more accurately determines the increase in strength of ceramic bricks dur-
ing vacuuming of raw materials used for their production. Therefore, for further analysis
here, we will use the option that requires a higher vacuum level, that is, the abcc’d pol-
yline, which will increase the likelihood of obtaining the expected hardening effect. The

polyline abcc'd is a graph of a non-linear function Ky=2,(F) .
The presented dependences illustrate the influence of the vector elements of controlled co-

ordinates Y separately, but do not provide a holistic picture and do not allow to deter-

mine the optimal Y , w, Py values, ensuring the operation of the unit in the most rational
mode for the current technological situation. In this regard, it is advisable to create a gen-
eralized space of technological parameters of the ceramic paste extrusion process

(IT\=(y, B, w)

3. Graphic Synthesis of the Space of Technological Parameters of the Ceramic Paste Extru-
sion Process
A structural diagram is one of the options for representing the space of technological pa-

rameters of the ceramic paste extrusion process { ) . This method makes sense if the

space < ) need to be embedded in the computational model of the brick production pro-
cess. In this case, to reduce the number of manipulations with data arrays, we advise to use

R'=0,(y)

only one family curve in the structural diagram at some selected base value of



moisture ws, and cast the current value of the shear rate ! to an equivalent value Y ac-
cording to the expression

y(w)=y-y.(w) (4)

where ¢ is the value of the shear rate correction,

-Fr:(lﬂ) = ?R'—smrilﬂ) - ];:R,_!m |u,=u = Iir‘Cl ' U‘JE - kzl w—= C3+?R'—sm|11:|w=w_ .

; (5)
. , .
VR ma |“‘=“"' is the curve R'=a,(y) extremum, corresponding to the moisture value ws.
Thus, the extrusion process can be modelled at any moisture value of the ceramic paste us-
ing only one curve of the dependence of the brick strength on the speed of shear defor-
mations.

The combination of expressions (1) — (3) and non-linear functional dependencies of @; and
@ allows to create a structural representation of the space of technological parameters of
the ceramic paste shaping process (Fig. 4). However, this form of display, convenient for
use in computational experiments, does not allow for a thorough analysis of this three-
dimensional dependence, or to reveal its hidden properties. Therefore, it is obviously nec-

essary to introduce the space < ) in the form of three-dimensional graphic design in the

coordinates of technological variables — Y w, Pu. The solution of this problem is accom-
plished by graphic synthesis with several stages.

300, R=30MPa;
250, 25< R<30MPa;
200, 20<R<25MPa;
175, I17.5<R<20 MPa;

150, IS<R<17.5MPa; ﬂb
125, I125<R<15MPa;
100, I0<R<125 MPa;
75, 725sR<I10MPa;
S0, S5<R<7.5MPa.
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Fig. 4. Structural representation of the space of technological parameters of the ceramic
paste extrusion process.

Projecting function graphs R'=2(y) (Fig. 2), where the boundaries of brick strength
classes M are also indicated in accordance with expression (1), on y-w plane allows to

=@ (w : g
get a group of curves Y 4( ) , each of which corresponds to a specific value of R’. Fur-
ther, we use only some of these curves, which will be boundary in terms of the separation

of ¥~ plane into class areas. We should also take into account that for Cambrian clay
the optimum shaping moisture value ws is about 23.5 % [5], and we will take Awace = + 1 %
[15] as the acceptable range. Minding these limitations, we obtain a set of work areas of an



auger extruder (in terms of Y and w) (Fig. 5), within which it is possible to ensure the
production of a brick of a certain class from a non-vacuum ceramic paste. In fact, the
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Fig. 5. The cross-section of the space of technological parameters of the ceramic paste ex-
trusion process in Y-t plane.
3 <H> 3 3 <H )|P =075
We should find the sought space by multiplying the elements of the set : by

