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Purpose. The articles aims to substantiate the nature of injecting liquid concentrate with the help of quantitative
evaluation of both capacity and crossflow parameters of water-bearing formation involving geomechanical changes
occurring in a rock mass.

Methodology. Numerical modeling of hydrodynamical and hydrochemical processes with repressive component
under boundary conditions involving the model identification on the physical and dynamical analogy as well as solv-
ing filtration and crossflow problems; carrying out analytical study concerning conditions of vertical hydraulic frac-
turing of reservoir bed.

Findings. Both filtration and capacity parameters of water-bearing formation as well as crossflow parameters of
low permeable separating formations have been substantiated. Changes in hydrodynamic and hydrochemical nature
of underground water of reservoir bed and productive water-bearing formations under the conditions of injecting
liquid concentrate and further relaxation of hydrodynamic repression in time and space have been evaluated. Geome-
chanical processes within the nearfield area have been taken into consideration by means of simulation selection of
penetration parameters according to losses and injection pressure involving pulsation character of hydraulic fractur-
ing of reservoir bed fissures.

Originality. For the first time ever mathematical model for liquid concentrate injection into water-bearing filtra-
tion with contiguous water extraction and pulsatory hydraulic fracturing character of the concentrate suction has been
developed.

Practical value. Recommendations concerning a technically feasible and environmentally friendly operation mode
of reservoir bed of liquid concentrate have been developed and implemented. Capacity reserves of reservoir bed have
been evaluated according to a predictive category.

Keywords: filtration and cross flow processes, capacitive parameters, hydraulic fracturing, repression, relaxation

Introduction. Pollution of the surface hydrosphere in
Ukraine experiences its intensification due to increased
disposal of waste water being over 20 km? a year. Almost
6 km? of it is untreated water and poorly treated water
despite the fact that surface sources provide 80 % of
public water supply in the country.

The problem of water management is the most
burning in mining regions where disposals of mineral-
ized water from mines and open pits disrupt hydro-
geological and hydrochemical balance of river basins.
For example, in Dnipropetrovsk region almost 50 mil-
lion cubic meters of mine water is pumped out annu-
ally. Solid content of 30 million cubic meters of it is
3—5 g/dm?; solid content of 20 million cubic meters of
it is 14—30 g/dm?. Water in the Samara River is char-
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acterized by high level of chlorides (0.2—0.8 g/dm?),
sulphates (0.55—1.6 g/dm?®), and dry residues (1.5—
4.2 g¢/dm?). The amount of suspended substances, oil
products, and iron is 1.5—4 times higher to compare
with the boundary permitted concentration. Such rivers
as the Kalmius, the Inhulets, and the Saksahan located
within a zone of intensive technogenic mining effect are
heavily polluted as well.

Currently a number of techniques for mine water de-
mineralization are available. Hot-processing techniques
(distillation, freezing), membrane techniques (electro-
dialysis, reverse osmosis, ion exchange), hydrotechnical
techniques and others are among them. However, they
are not popular in mining practice due to considerable
capital intensity and power consumption, lack of power
resources and their high cost. The process of mine water
demineralization is followed by the formation of salt
brines. The matter is that a problem of their processing
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and utilization has not been solved yet; besides, they
should involve comprehensive approach.

Analysis of the recent research. The world practices
use actively the injection of polluted water into reservoir
rocks of deep formation of the earth’s crust, i.e. subsur-
face waste water disposal.

The subsurface disposal of waste water (SDWW) has
been initiated at the beginning of the last century by oil-
fields in the Russian Federation and in the USA. Highly
mineralized formation water, extracted together with
oil, is injected into non-productive wells and flooded
wells. The paper [1] concerns the implementation of in-
dustrial waste water by “Gazprom” Ltd.

