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Abstract. The implementation of measures regarding the organization of emergency ventilation of mine is connect-
ed with various types of risks, as in other cases of the operation of high-risk enterprises. In particular, this applies to the
emergency risk that arises when there is a need for the emergency evacuation of people from the mine workings,
gassed with fire products (that is, the risk of their poisoning or damage due to the thermal factor) and the emergency risk
that is provoked by the wrong choice and implementation of the emergency ventilation mode. Both types of risks require
to reduce the use of means of ventilation - main and local ventilation fans. Provision should also be made for the use of
various passive control devices. The main result of the methodological approach used today is the selection of the
emergency ventilation mode, which maximally limits the gassing zone of the mine ventilation network with gaseous com-
bustion products. At the same time, the criterion for the effectiveness of the emergency evacuation of miners should be
the maximum use of non-gasified workings, which achieves the goal of managing ventilation in the event of accidents.

The proposed control function, which characterizes the degree of risk of distribution of fire gases in mine workings,
is the root mean square deviation of the concentration of fire gases in the controlled branches of the network from the
required level of stabilization. For two control devices and two controlled areas, it is part of a three-dimensional cone,
and the control region is bounded by two hyperbolas. The problem formulation looks similar when the size of the base of
the regulating devices is increased . A limitation on the task is formulated, and a conclusion is made regarding the pos-
sibility of applying analog methods of dynamic programming for its solution. As such, the multi-step optimization method,
the one-step optimization method, and the extreme coordinate optimization method (the last one is the most effective)
are considered. The greatest efficiency of their use will be achieved with the introduction of an automated ventilation
control system, which provides feedback from the means of regulation and regulatory devices.

Keywords: emergency risk, aerological risk, management functionality, regulatory devices, exogenous fire.

1. Introduction

The occurrence of an exogenous emergency makes certain adjustments to the ven-
tilation strategy of an underground mining enterprise. The implementation of these
measures is connected, as in other cases of the operation of high-risk enterprises, with
various types of risks. In particular, this refers to the emergency risk that arises when
there is a need for emergency evacuation of people from mine workings, gassed by
fire products (that is, the risk of their poisoning or damage due to the thermal factor)
and aerological risk, which is provoked by the wrong choice and implementation of
the emergency ventilation mode (EVM).

Both types of risks require to reduce the use of means of ventilation - main fans
(MF) and local ventilation. The use of various passive control devices (CD) should
also be provided for.

The main result of the methodological approach used today is the selection of the
EVM, which maximally limits the gassing zone of the mine ventilation network
(MVN) with gaseous combustion products [1-4].

At the same time, the criterion for the effectiveness of the emergency evacuation
of miners should be the maximum use of non-gasified workings, which achieves the
goal of managing ventilation in the event of emergencies.

However, the main emphasis is placed on ensuring the supply of the necessary
amount of air to emergency and dangerous workings on the control of the MF.
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Being a universal means of regulation, the MF at the same time can exert an un-
acceptably strong influence on the MVN, since the regulation is of a global nature.

In some cases, such regulation can overturn ventilation jets in unstable workings
and undesirably gassing non-emergency areas of the MVN. Therefore, in some cases,
local regulation is more effective

The purpose of the article is to substantiate the methodology for choosing the
emergency ventilation mode by local control of ventilation flows, and the task of the
article is to briefly describe the developed method and algorithm [5,6].

2. Methods and results

Since the extreme case - ensuring complete degassing of emergency and danger-
ous workings during a fire - is practically unattainable, the main goal of ventilation
control in this case may be to reduce the concentration of fire gases Cy(i,j) in a num-
ber of workings (i,j) to the permissible level C.;; in other words, it is desirable to ful-
fill the condition for each gassed working and at each moment of time ¢

ogct(i,j)zﬁgcu,,

where ¢q(i,j), Q(i,j) are the flow rate of fire gases and air consumption in (i, j).