. . . .. ] < =
the hardening coefficient, which lies in min K = K, =
min K, =1 max K, =1.7

max K, range. According to the

above data, . Thus, given the expression (3), we synthesize a

three-dimensional space:

()= Ku(B)-{IT))

F.=0%

i 'y '

Let us present ( ) in the form of a set of surfaces < >|E'=E'-i (tel,2,...,n) (Fig. 6),
limiting ourselves to the consideration of four values of Py.i from the allowable range of
changes in the vacuum pressure of the vacuum chamber of an auger extruder in the pro-

_ min P*

cess of shaping ceramic paste for brick production: Py = =70% ,Pv2 =80%,

P* max P

Puz="v =90%,Pvy= = =100 %. This series of values determine the values



of the hardening coefficient Kni — Kn: = 1.23, Kh2 =1.47, Kh3 = Kn.y = max K;, _ 1.7. Us-

ing this kind of visualization clearly shows the areas of constant values of brick strength

<H> = (I)S(?’ R_r: 1”)

classes in space (Fig. 6).

I _
Sections { ) in F-y plane (Fig. 7) record working range of the unit, which provide for
the production of bricks of a certain class with fixed values of w.

Fig. 6. Three-dimensional visualization of the space of technological parameters of the ce-
ramic paste extrusion process.
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Fig. 7. The cross-sections of the space of technological parameters of the ceramic

paste extrusion process in F.-y plane.



Based on the analysis of the surfaces obtained (Fig. 6, 7), we proposed an automatic con-
trol system structure for an auger vacuum extruder (ACS for AVE) to manufacture the ce-
ramic stones [11]. The structure consists of three separate channels and includes a multi-
dimensional object of control, by which we understand the combination of hydrodynamic
and electromechanical processes in the preparation of clay raw materials and the shaping
of bars and subsequent drying and firing processes. The state of the object is determined

by Y vector. We use the following as converting elements: in shear rate control channel

Yo frequency converter to power the extruder drive; in the control channel for the Py val-
ue — frequency converter for the vacuum pump motor; in the moisture control channel w —
pulse-width modulators for powering the coils of the solenoid valves supplying water and
steam to the extruder mixer.

The synthesized space of technological parameters of the ceramic paste extrusion <H) is
incorporated into the vector of master signals for the ACS for AVE and can be adjusted de-
pending on the data obtained during production. The arrangement and implementation of
such an automation system allows to establish the competitive brick production, to ensure
an increase in productivity and to reduce the specific energy consumption along with stabi-
lizing the brick strength matching the given class requirements.

Conclusion

The paper describes the technique allowing the visualization of the space of technological
parameters of the ceramic paste extrusion process. At first, this stage was considered using
the approaches of system analysis, identification of objects of control and automatic con-
trol theory, which allowed to isolate the vectors of control and disturbing influences, the
vector of controlled variables, elements of which were taken as coordinates of the multidi-
mensional parameter space of the extrusion process.

The authors analyzed the results of few and scattered studies to assess the impact of the
main parameters, most characterizing the efficiency of an auger vacuum extruder (shear
rate and moisture levels of the ceramic paste in the pressure head and the level of vacuum
pressure in the vacuum chamber), on the quality of the finished product, and first of all on
its strength. This made it possible to represent the sought space in the form of a three-
dimensional graphic design, in which the iso-areas of brick classes are visually displayed in
coordinates corresponding to the elements of the vector of controlled variables. It should
also be noted that a structural representation of the multidimensional relationship be-
tween the shear rate, the moisture of the ceramic paste, the vacuum pressure and the
strength class was obtained, which is essential in preparing and conducting computational
experiments.

Studying sections of the found space of technological parameters has greatly facilitated the
creation of the structure of the automation system for an auger vacuum extruder and the
algorithms for its rational work.

The conducted survey reflects the results of one of the stages of research work on the syn-
thesis of the structure and the formation of the software for the digital automatic control
system for the production of ceramic bricks.
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