Most of all, subsurface disposal of waste water is
popular in the USA. In addition to several dozens of in-
jector wells in oil industry, landfills for subsurface dis-
posal of waste water of other industries have been ar-
ranged. The number of such polygons increased from 35
in 1935 to 705 in 1997. Generally, sedimentary rocks
(i.e. sands, sandstones, limestones, and dolomites) are
basic accumulators for polluted water disposal. Accord-
ing to their depth, disposal wells are: down to 305 m —
6 %; 305 down to 710 m — 19; 710 down to 1420 m — 26;
1420 down to 2130 m — 34; 2130 down to 4260 m — 14;
more than 4260 m — 1 %.

Subsurface disposal of waste water is widely used in
Germany, Great Britain, France, Canada, and Japan.

Germany numbers several dozens of landfills for the
disposal of subsurface waste water resulting from the ac-
tivities of enterprises of potassium industry, chemical
industry, and oil and gas industry. In terms of four ob-
jects, M.Buser [2] proposed scientific and technical
background as well as organizing arrangement for toxic
waste utilization. Injection is performed into carbona-
ceous rocks and terrigenous rocks; the injection depth is
down to 1100 m and more. The injection intensity is
120—4800 m3/day per a well whose mouth pressure is
1.0—2.0 MPa.

Near Whitchurch (Great Britain) industrial waste
water has been injected into Cretaceous age deposits for
more than sixty years.

In France, the first disposal well was drilled out at
Grandpuy plant in 1970. Daily, 1100 m? of water with
mouth pressure of 1.0 is injected into Jurassic limes
within 1950—1980 m interval. Studies by P. Berest et al.
[3] concern waste disposal in abandoned salt mines.

Japan performs a disposal of various types of indus-
trial as well as domestic waste water. Thus, for many
years acidic drain water has been injected into 150 wells
drilled out from mine workings located in andesite for-
mation with sandstones as a basement. The injection
intensity is 13.000 m?/day.

Ukraine has both positive and negative experience of
liquid waste disposal. Since 1974 Pervomaisk chemical
plant in Kharkiv region has performed a disposal of
chloroorganic waste into Triassic sandstones deposited
at the depth of 1650 to 1780 m and containing formation
water with 140 g/dm? mineralization. Overburden of the
lost circulation formation consists of clay- and sand-
bearing beds of Jurassic, Cretaceous, and Palacogenic
Periods; Permian clays underlie it. Annually, 1.2 to
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1.4 million cubic meters of waste water is injected within
the landfill.

Since 1978 waste water into Lower Triassic forma-
tion has been injected periodically within Shebelynsk
gas deposit. The injection depth is 880 to 1000 m.

Industrial waste intake into pure water-bearing forma-
tions, which took place at Horlivka chemical plant, and
injection of waste water from Rubizhne chemical inte-
grated works (Luhansk region) into sandstones of Middle
Carbonic Period in Krasnopillia Dome, which resulted in
the pollution of water-bearing formations used for water
supply, are among the negative examples of liquid indus-
trial waste disposal. Due to available hydrodynamically
open system of faults, industrial wastes have been forced
up by means of the action of confined groundwater.

Hence, subsurface disposal of polluted water is the
complicated problem involving geological and hydro-
geological, technological, economic, and environmen-
tal components [4].

Studies by V.M. Goldberg, M. P. Skvortsov, L.G. Lu-
kianchikova, V. M. Shestakov, I.S. Pashkovskyi, S. P. Pozd-
niakov, B.P.Akulinichev, O. M. Sevastianov, Yu. M. Kon-
dachkov, V.M. Kiriashkin and others have contributed
significantly to the analysis of hydrodynamic processes
within water waste landfills.

Unsolved aspects of the problem. Available geological
and hydrogeological information concerning the territory
of Ukraine makes it possible to evaluate, at least roughly,
the prospects of industrial waste water injection in any re-
gion and district. Characteristics of intake bed, its capaci-
tive and filtration features should become the basic crite-
rion for geological and hydrogeological estimation of
SWWD capabilities. Both national and world practices
show that regional closeness helps prevent such negative
after-effects of water injection as crossflow (leakage) of
waste water into underlying and overlying formations con-
taining pure water, balneologic water or commercial water.

