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REDUCING EXTERNAL AIR LEAKAGE AT THE MAIN VENTILATION UNIT
OF THE MINE

Purpose. To increase the efficiency of mine ventilation by reducing external leaks through the ventilation shaft construction.

To achieve this goal, it is necessary to solve the following tasks:

- to analyse the existing methods for reducing external leaks through the ventilation shaft components;
- consider the possibility of using a counteracting fan to unload the main fan from external leaks;
- to establish the mutual influence of the main and counteracting fans during their joint operation;

- to develop a methodology for determining the operating mode of the auxiliary fan in which external leaks are stopped in full.

Methodology. To accomplish the set tasks, the analysis of the existing methods for combating external leaks in the main fan of
the mine was carried out; a mathematical model was developed for controlling the ventilation modes of the main and auxiliary fans
during their joint operation. Based on the mathematical model, the degree of mutual influence of the fans on each other was stud-
ied, a technique was developed for determining their mode, in which the mine jet in full volume enters the main fan, and external
leaks are stopped by the auxiliary fan.

Findings. A mathematical model for controlling mine ventilation and stopping external leaks in the ventilation shaft elements
has been developed using the methods for planning industrial experiments; the degree of mutual influence of the fans on each
other has been established; a method has been developed for determining the mode of their joint operation, in which the main fan
is not loaded with external leaks.

Originality. The degree of mutual influence of the main and auxiliary fans during their joint operation has been determined.
The conditions are studied under which the mine jet enters the main fan, while external leaks occur to the auxiliary fan.

Practical value. The studies conducted make it possible to separate external leaks from the main stream coming out from the

mine, which increases the safety of work and reduces the cost of ventilating the mine.
Key words: mine, main ventilation unit, external leaks, counteracting fan

Introduction. Modern mining enterprises feature high pro-
duction capacity and an increasing depth of mining. This, in
turn, causes an increase in the consumption of fresh air for
ventilation of mining operations and makes it necessary to in-
crease the productivity of the main ventilation units (MVU)
(Q,,) and their depression.

Due to the increasing depression of the mine under the
suction method of ventilation and insufficient tightness of the
surface complexes of the ventilation shafts, there is an increase
in air leaks through the gaps in the structure of the mine build-
ing (external leaks) (Q,;), These leaks reach 30 % of the flow
rate of the main ventilation fan (Q)); since in this case Q=
=0, + 0, this leads to a decreasing air flow into the mine
(Fig. 1).

To normalize the air flow into underground mine work-
ings, the ventilation mode of the mine is intensified, that is,
when calculating the required flow rate of the MVU, a correc-
tion factor for external leaks is introduced. This results in an
increase in the cost of electricity for mine ventilation.

Thus, the reduction of external leaks is one of the main
directions in the complex of measures to improve the efficien-
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cy of underground mining ventilation. Therefore, research
into reducing air leakage through the surface construction of
the main ventilation unit is an urgent task.

Literature review. External leaks are determined by the dif-
ference between the flow rate of the main ventilation unit and
the amount of air coming from the mine. The mode of air flow
during suctioning can be turbulent (in large cracks and crev-
ices) or laminar (during filtration). Thus, with suction, a qua-
dratic, linear or intermediate resistance law 2= RQ" (1<n<2)
is possible. To calculate the amount of air leakage, it is neces-
sary to know the values of /#, R, and n, which are sometimes
impossible to determine. Therefore, application of existing
analytical and special methods for calculating ventilation net-
works (linearization, successive approximations, minimiza-
tion of special functions, graph theory) to calculate external
leaks causes certain difficulties [1].

According to the results of a survey of the ventilation systems
of mines, it was found that only a third of the mines have exter-
nal air leaks which do not exceed 20 % of the flow rate of the
draft source, while in other mines, they reach 20—50 % |2, 3].

