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Abstract: Digital technology is being introduced into all areas of human activity. However, there
are a number of challenges in implementing these technologies. These include the delayed return
on investment, the lack of visibility for decision-makers and, most importantly, the lack of human
capacity to develop and implement digital technologies. Therefore, creating a digital training
simulator for the industry is an actual task. This paper focuses on the first step in creating a digital
training simulator for the industry: developing a dynamic process model. The process chosen is
flotation, as it is one of the most common mineral processing methods. The simulation was performed
in AVEVA Dynamic Simulation software. The model is based on a determination of reaction rate
constants, for which, experiments were conducted on a laboratory pneumomechanical flotation
machine with a bottom drive. The resulting model was scaled up to industrial size and its dynamic
properties were investigated. In addition, the basic scheme of a computer simulator was considered,
and the testing of the communication channels of a dynamic model with systems, equipment and
software for digitalizing was conducted. The developed model showed acceptable results for its
intended purpose, namely, an exact match to the technological process in terms of time. This helps
to account for inertia and a fast response on all tested communication channels, as well as being
acceptable for the real-time simulation speed of the solver.

Keywords: digitalization; flotation; dynamic model; flotation process control system; computer simulator

1. Introduction

Digital technology is dramatically gaining momentum, taking over all sectors and
areas of human life around the world [1,2]. The mining industry is no exception. Digital
technology is being performed and implemented at a rapid pace in mining operations [3,4].
The widespread adoption of digital technology requires a workforce capable of under-
standing the specifics of this technology [5,6]. It requires the right approach in developing
and implementing it in an existing manufacturing environment as well. Employees who
understand and are ready to implement digital technologies have to either be outsourced or
retrained [7,8]. In the first case, it takes a long time for the new employee to understand the
specifics and characteristics of production from scratch. In the second case, the employee
needs time to learn the new technology. In both cases, it is obviously relevant to develop
special systems or complexes to simplify the training [9,10].

The digital industry training simulator is such a dedicated facility. The development
of specific training complexes is not a new area. There are a significant number of training
complexes in different sectors [11,12]. For example, in article [13], a virtual reality collab-
orative planning simulator with methods for the three machines based on a multi-agent
system is described. There are several types of training systems in the industry, such
as the operator training simulator (OTS) [14,15]. In other words, it is a process control
training system or a personal skills training system (pit management trainer, drilling rig
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trainer, etc.) [16,17]. For example, in article [18], a virtual excavator simulator featuring
hardware-in-the loop-simulation (HILS) technology and haptic joysticks is presented. A
large percentage of simulators, in the classic sense of the word, developed these days are
just fly [19,20] or driver simulators [21-23].

The principles of developing such simulators forms a certain sequence: the develop-
ment of dynamic or physical models (cab, dynamic model of a particular process), the de-
velopment of training scenarios and the evaluation of the simulator’s performance [12,15].
The evaluation of the simulator performance can be carried out by several criteria. For
example, Ref. [24] suggests evaluating the performance by testing it and determining
its technical, functional, psychological and cognitive fidelity. If fly or driver simulators
are developed and have a wide application [25], the industrial simulators are developed
individually and are usually unique in its kind [26].

Paper [27] deals with the NPP (nuclear power plant) operator’s simulator. The authors
point out a systematic error present in all simulators. This error occurs on two fronts:
environmental biases (physical differences between the simulator and the control room) and
motivational biases (cognitive differences between simulator training and NPP operation).
The authors of the article propose a methodology for quantifying the effects of working on
these simulators caused by these two directions and give recommendations for simulator
bias experiments.

The article [28] presents the process of developing and testing a simulator for training
operators of the isopropyl alcohol production plant. The UniSim software package was
used to simulate the technological part. The authors emphasize the suitability of the simu-
lator for operator training, as well as for educational purposes, engineering applications
and technology analysis.

Over time, the trend is gradually changing, and there is a shift from the simulator of a
unique object or process to a simulator that performs a particular function, which is then
used repeatedly for different purposes. For example, in the work [29], a digital real-time
simulator that predicts the behavior of power systems in a steady state and transient
states is studied. This simulator is used for power system testing in extreme conditions, in
design tasks, equipment adjustment, etc. There is no mention of the abolition of complex
simulators covering unique processes or objects. Their construction is different for the most
part, or they completely consist of separate modular block functional parts, simulating a
simpler functionality.