Within the southern part of Ukrainian fundamental
crystalline formation, where there is a pure water deficit,
a sharp demand for liquid concentrate disposal after re-
verse osmosis has arisen since the concentrate is still
discharging into hydrographic network. To preserve en-
vironmentally acceptable water balance of the region, it
is required to substantiate the possibility for waste water
disposal using a technique of numerical mathematical
modeling of filtration and migration processes in the
context of certain indefiniteness of regional hydrogeo-
logical conditions.

Objectives of the article. To substantiate the opera-
tion mode for liquid concentrate injection into water-
bearing reservoir bed it is required to solve the following
problems:

- determination of capacitive and crossflow parame-
ters of water-bearing formation taking into consider-
ation geomechanical changes in a rock mass;

- evaluation of reservoir bed isolatedness in the con-
text of possible crossflow of liquid concentrates into
contiguous water-bearing formations;

- evaluation of waste water circulation within the res-
ervoir bed to substantiate controlled hydrochemical
changes in subsurface water.
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Presentation of the main research. Practices and ex-
perience of solving the problems connected with prog-
nosis of hydrodynamical and hydrochemical changes in
the process of subsurface disposal of industrial wastes
show that the mathematical modeling method is the
most adaptable and accurate one in terms of certain in-
definiteness and multi-factor nature of both natural and
simulated processes. The numerical mathematical
model makes it possible to determine a dependence of
level dynamics and losses of subsurface flows in the
course of time and in terms of the area in an explicit
form; to take into consideration a process of crossflow
through separating layers with low permeability in the
context of operation of injectors and water-supply wells;
relation between subsurface water and surface water; in-
filtration recharge; temporal changes in boundary con-
ditions and parameters; anisotropy of filtration features
etc.

Modeling of liquid concentrate injection relies upon
the basic differential filtration equation. The equation is
solved with the help of numerical iteration methods on
the basis of frames, i.e. a system of finite difference
equations
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where H is the required pressure function, m; Tx and Ty
are water conductivity of water-bearing formation towards
x and y, m?/day; W is a value of unit filtration, m/day; 0,
is a unit loss indicating relation with surface water
flow, m?/day; Q, is a unit loss characterizing water-bear-
ing relation through separating layers with low permeabil-
ity, m?/day; u is elastic water, # is current time, days.
Formally, differential crossflow equation is similar to
filtration equation being as follows
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where C is the required concentration value, mg/dm?;
D,and D, stand for a diffusion coefficient on linear coor-
dinates x and y correspondingly, m?/day; v is actual ve-
locity of the substance motion, m/day; n is porosity; ¢ is
time, days.

Non-uniformity of the bedded formation is taken
into account by means of a water conductivity parameter
being reflected in terms of the model in the process of
filtration area discretization.

The study object is represented by three-layer water-
bearing formation. Calculated layer one is water-bearing
formation of quaternary deposits; layer two is water-
bearing system of Sarmatic Neogene limestones; layer
three is Palacogenic water-bearing formation within
sandstone deposits. Water-bearing formations have hy-
draulic connection through separating layers with low
permeability.

In terms of the plan, filtration field is represented by
a grid of 69 x 76 components with irregular pitch de-
creasing from filtration area boundaries towards test
group of wells (200 to 50 m) and occupying area of al-
most 114 km?.
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Palacogenic water-bearing formation (calculation
layer three) is considered as a reservoir bed. It is depos-
ited in sandstones with 25 m thickness at the depth of
235 m. Over 100 m sandstone-clay formation is its over-
burden. Due to the limited amount of actual data con-
cerning its mode of occurrence, the plan takes hydrody-
namic boundaries of the 3™ type reflecting relations be-
tween losses and pressures. Losses with zero values are
assumed according to water threads.