When designing a mine ventilation system, the choice of
the main ventilation unit should be made taking into account
external leaks. According to [4], its supply O, (m?/s) is deter-
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Fig. 1. Scheme of the main ventilation unit when there are exter-
nal leaks:
Q;— MVU flow rate, m*/s; Q,;— external leaks, m*/s; Q,, — outgo-
ing ventilation jet of the mine, m*/s

mined by the formula Q,= Q,,C,;, where C,, is the coeflicient
which takes into account air leakage through the mine surface
structures, which is taken to be equal to: 1.25 — when installing
a fan on a skip shaft; 1.2 — on the cage shaft; 1.1 — on shafts
and pits which are not used for lifting; 1.3 — on the pits used for
lifting and lowering materials. Such large air losses due to ex-
ternal leaks are explained by the imperfection of the sealing
elements of the structures of mine surface buildings. During
their construction, foundations, walls, ceilings, windows,
doors and gates, copra sheathing interfaces with ceilings, walls
and foundations, heap sheathing, a valve for the passage of a
lifting pit, receiving bunkers for coal and rock, and others are
subject to sealing [4, 5].

Apart from sealing the mine surface building, a number of
technical devices have been proposed to reduce the cost of its
reconstruction. In [6, 7], to reduce external leaks, it is pro-
posed to use an air curtain which changes the structure of air
flows at the mouth of the ventilation shaft. As a result, at the
site of the air curtain, the aerodynamic resistance of the shaft
mouth increases from reference level to the junction with the
fan drift and the depression in the mine surface building de-
creases, which helps to reduce the magnitude of external leaks.
The disadvantage of the proposed technique, in our opinion,
is the difficulty of regulating the parameters of the air curtain
and, as a rule, the need to install a separate compressor unit for
these purposes.

Unsolved aspects of the problem. To reduce leakages
through the mine surface building, we propose the installation
of a special low-power counteracting fan. It is installed near
the mine surface construction of the ventilation shaft, which
serves to discharge air from underground workings, and is de-
signed to remove those air masses from the mine surface build-
ing which flow into it through gaps in the elements of the mine
surface building and form parasitic inleakage which loads the
main ventilation fan. In this case, it is assumed that the entire
volume of air from external leaks, or part of it, does not enter
the main fan, and, thus, the efficiency of underground mining
ventilation increases. Therefore, two ventilation units are in-
stalled on the shaft, which are switched on for parallel opera-
tion (Fig. 2).

Here, Q, is the main ventilation fan flow rate, m%/s; Q, is
counteracting fan flow rate, m?/s; Q,, is air flow in the mine
ventilation network, m3/s; Q,, is external leaks through a mine
surface construction, m’/s.

QEL

/’——ﬁ\\ /'Qz
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Fig. 2. Fan switching circuit

The counteracting fan is installed in those mines where air
leakage through the mine surface buildings exceeds the nor-
malized value (up to 20 % of the mine flow rate). In addition,
it is advisable to use a counteracting fan in cases when external
air leaks are within acceptable limits; however, it is necessary
to increase the supply of fresh air in underground workings in
order to provide a sufficient amount of air by dust and gas fac-
tors for mining operations. In this case, the use of a counter-
acting fan may be more cost-effective than the reconstruction
of the MVU or other measures to increase the air supply to the
mine.

To date, no theoretical or practical studies have been con-
ducted on the mutual influence of the main fan and counter-
acting one on each other. Moreover, methods have not been
developed for determining the operating mode of the counter-
acting fan, in which the flow rate of the main fan is equal to the
calculated amount of air for of underground mining ventila-
tion, and the flow rate of the counteracting fan is equal to ex-
ternal leaks through the mine surface building. The present
work is devoted to the solution of these issues.

Theoretical studies. Depending on the ratio of the pressure
difference developed by the fans, three modes of their joint op-
eration are possible (Fig. 3).

Mode a — external leaks Q,, are removed from the mine
surface building in full by the counteracting fan, and the air Q,,
coming from the mine network enters the main fan. In this
case, the flow rate of the counteracting fan is equal to external
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Qu
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Fig. 3. Operating modes of the counteracting fan to prevent ex-
ternal air leaks:
1 — main fan; 2 — counteracting fan; 3 — mine surface building;
4 — main ventilation unit duct; 5 — ventilation shaft
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Fig. 4. Aerodynamic characteristics of BI[32 and BM 12M fans, mine ventilation network and ways of air suction through leaks of the

mine surface building

leaks Q, = Q,;, while the flow rate of the main fan Q, = Q,,.
Such a distribution is possible when the static pressure at the
shaft mouth is equal to the static pressure at the mouth of the
main fan duct.