Paper [30] presents the development of an integrated infrastructure simulator for
sustainable urban energy optimization and its application. This simulator consists of
several modules according to the business model with the management strategy applied in
Hamamatsu city (Japan).

The work [31] explores an immersive VR-based safety training simulator that allows
for procedural training to electric overhead crane (EOT) operators. The combination of
simulation and VR technology is a typical solution for safety simulator.

The explosion in digitalizing is prompting producers to move urgently to adopt new
technologies. Unfortunately, the economic impact of digitalization is often difficult to
measure. First of all, this is due to the prolonged effect of the introduction of various
digital tools. The article [32] shows that the explosive spread of digitalization affects the
sustainability of specific advantages. However, this effect may be transient and may last
until either a more “advanced” product appears on the market, or until the technology
is no longer needed. On the other hand, the same paper shows another version when
digitalization has “a winner takes all” effect. In the first and in the second case, the effect
is difficult to measure, because it is impossible to determine the time during which one
or another digital technology will be “on top”, and it is difficult to determine the time of
winning over everything. Decision-makers are faced with enormous development and im-
plementation costs, which overshadow the effect, especially when it is intended for the long
term. The simulator will help to train staff, and can be a testing ground for new solutions
related to production digitalization. For example, paper [33] emphasizes the urgent need
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to develop the next generation of pedagogical simulators. These simulators, according to
the authors, should be simulators that combine today’s best practices (commonly used as
part of bachelor and master curriculums of chemical and biochemical engineering, and
are: PRO/II, Aspen Plus, Hysys, SuperPro, specific simulators that have been created as
learning tools for undergraduate engineering and science students, such as BerryMaker or
Labster ApS., and others like that).

Thus, simulators based on dynamic models of different parts of the production cycle
and the training of specialists will significantly increase profits and reduce costs for enter-
prises [34,35]. Such implementations will clearly present to decision-makers the benefits
of adopting a particular technology. This will improve the observability of the results of
digital technology applications, and will practice the solutions developed without affect-
ing the existing production. For instance, the work [36] shows one of such simulators,
DeConSim, which is an ideologically close analogue to the simulator developed by the
authors. A distinctive feature of this simulator is the ability to work in two different modes:
simulation and real-time mode. This approach allows us to move from a simulator to a
modeling tool underlying the control system at different levels.

Mining processes are divided into a number of stages and process steps. One impor-
tant stage is the beneficiation process. The most common method is flotation for valuable
metal ores [37,38]. This method, which is founded on the principles of material separation
based on the wettability of the mineral surfaces, is both versatile and can be applied to a
wide range of raw material types using a variety of reagents [39].

The purpose of this paper is to develop a dynamic model of the flotation process at a
gold mining enterprise, to form criteria for assessing the suitability of this dynamic model
for use in a digital training simulator and to evaluate the developed model against the
formed criteria.

To achieve this goal, in the Materials and Methods chapter, the description of the
general principles of the flotation model development and the principles of model devel-
opment adopted in this paper are shown. In addition, a description of the methodology for
assessing the suitability of the model for use in a computer simulator is given, the scheme
of the computer simulator is developed and a description of the study of the model and
testing for the suitability for use in the simulator complex are given. In the third chapter,
Experiments, the description of the test object, the peculiarities of the experiments, the basic
scheme of the research and the main characteristics and features of the flotation machine are
given. The chapter Results presents the results of the study of flotation enrichment kinetics
and a calculation of flotation rate constants for each factor. It also presents the appearance
of the dynamic model and the testing results of this model, as well as the results of the
study of the dynamic flotation model on the suitability of its use in a computer simulator.

2. Materials and Methods

In order to achieve set objective, materials and methods for the dynamic model
development of the flotation process were used. The design of the evaluation criteria
for the suitability of the dynamic model in a computer-based digital training simula-
tor and the methodology for assessing the model to meet the specified criteria has also
been considered.