Solution of inversion problems is represented in the
form of consequential multivariant calculation series in
stationary formulation and transient one where effect on
a level behavior of subsurface water of rock filtration co-
efficient variations, water yield, infiltration recharge, a
parameter of contiguous water-bearing formations, im-
perfectness of streams etc. are evaluated. According to
the results of factor and range analysis, input data bodies
have been substantiated. That made it possible to bal-
ance the model (Table 1) and obtain the level state close
to the actual one. Results of experimental and filtration-
al activities and long-term behavioral observations are
those control data applied while solving the problem of
both model and object identification.

Previous experimental and filtrational activities in-
volved the construction of an injector 17194(2I1) and
observation wells (411, 5H, 6H); geophysical analysis of
lithological rock types; determination of water-bearing
layers and those having low permeability; test unwater-
ing of the injector and observation wells; test injection
and experimental injection into 17194(2I1) well.

Filtrational and capacitive parameters of Sarmatic
and Palaeogenic water-bearing complex as well as anal-
ogous parameters of separating layers were corrected
while using a model of test unwatering dynamics. Ac-
cording to the data, parameters of water-bearing forma-
tions and separating formations with low permeability
have the following values:

1. The filtration coefficient of separating layer be-
tween calculation layers one and two is 2 x 107 m/day;
and it is 1 x 10® m/day between calculation levels two
and three.

2. Water-yield coefficient for Sarmatic deposits is as
follows: 0.1 (gravitational), 10~ (elasticity); in the con-
text of Palacogenic deposits is 0.02 and 10~ correspond-
ingly.

In terms of the mentioned parameters the hydrody-
namic model is balanced within hydrodynamic bound-
aries for the period preceding the activities connected
with water waste injection at the landfill (Table 1).

It should be noted that both under natural condi-
tions and under operation conditions of water intake,
within the test area, a level of subsurface water of Pal-
aeogenic deposits (level three) is higher than the level of
Sarmatic deposits (level 2) in terms of absolute eleva-
tion. In other words, ascending crossflow of subsurface
water (7.1 m®/day) through separating layer with low
permeability occurs (Table 1).

While substantiating industrial water injection pos-
sibility, a problem of intake capacity of disposal wells
has been solved. Injection rate absorption depends on a
water-bearing bed as well as features of nearfield pene-
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Table 1
A balance of subsurface water of the model
. Consumption components
3
Water input, m°/day of the balance, m?/day
Calculated layer 2
Infiltration 195.2 | Injection rate 3745
recharge
Influx within 1910 | Discharge into a 2126.5
outer contour river
Crossflow over | 3767.1 | Evaporation 26
aroof
Crossflow over 7.1
a subface
Capacitive 0.14 | Capacitive 0
component component
Total: 5879.5 | Total: 58897.5
Imbalance, % 0.15
Calculated layer 3
Influx within Discharge within 2.9
outer contour 9.8 outer contour
Crossflow over a 7.1
roof
Capacitive 0.06 | Capacitive compo- 0
component nent
Total: 9.9 | Total: 10.0
Imbalance, % 0.8

tration formation. To determine the parameters, the fol-
lowing research-filtration actions (RFA) were previous-
ly taken: injection of the concentrate into Palacogenic
water-bearing formation (calculated layer 3 within the
model). Rate of the absorption well 2-IT varied as fol-
lows: 5 to 612 m?/day when pressure was 0.3 to 17.37 atm.

F00

Changes in a level mode were registered in observation
well 6-H located at a distance of 125 m from the injec-
tion one. According to the RFA interpretation data
(Fig. 1), specific capacity of the well is almost 40 m3/day.

To reconstruct a level of subsurface water dynamics
in the context of RFA model, the process is divided into
several periods; each of them involves injection-relax-
ation mode (Fig. 2).

Period 5 registers excessive temperature of the level
change (AH = 88 m) which can be explained by hydro-
fracturing. Its mechanism will be considered below. To
understand filtration and capacitive parameters of Pal-
aeogenic water-bearing formation as well as their chang-
es, the model reconstructs injection-relaxation process
with daily rate variations (Fig. 3).