Mode b — part of the external leaks g, enters the main fan.
In this case, 0, = Q,,— q,;, while O, = 0,, + q,,. Thus, the main
fan is loaded with additional air volumes ¢,; which do not par-
ticipate in the underground mining ventilation, but, on the
contrary, reduce the flow of fresh air into the mine. In this
case, the static pressure at the shaft mouth is higher than at the
mouth of the main fan duct.

Mode ¢ — part of the mine jet g,, through the ventilation
shaft mouth enters the counteracting fan, that is, Q, = Q,;+ ¢,
while Q, = Q,, — q,,- In this case, part of the jet enters the build-
ing, which leads to a deterioration in sanitary and hygienic
conditions and the safety of people working here. Such a dis-
tribution is observed when the pressure at the mouth of the
main fan duct is higher than at the shaft mouth.

In this paper, the task was set to develop a method for de-
termining the mode of joint operation of fans, in which exter-
nal leaks will be taken by the counteracting fan, while the jet
coming from the mine — by the main fan. Moreover, studies
are required on their mutual influence on each other when
working together.

Due to the lack of the possibility of conducting research on
a full-scale object, a mathematical model of a mine ventilation
system was developed, whose main ventilation unit is equipped
with BLI 32 fans (centrifugal fans), and a BM12M fan was in-
stalled in the mine surface building to remove external leaks.
Fig. 4 shows their combined aerodynamic characteristics |3, 8].

The aerodynamic characteristic of the BLI32 fan is repre-
sented by a family of curves which express the functional rela-
tionship between the pressure difference developed by it
(H, daPa) and air supply (Q, m3/s) at various resistances of the
mine ventilation network R,,. The flow rate of the fan is con-
trolled by an axial guide vane whose blade angles can be
changed from 0 to 60 degrees.

The aerodynamic characteristic of the BM12M fan is a
family of curves which describe the relationship between its
depression (H, daPa) and flow rate (Q, m?/s) at various values
of the aerodynamic resistance of external leaks R,. The flow
rate of the fan is controlled by an axial guide vane, whose blade
angles can be changed from +40 to —50 degrees.

The aerodynamic characteristic of the mine ventilation

network in the analytical expression is of the form H,, = R,,02.

In Fig. 4, this characteristic is presented graphically and is des-
ignated as R,,. The aerodynamic characteristic of external leaks
in the mine surface building in an analytical expression has the

form H, =R,02. In Fig. 4, this characteristic is presented in
a graphical form and is designated as R,,.

Let us take the calculated amount of air for mine ventila-
tion as Q,,. = 85 m3/s. At the same time, the calculated opera-

tion mode of the main fan is in the zone of its industrial use,
that is, with efficiency over 0.6. Its closest individual aerody-
namic characteristic, under which the condition Q,> Q,, is
met, is a characteristic with a blade angle of the guide vane
being 40°.

All these dependencies, which are shown in graphical form
in Fig. 4, represent a mathematical model of the mine ventila-
tion system in which a counteracting fan is used to remove ex-
ternal leaks.

It should be noted that under real conditions of an operat-
ing mine, the ventilation mode is influenced by variable natu-
ral draft.

The depression of natural draft in winter is usually posi-
tive, since it acts co-directionally with the depression of the
main fan as a result of the fact that the air supplied to the mine
has a temperature lower than that released from it. In the sum-
mer period, the opposite is observed, while the natural draft
interferes with work of the main fan. In the autumn-spring pe-
riod, the temperatures of the incoming and outgoing jets are
often equal, which results in a ventilation mode with zero nat-
ural draft.

To simplify graphical processing, a zero value for this draft
is taken in our studies.

When solving the problems posed in the work, we applied
the methods for planning industrial experiments [9]. These
methods consider the object under study as a cybernetic sys-
tem with input and output parameters (Fig. 5).

The input parameters of the system under study are the
blade angle of the guide vane of the main fan 0, and the blade
angle of the guide vane of the counteracting fan 6,. They meet
the requirements for the input parameters of the system;
namely, they:

- control the operation mode of the object under study;

- are easy to install and measure;

- do not depend on each other and have no correlation;

- can be in the established position as long as it takes;

- any combination of their values does not result in emer-
gencies.