If we consider the mine as a whole, then the functionality of the management
goal, which characterizes the distribution of fire gases by its workings, can be pre-
sented in the form:

1

1p .. 25 .
r 7%[@1‘@(%:]/«)] — min, (1)

where / is the number of control points Cy(i,j) (it is implied that a one-to-one corre-
spondence between mining workings and such control points has been established); p
is the number of control points where Ci(i,j) > Cu.

It is the root-mean-square deviation of the concentration of fire gases in all con-
trolled (i,j) from the required level of stabilization. In the general case, /#p.

For the completeness of the statement of the task, the limitations imposed by the
possibilities of the MVN and [1] should be considered. These include:

a) correlation coefficient k(i;,j;), which characterizes the relationship of aerody-
namic parameters of workings [4]:

AQ(ilajl):ks(il’jl)AQsa (2)

where AQ(i;,j1) is the change in air flow in (i;,j;), caused by a change in the state of
the s CD (increasing the air flow in the working, where it is installed, by AQy);
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b) dependence of the relative flow of air flowing through the CD on its position
ARp(1j):

Qp(la]) 0p(i,)) 0,(0.))
l—exp|d-AR, (i
Qp(l,) { p{ p-7) Qp( )}}

where Qg (i,j) — air flow through the CD set in (i,j), when it is fully opened

f(AR,) =

(Rp(i,j)=0); Q,(i, ) — air flow through the CD located in an intermediate position

(AR,(i,j)#0); d is the approximation coefficient, which is determined experimentally;
c)

N LN
P\RG ), Gjev,) R(i.)) = R.j)+ AR, 1. 7),

where V), is the set of workings of MVN, in which CD is installed;

d) ARy(ij) 2 0, (ij) € Vp;

€) Omin < O(i,j )< Omax, Wwhere Omin, Omax are permissible limit values of air flow in
(ij) according to [1];

f) minimum energy consumption, which is achieved by reducing the total amount
of air supplied to the mine: Qgen —> min.

g) ensuring the economic and sustainable operation of the MF by supporting its
depression in the region

aoQ’ (i) +boQ(i,j)+Co a0 (i,j) +b20(i,j)+C>
< H(ij) < (3)
a1Q°(i,j)+b10(i,))+Ci a3Q°(i,j)+b30(i,))+C3

where ao, bo, co.. as, bs, c; are coefficients of the pressure characteristics of the MF,
characterizing the area of its economic and sustainable operation.

Taking into account these limitations, the solution of the formulated problem is
reduced to the determination of the provisions of the CD, which ensure the distribu-
tion of air in the MVN, at which the functional given by expression (1) reaches its
possible minimum. The exact solution of such problems is not possible, and analog
methods of nonlinear programming can be used to solve them.

Let's consider the geometric interpretation of the problem (fig. 1). For simplicity
of illustration, consider the case of control in the presence of two (/ = 2) sections with
C«(i,j) # 0 and two CD, the installation locations (base) of which are determined in
advance.

The objective functional in this case is part of three-dimensional cone, the global
minimum of which corresponds to a point on the phase plane with coordinates (c;,
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c2). All the considerations given below are also valid in the case of a larger task di-
mension; the goal functional in this case takes the form of a /+1 — dimensional cone.

It should be noted that ¢(i,j) # const during air distribution control. Indeed, an in-
crease in Q(i,j) arriving at the fire source causes an activation of the combustion pro-
cess, hence an increase in ¢(i,j) both in the fire source and, of course, during the
spread of fire gases. Decreasing Q(i,j) has the opposite effect.

F

--—CYI

Figure 1 — An example of controlling two-CD

So,
Aq(i. j) =i, j)A0(. j) (4)

and Ct1 @i, j)+# Ct2 (i, j) ; in the general case

- o 9(0j)+Aq9(i))
Cilid)= 0 v i) ©)

where ¢q(i,j), Q(i,j) are the flow rate of fire gases and air flow in (i) to control;
AQ(i,)), Aq(i,j) — increase in air flow and the resulting increase in fire gas discharge.