2.1. Model Development

Several types of flotation models are proposed in flotation theory [40]: kinetic models;
mass-balance models; and probabilistic models. The most common are kinetic flotation
models. In these models, the first order kinetic equation is widely used to determine the
kinetic parameters of flotation. This equation is based on the idea of an elementary flotation
act as an analogue of a chemical process, where a bubble and a mineral particle interact.
It follows that the rate of the flotation process is directly proportional to the number of
elementary flotation acts. The coefficient of proportionality in this case is the flotation rate
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constant. Thus, the basis for the development is the method for determining the flotation
constant [41].

However, the practice of applying these models to describe real technological processes
has shown that, due to the complexity of the process, the modelling results using a single
equation of flotation kinetics do not have sufficient accuracy. The solution to this problem
was found in the description of the process by a system of equations with different flotation
rate constants, which represents the flotation process as a set of several sub-processes. In
the literature, there are two principal approaches in determining the value of flotation rate
constants [42]:

e Dividing the flotation process into sub-processes according to the phase where the
process takes place and determining the rate constant for each of these sub-processes;

e Dividing all material into flotation classes based on its hydrophobicity, and establish-
ing the rate constant for each of these classes.

Partitioning into phases has proven to be a good idea for models using the principles
of computational fluid dynamics. Kinetic laws of transition of mineral particles between
“pulp phases” and “froth phases” allow us to establish correlations with calculation of
particle movement trajectories in the field of velocities of the medium.

By dividing the whole material into different hydrophobic fractions, the concept of
“floatability index” is introduced. The flotation index is a dimensionless value, reflecting
the relative probability of particle attachment to the bubble and its further removal into the
foam product by true flotation or mechanical removal. The concept is based on the principle
of classifying the entire mass of flotation material into classes for particles whose difference
in attachment probability is insignificant. This is necessary in order to compensate for
the difference between the recovery values determined in laboratory experiments and
theoretical calculations [43].

To simulate the process, AVEVA used an approach to describe flotation as analogous
to a chemical process. It is based on an equation describing the change in mineral particle

concentration with flotation time.

dN
— = kN"
dt

where: N—particle concentration, k—flotation rate constant, t—flotation time.

The physical meaning of the kinetic equation’s order is conditioned by the specific
number of mineral particles per air bubble. Thus, the main task is to determine the flotation
rate constant.

One approach for determining the rate constant is to estimate the partial constants
of the effect of the different factors on flotation efficiency. In this approach, all flotation
material is divided into classes, with respect to component and size class.

kij _ k{rother % k]qoll * KT 4 TP kFSD

where: k;j—overall flotation rate constant for specific i—particle size class and j—reagent

regime, kI'*D—flotation rate constant component that correlates with particle size distribu-

tion, k{ """ __flotation rate constant component that correlates with frother concentration
in pulp for specific reagent regime, k]C-OZl—ﬂotation rate constant component that correlates

with collector concentration in pulp for specific reagent regime, k"—flotation rate constant
component that correlates with air flow rate, k’”"?—flotation rate constant component that
correlates with impeller speed.

This approach has several key advantages. Firstly, it allows us to more accurately
account for the influence of various technological factors on the efficiency of the flotation
process, based on the results of flotation tests on ores. Secondly, the approach allows for
scaling the results of experimental studies from laboratory installations to industrial ones
with higher values of adequacy.
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One of the main issues, scaling the results of laboratory studies to industrial plants,
stems from the influence of flotation cell hydrodynamics on the measure of air dispersion in
the chamber. The approach to the issue is to keep the parameter of surface area bubble flux
(Sp) and the superficial gas velocity (J;) equal. The resulting parameters are the starting
point for scaling the results. The parameter S, relates the amount of air supplied to the
flotation process to the geometric parameters of the bubbles, as well as to the geometric
characteristics of the machine chamber [44].

_ 6%Qa « E?:l dz‘3
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where: d;,—bubble diameter, Q 4—air flow rate, A_.;;—flotation cell’s cross-sectional area.