The output parameters of the system under study are:

- Q, — flow rate of the main fan, m%/s;

- Q,, — air flow in the ventilation shaft, m?/s;

Qi
i.. . - } q=Qi1-Qu
main ventilation EEE——
unit of a mine ——QM—>
0,.
—2 Q

Fig. 5. Schematic diagram of the mine ventilation system as a
control object
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Table 1

Characteristics of the input parameters

Type of value The main fan The counteracting fan

representation © imax ©umin O A®, O ©Omin O A®,
Natural, degrees 60 0 30 +30 +40 =50 -5 +45
Coded +1 -1 0 +1 +1 -1 0 +1

- O, — flow rate of the counteracting fan, m*/s;

- g= 0, — Q, — difference between the outgoing mine ven-
tilation jet and the flow rate of the main fan.

The methods of the theory of industrial experiment, which
are based on the results of a properly planned change in the
input parameters and measurements of the values of the out-
put parameters at the same time, make it possible to determine
the analytical dependences of the output parameters on the
values of the input parameters [ 11]. An experiment of this kind
is called active and can be planned.

The most common method is that of planning at two levels
of change in input parameters [10, 11]. In this case, the values
of the input parameters are set in the experiment, which cor-
respond to the upper and lower limits of their regulation range,
that is, they cover the entire zone of industrial use of fans.

parameters of the system under study.

ing of the input parameter values (transfer it to the zero-level
point) and the scale of the axes from natural values (©,, ©,)
into variation steps (6,,6,),, then the plan of the experiment
can be represented as a matrix. In the new coordinate system,
the values of the input parameters of the conducted experi-
ments correspond to the coordinates of the rectangle, which
has the centre at a point with zero levels of input parameters,
and the sides have a length of two steps of varying the corre-
sponding parameter (Table 2).

Table 2
Plan of the experiment

300

They are called the upper and lower levels and are denoted by Trial number Natural values, degrees 7Coded valuef
+1 or —1, respectively, whereas their change from the average 0, 0, 6, 0,
value ©,,, ©,, (zero level) is a step of varying the input param-
eters A®;, A®,. Table 1 shows the characteristics of the input ! 60 40 +l +l
2 0 40 -1 +1
Experimental designs in which the input parameters 3 60 ~50 1 1
change at two levels are called 2 type designs, where K is the
number of input parameters. If you change the origin of read- 4 0 -50 -1 -1
aaba Ret [ H. 1l T
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Fig. 6. Determining the output parameters of the system during the experiment:

a — trial No. 1 with the values of input parameters 6, = 60; 0, = 40; b — trial No. 2 with the values of input parameters 0, = 0; 0, = 40; ¢ — trial
No. 3 with the values of input parameters 0, = 60; 0, = —50; d — trial No. 4 with the values of input parameters 0, = 0; 0, = —50
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Table 3
Values of the output parameters

Trial 0, O 0,, q=0,-0
number m?/s m’/s m¥/s m’/s
1 78 80 32 -2
2 102 100 30 2
3 86 82 16 4
4 109 93 9 16

The experiment is conducted based on the mathematical
model in a graphical form and in each trial, the values of the
output parameters are determined (Fig. 6).

In each trial from the above schedules, we determine the val-
ues of the output parameters of the ventilation system (Table 3).

The theory of planning industrial experiments makes it
possible to obtain analytical dependences of each of the output
parameters on the input ones Q, =£(0,, 0,); 0, =/(0,, 0,);
q=/3(0,, ©,) as polynomials

01(0,, q) =by+ 5,0, + 5,0, + b,0,,0,, (D

where b, is an absolute term of equations; b,, b, are coefficients
at linear terms; b, is a coeflicient at the non-linear term of the
equation.

To determine the numerical value of the coefficients of
equation (1), the least squares method [10] is used, which fea-
tures the symmetry of the matrix in the coded values of the input

N

parameters, relative to the centre of the experiment (Zbi =0,
n=l1

where n=1.2; Nis the number of trials in the experiment) (Table

2) and to the normalization condition (the sum of the squares of

the elements of each column is equal to the number of trials

N

zb,»z =N). Due to these, the method is reduced to simple
n=1
arithmetic operations — assigning of the signs of the correspond-
ing factor or effect of interaction to a column of the output pa-
rameter values and algebraic addition of the obtained values.
Dividing the results by the number of trials in the planning ma-
trix gives the desired coefficient. The absolute term of equation
(1) is equal to the average value of the output parameter.