Let's determine the type of dependence between the values of ¢(i,j) on both con-
trolled sections from the change in Q(i,j) through the s-th CD, provided that the re-
maining CD in the MVN are fully open. The place of installation of the s-¢2 CD is not
discussed, i.e. it can be both on one of the plots and outside them.

The concentration of fire gases at the sites (i, j;) and (i, j-) at the initial moment
of time is equal to



ISSN 1607-4556 (Print), ISSN 2309-6004 (Online) Geo-Technical Mechanics. 2023. Ne 167 51

COiy, jy) = 24 COiy. jn) =P
(i1, J1) 0% (i 1) (2, 2) 0°(iz. /)

Let's conditionally move the CD from a fully open to an intermediate state, which
is equivalent to increasing the air flowing through it by the amount of Qs. According
to (2), this leads to a change in air flow in areas:

AQ(ir, 1) = 0% iy, i)+ kg (i, 1 )AOy

AQ(ir, jo )= 0%z, jn ) + ks ins J2 )AQ,,

and, as a consequence (5) - to a change in the concentration of fire gases

C (i 7i1)= q(iy,j1)+Aq(i, jh)
(1) 0° (i, jn)+ky (iy.j1 )AQ,

C.ir. ir)= q(ip,j2)+Aq(iy,))
t(2 ]2) Qo(i25j2)+ks(i29j2)AQs

But, taking into account (4),
Aq(ir, j1) = ki, ) s G, ) - AQ,
Aq(iy, j2) = k(iz, j) - ks(in, j2) - AQy

. . Y _ 1=Clip. o)t
Carrying out the necessary transformations, we get C; (ll > J1 ) = i _Ctt (in, ) 14’

where
ty = k(iy, o) - ks (i ja) - qGirs 1) = k(s j1) - kg Gy jt) - (i, )
ty = (i, j1) Ky (ias j2) + Q% (i, o) ki, j1) - kg iy 1)
ty = 0" (i1, j1) - klin, o) - ks (ias j2) + ks Gy 1) - 4o )

ty = 0%is, jo) ks iy 1) = 0% (s 1) K (s i)
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Thus, the desired dependence is hyperbolic, and the controllability area (Fig. 1)
for the case of two controlled areas and two CD in the network is limited by two hy-
perbolas. In the general case, the number of hyperbolas limiting the controllability
region is equal to the number of the CD in the MVN. Other boundaries of the control-
lability area are determined by the constraints imposed on the system (Cru, Cow). It
should be noted that, in the general case, the point (C;, C>) that determines the global
minimum may not belong to the controllability region ((as shown in Fig. 1). This is
determined by the capabilities of the MVN, the operating mode of the MF and the
imposed restrictions. And here the definition control region of the point with coordi-
nates (Cru, C2u), in which the functional F reaches its possible minimum, is the first
stage of solving the problem.

The second stage can be the use of the capabilities of the managed MF. An in-
crease in its productivity by 40, leads to an increase in air consumption in all mine
workings by

AQ(i, j) = ky(i, j)AQ,. (6)

where k(i,j) 1s the correlation coefficient of the MF and working (i,)).

An increase in air flow through the MF leads to an expansion of the controllable
area; carrying out regulation in this way, it is possible, in principle, to expand the area
of control to such limits that the point (C;, C>) will be inside it. But there may also be
cases when:

a) the MF reserves are not exhausted, but due to the existing restrictions, the point
(C1, C>) cannot enter the regulation area;

b) MF reserves are exhausted, but the regulation area has not expanded enough,
and the point (C;, C2) does not fall into it;

c) MF reserves are not completely exhausted, but with a further increase in Q,,
MF leaves the zone of sustainable and economic operation (3).

In these cases, the MVN reserves are completely exhausted and control is reduced
to finding the local minimum point (Cru, Couw).

The ability of MF to change the control area can also be used if Cy(i,j)<C) in all
controlled sections, i.e. the control function is zero. In this case, it is expedient to re-
duce O, until (C;, C>) is within the controllability region constructed taking into ac-
count all restrictions.