The geometric size distribution parameter of the bubbles was determined by analyzing
the image of the air bubbles in the cell. This approach is based on the assumption that,
when mineral particles attach to bubbles, the size deformation of the latter is minor. The
sizing was achieved from the captured images of the dispersion process. Only the foaming
agent was used.

2.2. Development of a Methodology to Assess the Suitability of the Model for Use in a
Computer-Based Digital Learning Simulator

Currently, there are many technologies related to digital ones in one way or another.
The work [45] investigated technologies used in the mining industry. Among them, the
most in demand are: advanced process control, mine nerve center, virtual and augmented
reality, automation, digital twins, artificial intelligent, robotics, big data, cyber security, etc.

Figure 1 shows a simplified diagram of the computer simulator under development.
This diagram demonstrates some of its features, namely:

— The control and power systems are separated into separate units (this will make it
possible to understand whether to virtualize the functions of these systems or to leave
the real ones in place);

—  The physical and dynamic models are connected together.his solution allows the user
to practice the functionality on physical simplified models and to see how they scale
to the size of the entire enterprise;

— A separate user interface is allocated for the administrator and the instructor. This will
give the instructor the ability to develop training tasks, and will give the administrator
the ability to configure the system, etc.;

— Models and systems are communicated using the OPC protocol. This protocol is basic
and can be changed to any other (e.g., MQTT etc.).

The study of the model jointly in terms of different technologies has its own charac-
teristics. For example, the dynamic model can be used to investigate the performance of
digital twin technology as a tool for changing process conditions. Essentially, on the one
hand, the model itself can be a digital twin of the processes. On the other hand, the model
can be used in the development of digital twins of devices (e.g., an engine) and, thus, will
simulate changes in the operating conditions (load) of the engine in terms of real plant
conditions. To verify this functionality, confirm the trainer-energy system-dynamic Model
connection and obtain data exchange signals between these system components.

In order to study robotics, which are IoT sensoring technologies, some physical models
of the production cycle are provided in the simulator. Dynamic models are not suitable
for studying these technologies as they imply direct interaction of such systems with
the process.
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Despite the differences in the investigation of the model and the applicability of
different digital technologies to it, the testing of the model for suitability for use in a
given training complex will be the same for all technologies. It will consist of a series
of actions, the basis of which being to obtain an unambiguous answer as to whether the
dynamic model is linked to the software or hardware used to implement a particular
digital technology.

Dynamic model Physical model
of process of process
Control system Power system
Instructor
3 SQL-server
Admin |~ User I
min_ = interface |7 OPC-server
|
Student ‘ ‘
APC-system Artificial Big Data
intelli -
Mine nerve inteTigence Predictive
center Robotics analytics
Digital VR-systems ERP-systems
Protocols Cyber security
Data
Digital twins analytics loT sensoring

Figure 1. Diagram of the computer simulator under development.

Testing will be conducted by functionality testing only, with no other factors taken

into account. During testing, a protocol will be drawn up using the following template
(Table 1).

Table 1. Testing template.

Action Expected Result Test Result (Passed/Failed/Blocked)
Action 1 Result 1 Passed/Failed /Blocked

3. Experiments

Flotation tests were carried out on a bottom driven pneumo-mechanical flotation cell.
A sample of crushed gold-bearing sulfide ore was chosen as the object of study. The Pg
parameter for the sample was 74 um. The main gold-containing minerals in the ore were
pyrite and arsenopyrite.

A series of experiments were carried out in the course of the research to study the
kinetics of the flotation without collector and flotation using butyl potassium xanthate and
using a collecting mixture of potassium butyl xanthate and sodium dibutyldithiophosphate.
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The essence of the flotation kinetics experimental studies lies in obtaining values of valuable
component recovery respective to the flotation time. For that purpose, in this work, in
each flotation kinetic test, six froth products were obtained for the following flotation time
intervals: 30's,60's, 120 s, 240 s, 360 s, 720 s. In each product, content of arsenic, iron and
sulfur were analyzed to approximately access grade of pyrite and arsenopyrite. During
the experiments, the airflow rate was 8 1/min and the impeller speed was 850 rpm. The
algorithm of the flotation kinetic test series is shown in Figure 2.