Let us conduct a study to determine the mode of joint op-
eration of the main and counteracting fans, in which external
leaks through the mine surface building are completely removed
by the counteracting fan, and the flow rate of the main fan is
equal to the volume of air coming from the mine, i.e. O, = 0,,.
In this case, the desired dependence (1) will take the form [11]

qg=by+b,0,+b,0,+5,0,,0,. (2)
Table 4 presents the results of determining the coefficients
of expression (2).

Thus, expression (2) in the encoded values of the input pa-
rameters will take the form

Table 4
Determining the coefficients of expression (2)
umber | 2 b b b
1 +(=2) +(=2) +(=2) +(=2)
2 +2 -2 +2 -2
3 +4 +4 -4 -4
4 +16 -16 -16 +16
> 20 -16 -20 +8
> /4 5 —4 -5 +2

g=5-406,-50,+20,0,. (3)

To represent expression (3) in natural values of the input
parameters, it is necessary to use the conversion formulas
) :91_910. [ :92_920.
YToAe, T 7 A,

4

After calculations, expression (3) in natural values of the
input parameters will take the following form

q=8.223-0.1260, — 0.1550, + 0.001480,0,.  (5)

The results of calculations to identify the error in describing
the real process of controlling the mine ventilation modes ap-
plying the obtained expression (5) are summarized in Table 5.

Thus, the resulting analytical expression describes the ac-
tual ventilation modes with an error not exceeding 3.3 %. This
leads to the conclusion that expression (5) adequately reflects
the real process of controlling the mine ventilation modes
through changing the blade angles of the fan guide vanes.

To determine the optimal operation of the fans, we pro-
ceed as follows:

- we equate the right side of expression (5) to zero

8.223 - 0.1260, — 0.1550, + 0.001480,0,=0.  (6)

This expression determines the relationship between the
values of the angles of the guide vanes, at which the outgoing
mine ventilation jet Q,, will be equal to the flow rate of the
main fan Q,, and, therefore, the external leaks Q,, will be fully
supplied to the counteracting fan, that is, O, = Q,;;

- we substitute the value ©, = 40 degrees in expression (6);
at this value the outgoing mine ventilation jet is equal to the
calculated volume of air for underground mine ventilation
0,, = 0, Then we calculate the desired value ®,, which will
be equal to 33 degrees.

The conducted studies allowed us to establish that the de-
sired optimal mode of joint operation of the main and coun-
teracting fans, with which Q, = Q,,., and 0, = Q,,, will be viable
at the blade angles of the fan guide vane being 40 and 33 de-
grees, respectively. At the same time, when calculating the
supply of the main fan, we can consider the value of the coef-
ficient which takes into account air leakage through the surface
structures as equal to one. That is, it is not required to transfer
the operation of the main fan to a more intensive mode to re-
move external leaks, which reduces the cost of mine ventila-
tion, improves sanitary and hygienic conditions and safety at
workplaces in the mine surface building.

The second task of the research is to evaluate the mutual
influence of the main and counteracting fans during their joint
operation within the integrated ventilation network. For this
purpose, in accordance with the above methodology based on
the data in Table 3, an analytical expression was obtained
which determines the flow rate of the counteracting fan Q, de-
pending on the values of input adjustable parameters (guide
vane blade angles ®,, ®,). It features the following form

0, = 20.666 + 0.07030, + 0.2330, — 0.0009240,0,. (7)

Table 5
Calculation error for mine ventilation modes
Trial Input parameters According .to According | Error,
number O, 0,, the gr.aphs mn to (5) %
degrees | degrees Fig. 6
1 60 40 -2 -1.985 L5
2 0 40 2 2.023 33
3 60 =50 4 3.973 2.7
4 0 =50 16 15.973 2.7
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Dependence (7) is studied as follows. We will alternately set
the value of ®, to all possible values (-50, —40, —20, 0, 20, 40) and
in each case we calculate Q, with the values ®, = 0; 20; 40; 60.

The calculation results are presented in Table 6.

As a result of the studies, it was found that a more powerful
main fan significantly influences the operation mode of a low-
power counteracting one. Thus, with the lowest intensity of
counteracting fan operation, its flow rate can change by 43 %
only due to the regulation of the operation mode of the main fan.