Thus, when solving the problem, two goals are fulfilled: achieving the optimal air
distribution in the air conditioning system with the minimum possible air consump-
tion, 1.e. with minimum energy consumption for ventilation.

Solving the problem by analog methods of nonlinear programming is an iterative
process, for which it is necessary to know the state of the control object after each
successive iteration. If we divide the range of change of function f{ACD) into N equal
intervals, each of which will determine the relative change of air flow rate 4 through
CD, then fo(ACD)=NoA, ..., fitACD)=Ni, ..., fN(ACD) =Ny A,, or, otherwise,
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fis1(AR,)=N**". 4,

where fi+1(AR,, ) — the value of the function f{4CD) at point k; QN 0 — air consump-

tion through the CD when it is fully opened, i.e. in zero (Ny) position; QN" — air in-
take through the CD, which is in the k-th position; N — the position of the CD, which

corresponds to the value of the resistance QNk :

thl

Solving the resulting system of equations with respect to Q™' , we obtain

0" (100 - N+ . 4)

QNkil -
100—-NK - A

With the help of this formula, it is possible to calculate the new air flow rate
through the CD after each iteration, if the positions before and after the iteration and
the size of the step 4 are known.

The following analog methods can be used to solve the problem:

a) multi-step optimization method.

Let is (C',...,C}) is a point of the controllable region corresponding to the initial
position of the CD. In it, F = F”.

Option 1. F? #0:
1) change the position of the s-th CD from Ny to Ni+, 1.e.

AQ, = SN k=1 — Q;V k. Let's calculate the coordinates of the new point
(Clk _1,..., C Zk _1) and the corresponding value of the target function;
2) move the same CD from the position Nk to Ni+s, that isSAQ, = ng e+l — QNk ,

S
and determine the value of the function F*"

k+1 k+1
(Cl seees U ) s
3) choose FF = min{FSk“,FSk_l}:

-if FO> FSk — we take F¥ = FSk' and repeat the operations of p. 1-3;

at the newly obtained point

-if FO< Fsk ' — reduction of the value of the target functional by this CD is

impossible. It is necessary to select the next CD and repeat the operations of p. 1-3,
etc. until the list of CD used to solve the problem is exhausted.

- let's return again to the s-th CD and repeat the entire procedure of mini-
mizing the objective functional from the beginning. If, during a repeated sequential
search of all CD, none of them will reduce the value of the goal's functional, the first
stage of solving the task is completed; the point obtained on the phase plane (Cju...,
Cuu) and will correspond to the optimal distribution of air in the MVN at the given
mode of operation of the MF.

The second stage of solving the problem is based on changing the operating mode
of the MF, if its capabilities are not completely exhausted. In this case, having in-
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creased the performance of the MF by A4Q,, we determine the new values of O(i,j) in
the controlled workings of the MVN, and taking into account the limitations, we cal-
culate the new value of F. If F£0, we increase the performance of the MF again, etc.
until the moment when F'=0.

Option 2. Fy =0, and to solve the problem it is only necessary to ensure that con-
straint 6 is fulfilled.

Let's conditionally change the mode of operation of the MF in such a way that the
total air consumption decreases by 40, and, taking into account (6), we find the new
value F=F" If F' =0 — it is necessary to repeat the previous actions, obtain F", etc.

Let F'#0. In this case, it is necessary to try to finally solve the problem due to the
optimal redistribution of air in the mine workings (option 1). If this fails, the MF is
put in its previous position and the task is considered solved.

Therefore, in the process of performing the task, it is necessary to determine the
mode of operation of the MF after the next movement of the CD, i.e. find a suitable
point on the phase plane, and check whether it is in the region of stable and economic
operation of the MF. In the case of going beyond the border of the permissible area
(3), the movement of the CD cannot be carried out, even if it leads to a significant
decrease in the value of the functional F;

b) one-step optimization method. In the multi-step optimization method, if during
the movement of the s-th CD, a decrease in the value of the functional F was
achieved, then the next optimization step was produced by the same s-th CD. When
using the one-step optimization method, it is necessary to move not to the s-th, but to
the s+1st CD, if it leads to a decrease in the value of the functional F. Otherwise, it is
necessary to move to the s+2nd CD, etc. The minimization continues until the succes-
sive iteration of the CD allows to minimize the functional F;

c¢) method of extreme coordinate optimization.