Feed

Laboratory .
flotation cell |:> Tails

30s
—— > | Froth product- 1

60 s
—— | Froth product- 2

120 s

Froth product- 3

240 s

Froth removal
time

Froth product- 4

360 s

Froth product- 5

720 s

Froth product- 6

Figure 2. The algorithm of the experimental series.

4. Results and Discussion

The kinetics study results of the flotation process are presented in Table 2. A graphical
interpretation is shown in Figures 3-5. The equation of the flotation process kinetics of the
second order was used for a mathematical description of the obtained results. The equation
has the form:
gt

t+ 2

e(t)

where: eg—theoretical recovery limit, k—flotation rate constant, min~!, t—flotation time, min.

Table 2. The kinetics study results of flotation enrichment.

Valuable Time Intervals e, % k, min—1
Component

. . Pyrite - 15.04 14.45

Flotation without collectors Arsenopyrite B 967 810
. Pyrite - 46.73 100.00
Potassium butyl xanthate Arsenopyrite ) 38.61 36.10
. Pyrite I 70.42 166.67
:g;?ii;um butyl xanthate and Arsenopyrite I 46.51 58.48
Pyrite I 90.91 103.09

dibutyldithiophosphate Arsenopyrite II 76.92 29.76




Appl. Sci. 2021, 11, 10885

8of 19

16.00

14.00

12.00

—
=
=
S

Component recovery, %
[# 2]
[=}
S

6.00
4.00
y
2.00
0.00
2 4 6 8 10 12 14
Flotation time, min
@  Arsenopyrite cumulative recovery @ Pyrite cumulative recovery
Figure 3. Recovery profiles for flotation without collectors.
100.00
90.00 I I
I I
80.00 N\ e
70.00 =y
Ho =
RS NN
¥ 60.00 I N
@ 43 MR-l
: [ -
g N /r‘?—ﬁ
=~ 50.00 ’
: tea
: o
= f -
g 40.00 / S
3 : A
D
é/
30.00 /
20.00
10.00
0.00
0 2 4 6 8 10 12

Flotation time, min

<>| Arsenopvrite cumulative recovery I I Pyrite cumulative recovery I

Figure 4. Recovery profiles for flotation with PNBX application.

14



Appl. Sci. 2021, 11, 10885

90f19

Component recovery, %

50.00

45.00

40.00

35.00

30.00

25.00

20.00

15.00

10.00

0.00

¢
[]
0 2 4 6 8 10 12 14
Flotation time, min
Arsenopyrite cumulative recovery ¢ Pyrite cumulative recovery

Figure 5. Recovery profiles for flotation with PNBX and SDBTP application.

On the basis of the obtained results, it was established that the maximum possible
recovery of valuable components increases with the addition of sodium dibutyldithio-
phosphate (SBDTP) to the collectors mixture. This is likely caused by the growth of the
hydrophobizing ability of the mixture, which allows us to recover mineral particles of
pyrite and arsenopyrite with a lower degree of liberation into the froth product. For the
second time interval, a lower value of the rate constant for arsenopyrite flotation compared
to the flotation with potassium butyl xanthate (PNBX) was established. The recovery values
for pyrite and arsenopyrite, established during a series of experiments of flotation without
collectors, characterize the valuable component recovery in the foam product due to the
mechanical removal and flotation of the maximum opened aggregates that are capable of
flotation without the collector.

Based on the ratio, the values of flotation rate constants were established and the
values of specific flotation rate constants for each factor were calculated. The results are
presented in Table 3.

Table 3. Established kinetic constants for simulation.

Valuable 1 =1 kSBDTP (I), kSBDTP (II),
Component Kfrother, min kpnpx, min min—1 min
Pyrite 14.45 6.92 1.67 1.03
Arsenopyrite 8.10 4.46 1.62 0.82

For the dynamic simulation, a pneumomechanical flotation machine with one cell was
selected. The characteristics of the flotation machine are presented in Table 4.
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Table 4. Simulated flotation cell’s parameters.