Similarly, the influence of the counteracting fan on the op-
erating modes of the main fan is established. The resulting
analytical dependence of the flow rate of the main fan on the
values of the input parameters of the system under study is of
the form

0,=105.87 - 0.3920, — 0.07750, — 0.0001850,0,. (8)

Let us determine the effect of the counteracting fan on the
main fan in the extreme modes of their operation. The calcu-
lation results are presented in Table 7.

Fig. 7 visualises the results of calculations of the depen-
dence of the counteracting fan flow rate on the operating
modes of the main fan.

The dependence is visualised in Fig. 8.

Table 6

The results of the study on the influence of the main fan on
the counteracting fan operating mode

N 0,, ®,, degrees Changes in 0,
| degrees [ g 20 40 60 | mis | %
1 =50 9.0 11.35 | 13.68 | 16.0 7.0 43.0
2 —40 11.35 | 13.49 | 15.64 | 17.78 6.4 35.0
3 =20 16.0 | 17.78 | 19.56 | 21.33 | 5.3 24.8
4 0 20.70 | 22.0 | 23.48 | 24.88 | 4.2 17.0
5 20 25.33 | 26.36 | 27.40 | 28.44 | 3.1 10.9
6 40 29.99 | 30.65 | 31.32 | 31.99 | 2.0 6.2

Table 7

The results of the study on the influence of the counteracting
fan on the main fan operation mode

N 0, ®,, degrees Changes in Q,
o. s
degrees 40 -50 m/s %
1 60 77.4 86.8 9.4 10.8
2 0 102.8 109.8 7.0 6.4
me[ ]
I 0,740
30 )
L 20
/// 0“
2 | _— -20°
| 40°
" o
/;/ %0
L—
10
0 T

10 20 30 40 50 O, deg

Fig. 7. Counteracting fan operation modes with the operation
mode of the main fan regulated

10 0760°
'\\_
\\
80 9.0
oU
40
20
-50 40 -30 20  -10 0 10 29 30 ©,deg

Fig. 8. Main fan operating modes of the with the operating mode
of the counteracting fan regulated

Thus, it is found that the counter fan has less influence on
the main fan. Thus, only by adjusting the operating mode of
the counteracting fan, the flow rate of the main fan of the stud-
ied ventilation system can be changed up to 10.8 %.

Conclusions. As a result of the studies:

- a method has been developed to determine the optimal
operation of the counteracting fan to reduce external leaks in
the mine surface construction of the air shaft;

- approbation of the proposed method was carried out
based on a mathematical model of the mine ventilation sys-
tem, whose ventilation shaft is equipped with a counteracting
fan;

- optimal fan operation modes are set, in which external
leaks are removed by the counteracting fan, and the air flow
returning from the shaft enters the main fan;

- the degree of influence of the main fan on the operating
mode of the counteracting fan was studied;

- it has been established that the flow rate of the counter-
acting fan can change up to 43 % only due to adjusting the op-
erating mode of the main fan;

- the degree of influence of the counteracting fan on the
mode of operation of the main fan was studied;

- it has been established that the flow rate of the main fan
can change up to 10.8 % only by adjusting the operating mode
of the counteracting fan.
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3HMKeHHS 30BHILIHIX BUTOKIB MOBITps
Ha TOJIOBHI BEHTWJISAMIHIA YCTAHOBII MAXTH

O. B. Cmontuenxo*, A. A. FOpuenko, I. O. Iymc,
. B. Casenves

HauionanbHuii TexHiYHMI yHiBepcuteT «/IHIiMpoOBChbKa T0-
JiTexHika», M JIHinpo, Ykpaina
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Mera. [IlinBunieHHST e(QEKTUBHOCTI MPOBITPIOBAHHS
IIaXTU 3a PaXyHOK 3MEHILEHHS 30BHIILIHIX BUTOKIB 4epe3
KOHCTPYKLii BEeHTWUJIsILifHOrO cToBOYypa. sl mocsirHeHHS
MOCTaBJICHOI METU HEOOXiTHO BUPILLIMTY TaKi 3aBIAHHS:

- MPOBECTU aHAJTi3 iICHYIOUMX METO/IiB 3HVXKEHHS 30BHillI-
HiX BUTOKIB Yepe3 KOHCTPYKIIii BEHTUJISILIIAHOTO CTOBOYpa;