Let there be an initial point where F=F".

Option 3. The state of the controlled object is such that F/>0.

1) change the position of the s-th CD from N to Ni.;, which corresponds to

AQ, = éN k=1 —QSN k', and calculate the value Fsk 1 at the obtained point of the con-
trollability area;
2) move the same CD from position Ni to Ni+; and calculate the value F, Skﬂ at

>

the newly obtained point (Clk L lk +1)

3) define FF :min{@k”,FSk_l};

4) repeat the sequence of operations of p.p. 1-3 for s+1, s+2 and the rest of the
CD;

5) from the obtained set of values {Fskv}, s=1, 2,..., select Fsk" = min{FSk'} and
compare F, Sk “with . If FO < FSk " _ minimization of F only due to the redistribution
of air in the MVN is impossible, and it is necessary to change the operating mode of
the MF. If F'> FSk "= F0= FSk ", and we repeat the sequence of operations
p.p. 1-5.
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The process is repeated until F 0 SFf, or Fsk =0, 1.e. the task is completely

solved.

The second stage of solving the problem is necessary if the value of F#0, and the
MF reserves are not completely exhausted. In this case, we will increase the perfor-
mance of the MF by AQ, and calculate the new value of F. If it is not equal to zero,
the first stage of solving the optimization problem is carried out again. If F=0, the
task is completely solved.

Option 4 for the method of extreme coordinate-wise optimization is similar to op-
tion 2 in the method of multi-step optimization [7,8].

3. Discussion

The considered methods ensure a monotonous reduction of the values of the func-
tional F' to the extremum, guaranteeing the convergence of the search processes. The
analysis shows that the method of extreme coordinate optimization is the best, the ef-
ficiency of solving the problem is 1.5-3 times higher than that of the other considered
methods.

It should be noted that the developed methods of solving the task of managing air
distribution in the MVN during the elimination of an exogenous fire will be most ef-
fective only when they are used as part of an automated system in operational mode
of operation and providing feedback between the device for generating the effects of
controllers and CD. Otherwise, the delay of the signal to change the position of the
CD can lead to an undesirable redistribution of gas and air flows in the MVN and a
decrease in control efficiency. In addition, in the complex solution of the tasks of
managing the progress of liquidation of an emergency situation, it is necessary to ad-
ditionally solve the issue of the ratio of air distribution management and emergency
evacuation of miners, giving preference to the management of those CD-s that are not
located on the paths of people's movement, in order to avoid disruption of this pro-
cess [9,10].

4. Conclusions

Reducing the emergency and aerological risks of choosing emergency modes with
the use of emergency protection means is a promising direction of mining practice,
since, firstly, it reduces the risk of too sharp regulation of ventilation flows by general
mine regulation, and secondly, the inertia of ventilation flows and the size of emer-
gency and gassed zones are decreasing.
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3HWXEHHA PU3NKY BUBOPY ABAPIVHOIO BEHTUNAUIMHOIO PEXWUMY LUNSAXOM MICLEBOIO
KEPYBAHHA BEHTUNALIMHUMU NOTOKAMU
Kokoynix 1.€., Krroes E.C.