Flotation Machine Chamber Height of the Working Area Maximum Air Volume Cross-Sectional Area of the
Volume. m3 of the Flotation Machine Supplied to the Aerator, Flotation Machine
’ Chamber, m m3/min Chamber, m?
25.0 3.8 13.0 6.58

The determining of the surface area bubble flux value was carried out on the basis of
determining the size of bubbles in the process of air dispersion in the flotation machine
chamber with the addition of a frother. The results of the calculations are presented in
Table 5.

Table 5. Parameters for modeling of gas distribution in flotation cell.

Parameters of the Laboratory Flotation Machine

Qa, m3-min~! A, M2 dsp, m Sb
0.008 0.017 0.009 315.58
Operating parameters of an industrial plant for an identical value of bubble rise rate
3.09 6.58 0.0089 315.58
Industrial plant parameters for various air flow rates and bubble diameters
24 6.58 0.0123 177.28
4.8 6.58 0.0138 317.42
72 6.58 0.0152 430.99
9.6 6.58 0.0167 524.87

The analysis of the results shows that the relative velocity of the rise of bubbles grows
with an increasing air flow rate, which leads to an increase in the value of the specific
aeration intensity. Additionally, there is a growth in the size of the bubbles, which is caused
by an increase in the specific volume of air at the points of bubble formation. This leads to
an increase in the capillary pressure inside the bubbles and, as a consequence, an increase
in the stability of larger bubbles.

The values of the air flow rate and bubble diameters corresponding to the relative rate
of bubble rise and the specific aeration intensity in laboratory experiments were established.
The obtained values were taken as the initial values for calculating the component of the
dependence of the flotation rate constant on the air flow rate.

Based on the systematization of the obtained data, the values of the general flotation
rate constants for different conditions were calculated. The values of constants for pyrite
are summarized in Table 6.

Table 6. Established flotation rate constants for pyrite.

Flotation Rate Constants for the Collectors Used

Qa, m3-min~1 Collectorless PNBX PNBX + SBDTP  PBX + SBDTP
Flotation (1)) (In
1.97 8.14 56.33 94.07 96.89
3.09 14.57 100.86 168.43 173.48
3.95 19.79 136.94 228.69 235.55
5.92 24.10 166.77 278.51 286.87

The values of constants for arsenopyrite are summarized in Table 7.
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Based on the data obtained, the flotation enrichment process was simulated in the

«AVEVA» software package (Figure 6).

Qa, m®-min—1
0.010 fraction
0.114 fraction
0.72551586 fraction

Table 7. Established flotation rate constants for arsenopyrite.
4.1. Simulation Results

0.013fraction

FLT1 RS[2)
FLT1 R[]
FLT1 RS[0]

[FES2]

SM3_1.Z|

Appl. Sci. 2021, 11, 10885

S U=
S35 58
T2 =
o}
= oo
288
o Y &b
Ep
=R
A £EZ
5 098 FoSSSSoIoIIIIIIIIC g
- n = .
< C - gob
-— o -
3 ® 200 S 9L
o b v Y W = SE= .
g § 2 =B —-- oS
2 £ 4 28 s’ FEEHa e A
s g S &= @ [FooooooIDoIIooooooos .
B = £ L m oo oo o o croor R A4
D= T N S e ey S .
5 m &g g &0 F------o-ooooo------ SOF
3 z & 5 8 aif e e e e e B T
£ 23 © gy O ¢ oot T o cocy
g & 3 v g g A oot e ooy i R
3 % et a& o @ o F========-=-------= .
g - -— 9 Qe g F----c---co-o-----o-o) LSe
e QNE 53 e m..w k= e e 1 €3
£z . 13 EssEsE-fosoool==c=!
588 ree o m e 3 Fo=sE=r=r=o=====F =1 ('C¢
L D 555 —_ S 5 o F = X1 13
\ 258 Lo g E wl FolscE=rc-roo======rF =y 7
- SS g 3 S ¢ 5 .A e = X 14
—7Z. - & g e | —ESESEEEEFEasassE=E=] .
728 € § & &.®  FIIIEsrIIsooIsoooise TLe
£k B s g K% FeEsFos=s=o====F=f=3 ~
i1t gis S §2% %8 E=sssa=RR
5% LEe s BT g = Foo---oooo--o---o--o- 8¢EC
= 58 S 9] L ST rrrrcocoer e IR
£ dod m_m.m_ [ m == g == ===-E=F-s=o=o r'ee
556 w+- o g  foooooooooooSooTooos 02
= ; © v g 93 sfoooo=E=E-f==s====2 ¥
% 2 SEEx Sisssssseseseasess 181
Y ) © Soooooooooooo------ 0L
. 50 © o | FEeaeaeaeEere i .
= g mm Sarrroocoorr e Y|
. R SESESg=S====E=E=t=3 g
8§ %<5 & © e
g g 9 & £ —----- 611
o mw o £ 82 - Tor
S = . £ I S 0w & N
m. 5| £ LI (& £ E - g - =| S8
7 o S B A= g 2 = 8 m & g9
(mw s & < g & = Te
53 Hia aBl g = w29 E
m_ g S = = - ¥v¢
g5 LB E=I= 3
g @ g 2 - L1
3 I U =
z = i ¢ =
g g § 9 00
5 8 3 cC o o0 o00CcOoOo o oo
z o SETxETwm T A~
“