- PO3IJISIHYTU MOXJIUBICTh 3aCTOCYBaHHS MPOTUIiIIOUOTO
BEHTUJISITOpA JUISI PO3BAHTaXKEHHSI TOJOBHOTO BEHTUJISITOpA
BiJl 30BHIIIIHiIX BUTOKIB;

- BCTAaHOBMTH B3a€MHUIA BILUIUB FOJJOBHOTO Ta MPOTUIi10-
YOTO BEHTWISITOPIB MPH 1X CMUIbHII poOOTi;

- pO3pOOUTU METOAMKY BUSHAYEHHS PEXKUMY POOOTHU 10-
TMOMIKHOTO BEHTWJISITOPA, 32 SIKO1 30BHIIITHI BUTOKY BUIAJISI-
IOTHCSI B TIOBHOMY 00CSI3i.

Metoauka. /17151 BUKOHAHHSI OCTaBIEHUX 3aBOaHb Y PO-
00Ti MPOBEACHO aHaNi3 iICHYIOUMX METOIiB 0OPOTHOM i3 30-
BHILIHIMM BUTOKAMM Ha TOJIOBHIM BEHTUJISLIIHIN ycTaHOBLI
LIaXTH, pO3pobJeHa MaTeMaTUYHa MOJIE/ b YIIPaBIiHHS BEH-
TUSIUIMHUMU PEXUMaMU TOJOBHOTO i JOMOMIXHOTO BEH-
TUJATOPIB NMPU 1X CIiJIbHIN poOoTi. Ha MaTemMaTuyHiit Mmoneni
JOCJIIXKEHI CTYIiHb B3AEMHOIO BIUIMBY BEHTUJISITOPIB OUH
Ha OIHOTO, pO3po0JieHa METOIMKA BU3HAYEHHS iX PEXUMY,
TIPU SIKOMY CTPYMiHb, 1110 BUXOAUTb i3 IIaXTH, y TOBHOMY 00-
Cs13i HAIXOAUTh Ha TOJIOBHUI BEHTUJISITOP, a 30BHIillIHI BU-
TOKU BUAAJSIOTHCS TOTIOMi>XKHUM BEHTUJISITOPOM.

PesynbraTin. Po3pobaeHa i3 3acTocyBaHHSIM METO/IIB IJ1a-
HyBaHHSI IPOMUCIIOBUX €KCIIEPUMEHTIB MaTeMaThuIHa MO-
IleJTb YIpaBIiHHS MPOBITPIOBAHHSM LIAXTU 1 BUAAJIEHHS 30-
BHILLIHIX BUTOKIB y KOHCTPYKIIil BEHTWISILIIHOTO CTOBOYpa,
BCTAHOBJIEHO CTYMiHb B3a€EMHOIO BIUIMBY BEHTWJISITOPIB
OIIMH Ha OTHOTO, PO3pobIeHa MeTOAMKA BUSHAYEHHSI PEXU-
MY CITiJIbBHOT pOOOTH BEHTUJISITOPIB, 3a SIKO1 TOJIOBHUI BEHTHU -
JIATOP HE HABAHTAXKYETHCS 30BHIIIHIMA BUTOKAMU.

HaykoBa HoBu3HAa. BCTaHOBJIEHO CTyMiHb B3aEMHOIO
BIUTMBY TOJIOBHOTO I JOMOMIXHOTO BEHTWISITOPIB MPU iX
CIJIbHIN poOoTi. JlocaimkeHi yMOBU, MpPU SIKUX BUXiTHUI
CTPYMiHb i3 IIAXTU HAAXOMUTh HA TOJIOBHUI BEHTUJISITOP, a
30BHIIlIHi BATOKU — Ha JOTIOMiXKHUIA.

IlpakTuuna 3HaumMictb. [IpoBeneHi mociiIkeHHs H0-
3BOJISIIOTh BiJOKPEMMUTHU 30BHIllIHi BUTOKM Bill OCHOBHOTO
CTPYMEHSI, SIKU{ BUXOAUTD i3 1IAXTH, IO J03BOJISIE MiABU-
IIATHU Oe3MeKy POOIT i BHU3UTH BUTPATU Ha MPOBITPIOBAHHS
LIaXTH.

KurouoBi cioBa: waxma, eonosna éenmuaayitina ycmanog-
Ka, 306HIUIHI 6UMOKU, NPOMUOIFOHUL BEHMUALMOD
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