AHorauis. Peanizauis 3axogis 040 opraHisallii aBapiinHOro NpoBITPOBAHHS LWAXTK NOB'A3aHa, K i B iHLWKX Buna-
AKax (PYHKLIOHYBaHHS MiANPUEMCTB NiaBMLLEHOI Hebeaneku, 3 pisHUMM BuOamMM pu3mkiB. 30Kpema, Lie CTOCYeTbCS aBa-
PINHOTO PU3MKY, SKWUA BUHUKAE Npu HeOOXigHOCTI aBapiiHOI eBakyauii mogen 3 BUpoOOK LIAXTW, 3ara3oBaHoi NpogyKTa-
MW NOXexXi (TOBTO pu3KKy iX OTpyeHHs abo ypaKeHHs 3a paxyHOK TEMIOBOro (hakTopa) Ta aBapiiHOrO PU3MKY, KW Npo-
BOKYETbCS HENpaBuUIbHAM BUOOPOM Ta 3GiICHEHHAM aBapiiiHOro BEHTUNALiIHOMO pexumy. ObuaBa BUaM pusnkis BUMa-
ratoTb ANs 3HWKEHHS BUKOPUCTaHHS 3ac06iB BEHTUNALINHOIO BMUBY — BEHTUMNATOPIB FOIOBHONO i MiCLEBOrO NPOBITPHO-
BaHHA. MMoBMHHO ByTW Takox nepeabadeHo BUKOPUCTAHHS Pi3HOMAHITHUX MacMBHWX PErymioynx npucTpois. OCHOBHUM
pe3ynbTaToM METOAOMOMNYHOro NiAX0AY, O BUKOPUCTOBYETLCA HUHI, € BUOID aBapiiHOrO BEHTUMALIMHOTO pexuMy, Lo
MakcumarbHO 0OMEXYe 30HY 3ara3yBaHHS LLIAXTHOT BEHTUNALIMHOT Mepexi rasonogibHuMu npogykTamu ropiHtHs. Kpute-
piem ePeKTMBHOCTI aBapilHOI eBaKyauji ripHUKIB NpY LbOMy Mae OyTu MakcUManbHe BUKOPUCTaHHS He3ara3oBaHux Bu-
poBOK, Y1M i JocAraeTbCs MeTa ynpaBniHHA BEHTUNALLEIO NPW aBapisix.

lponoHoBaHN yHKLiOHAN ynpaBniHHA, WO XapaKTepuaye CTyMiHb PU3NKY PO3NOAINY MOXEXHWX rasiB BMpobkamu
LaxTi, € CepeaHbOKBAAPATUYHUM BiOXUIMEHHAM KOHLEHTpaLli NOXeXHUX rasi y KOHTPOMNbOBAHWX rifkax Mepexi Big
HeobxigHoro piBHs cTabinisadii. [1ns 4BOX peryniowymnx NpucTpoiB i 4BOX perynboBaHMX AinsHOK BiH € YaCTUHOK TPUBU-
MIpHOro KOHyca, a 0bnacTb kepoBaHOCTi obmexeHa ABomMa rinepbonamu. AHaANOMYHO BUIMsiAAe NOCTAHOBKA 3aBAaHHS
npu 3BinbLLEeHHI po3mipHOCTi BGasucy peryniotounx npunagis. CpopMynboBaHO 0OMEXEHHS HA NMOCTAHOBKY 3aBAAHHS, i
3p0o6IeHO BUCHOBOK LOAO MOXIMBOCTI 3aCTOCYBaHHS ANS ii BUPILIEHHS aHanor-MeTo4iB AMHAMIYHOTO NpOrpamyBaHHs.
Ak Taki po3rnsHyTi MeToa BaraToKPOKOBOI OMTMMI3aLlii, METoa OLHOKPOKOBOI ONTUMI3aLii Ta METOA eKCTpeManbHOI Mo-
KOOPAMHATHOI ONTUMI3aLii (OCTaHHIN — HaneeKTMBHILKIA). HainbinbLuoi edyekTUBHOCTI X BUKOPUCTaHHS Byae AOCArHYTO
MpuW BNPOBaMKEHHI aBTOMATM30BaAHOI CUCTEMM YNPaBIiHHS MPOBITPIOBAHHSAM, LIO 3abe3neyye 3BOPOTHMI 3B'S30K 3aCO-
6iB peryntoBaHHs Ta Peryrymnx npucTpoiB.

KntoyoBi cnoBa: aBapiiiHuii puaunk, aepoNnoriYHUA PU3NK, OyHKLIOHAN ynpaBniHHS, peryntorodi NpuCTpoi, eK3oreHHa
noxexa.
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