0/ ‘KI9A0031 9)BIFUSOU0D CSo ]

B

Simulation time, min
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The jump of technological indicators at 11.3 min is caused by the beginning of the
air supply to the flotation cell and the formation of the froth layer. The contents of both
components are characterized by a sharp increase at the stage from 11.3 to 13.6 min with

a subsequent decrease. At the same time, the values of extractions systematically grow.
This is caused by a sharp drop in the concentrate yield due to a high mineralization of
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Air flow rate decrease

In the second stage, the effect of changes in the productivity of the flotation operation
Feed rate decrease

on the feed and air flow rate was evaluated. In addition, the foam height and concentrate
productivity were investigated. In the simulation mode, we simulated changes in the
power supply performance one by one and then simulated changes in the air flow rate.
The values of changes for the supply and air flow rate were 10% of the initial values. A

product. After the air supply, the flotation process reaches the stationary mode in 26.1 min
graphical interpretation of the obtained results is shown in Figures 11-16.

stabilization of the foam layer and a gradual increase in the content and yield of the froth
of simulation time.

the foam and its destruction. However, after the stage of the sharp decline, there is a
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Figure 11. Concentrate mass flow rate values in the simulation.
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Through the results of the simulation, it is established that, at an interval from 0 min
till 4.5 min, the difference in the responses on the change in parameters is insignificant. At
4.5 min of the simulation, there is a sharp decrease in the foam layer height with a decrease
in the air flow rate, which entails a sharp increase in the content of valuable components and
a drop in their recovery to the froth. However, at the end of the simulation, the difference
in the valuable component content for both investigated scenarios is insignificant, where
the difference in extractions for pyrite is 2.39% and for arsenopyrite is 3.58%.

This is due to the effect of an uneven reduction in the degree of the aeration of the
pulp. With a decrease in the air flow rate, there is a decrease in the stability and height of
the foam layer. In the foam zone, the non-uniformity of the water content over the layer
height is created, which reduces the carrying capacity of the foam. Thus, only opened
clusters of valuable minerals are carried into the concentrate. However, after the water
content values equalize along the height of the foam layer, the content values return to the
initial ones. At the same time, reducing the air flow rate reduced the value of the height at
which the foam can be stable. This is associated with the yield of the concentrate and the
possible extraction of valuable components.

The obtained results should be taken into account when implementing control and
automation systems for flotation processes. Reducing the power supply to the process does
not lead to a violation of the stability of the process. In this case, a change in technological
indicators occurs smoothly. At the same time, when changing the air flow rate, there are
noticeable violations of the dynamics of the process, and it takes time to return to the
steady state.

4.2. Study Results of the Dynamic Model of Flotation on the Suitability of Its Use in a
Computer Simulator

Table 8 shows the results of dynamic model testing.

As can be seen from the results, most of the tests ended with the result “passed test”,
which means that the developed dynamic model of flotation is suitable for use in the
structure of the developed computer simulator. It should be emphasized that achieving
most of the functionality is possible only when creating models of the entire chain of
the production cycle. Thus, the developed model has a number of advantages over other
known approaches discussed in the introduction. Compared to the approach that accurately
simulates some actions (pilot or driver simulator), the proposed solution is more targeted
to the needs of the industry. For the industry, the operator’s reaction is necessary as a brain
activity in order to analyze different situations. The dynamic properties of the developed
model showed an exact correspondence to the technological process in terms of values
achieved in the process of functioning and in terms of the time of achieving these values. A
clear advantage of this model is that, in the process of its use, it will take into account the
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inertia, which is an important factor in the control. The strengths also include the successful
passing of the test in almost all communication channels that allow for the connection of
digital elements today and the fast response of the model on all communication channels,
as well as the acceptable speed of the solver, which allows us to simulate the real time

mode on this simulator.

Table 8. Testing results.

Action

Expected Result

Test Result
(Passed/Failed/Blocked)

Read /write value in dynamic

OPC-simulation model (SM) passed
mode

SQL-OPC-SM Read /write value in dynamic passed
mode

Unity-OPC-SM Read /write value in dynamic passed
mode

Unity-SQL-OPC-SM Read value in dynamic mode passed

Unity-SQL-OPC-SM Write value in dynamic mode failed

VitoriaStudio-OPC-SM Read/write value in dynamic passed
mode

HoloLens2-OPC-SM Read /write value in dynamic passed
mode

ApplelPad12-OPC-SM Read /write value in dynamic passed
mode

Smartphone (OS_Android_10) Read/write value in dynamic passed
mode

Buttons-PLC-OPC-SM Write value in dynamic mode passed

SM-OPC-SCADA Read /write value in dynamic passed
mode

Engine-Smartlink_si-SM Read/write value in dynamic passed
mode

SM-OPC-WebAPP Read /write value in dynamic passed
mode

SM-OPC-SQL-WebAPP Read /write value in dynamic passed
mode

SM-MQTT (publisher) Read/write value in dynamic failed
mode

SM-MQTT (subscriber) Read /write value in dynamic failed
mode

SM-OPC-MQTT Read /write value in dynamic passed
mode

SM-OPC-SQL-MatLAB

(Artificial intelligent module, = Read/write value in dynamic

. . passed

predictive analytics and mode

others)

SM-OPC-SQL-Jupiter . . .

notebook-(python tensorflow Read /write value in dynamic passed

(Artificial intelligent module)

mode

5. Conclusions

The development of computer simulators aimed at the application of digital tech-
nology in the industry is an important and urgent task. An important element of this
computer simulator is the development of dynamic process models. These models, on the
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one hand, should provide accuracy; that is, when verifying the model by real production
data, the model accuracy should not be less than 95%. On the other hand, an important
aspect is to find so-called “islands of reality” in the functionality of dynamic models. Their
development should be carried out with physical models, partially repeating those or other
solutions in the industry. A prerequisite for such a simulator is a physical representation of
the control and power system. This is necessary in order to be able to connect from dynamic
models to real equipment and other hardware devices during training. In a number of
technologies, this functionality is mandatory. For example, when developing digital twin
technologies, when testing automation algorithms, information security systems, etc.

This paper shows the process of developing a dynamic simulation model of flotation
in AVEVA Dynamic Simulation software, where the model verification is carried out using
data from the laboratory pneumomechanical flotation machine with the bottom drive. In
addition, testing of the dynamic model was conducted. It presented the readiness and
feasibility of using the model in the overall structure of the simulator software complex,
as well as the ability to integrate solutions of the dynamic simulation model with known
systems, software and equipment of digital technology. The authors emphasize that this
study is the beginning of a huge work on the development of the simulator complex. In
the next stages, the authors will develop models of related processes of the enrichment
chain in detail-crushing, screening, etc., will work out a model of the power supply and
automation system, based on the results of testing and will perform connections of the
model to real objects of the power supply and elements of the automation system. A series
of experiments will be conducted in a mixed model/real objects format. In addition, the
authors will design different scenarios for training: start/stop, emergencies, scenarios of
inclusions of digital technologies in the structures of the developed models, scenarios of
interactions of model units in different variants, etc.
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