The graph in Fig. 3 demonstrates that model level
and actual level are congruent; however, imbalance is up
to 1.1 m. The latter can be explained by inertial character
of the rock mass and instability of the process. In this
context, satisfactory similarity of the processes has been
determined with the following parameters of the Pal-
aeogenic water-bearing rocks:

1. Filtration coefficient is 0.1 m/day; it is 3 m/day
within the nearfield area (probably, it is a result of hy-
drofracturing).

2. Coefficient of water-saturation lack is: elastic —
9.8 - 1073, gravitational — 0.2.

Reservoir bed parameters obtained using the model
while solving inverse problems as for injecting and un-
watering differ insignificantly; the difference depends on
the achieved hydrofracturing effect. However, the latter
ones are the most substantiated in terms of multivariant
identification solutions; moreover, they have been as-
sumed while forecasting a process of concentrated solu-
tions burying.

Natural mineralization of subsurface water of the
Palaeogenic water-bearing formation within the studied
area is 33 to 40 g/dm’ (34 g/dm?® is assumed for the

GO0
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Fig. 1. Consumption-pressure dependence within the injection well 2-11
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Fig. 3. Temporal repression variations within the observational well 6-H (period 6)

model). Mineralization of the injected solutions varied
within 13.7—18.5 g/dm® (17 g/dm? is assumed for the
model). The results of sampling from observational well
6-H for chemical analysis did not record any natural salt

dilution while injecting (Fig. 4). Moreover, mineraliza-
tion changes within Middle- and Upper Sarmatic for-
mations are also within seasonal values meaning no ef-
fect of water injection.
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Fig. 4. Changes in subsurface water mineralization in the process of concentrate injection
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However, such a tendency while solving reverse
problem (Fig. 5) is possible if only porosity of Palaeo-
genic deposits is up to 20 %.

Substantiation of reservoir bed hydrofracturing param-
eters. Simulated hydrofracturing of rocks is divided into
stages depending upon a level of available fracturing. In
the context of monolith rock, hydrofracturing results
from certain boundary pressure of liquid with further
sharp absorption increase with lower pressure.

In reference to protogene hydrofracturing, expan-
sion of fractures happens first. The process corresponds
to a law of subsurface hydrostatics when actual stresses
experience their increase within interfractural blocks.
Then, hydrofracturing occurs whose stage is similar to
secondary hydrofracturing of monolith rock with pres-
sure being lower than that with protogene hydrofractur-
ing.

Criteria of fracturing in the process of hydrofractur-
ing are focused on combination of energy theory of
Griffiths and regulations on fracture deformation in case
of balance of forces either opening a fracture of preserv-
ing it from expansion.

The statement by S. O. Khristianovych is compatible
with experimental data concerning rock hydrofracturing
in the form of a fracture

g 2
1-2=+1-a", 3
- 3)

where g and P are rock pressure and pressure inside the
fracture respectively; a is a coefficient being equal to lin-
ear dimension of the fracture expansion (R)-pressure
application dimension (P) ratio if stress application is
terminated within a point whose current linear dimen-
sion is (#) when R/r=1.

Condition (3) for liquid with water viscosity means
that within the considered cases, hydrofracturing origi-
nates if P — g being visualized with the help of the ratio

kyTly > ygHpg, “4)

where H is the depth of rock bedding; Hj is water pres-
sure; v, v are density of rocks and water; k is coefficient
of concentration of stresses (it is ~ 1 in the neighbor-
hood of absorption well).

Let us revise ratio (4) taking into consideration (3)
for vertical fissure of hydrofracturing

v
kYnH[:j = 'YBhBa (5)

where v is Poisson’s ratio. It is obvious that for the con-
sidered conditions v ~ 0.25...0.3, execution of ratio (5) is
quite admissible.

Water crossflow through hydrofracturing arca may
experience sharp increase resulting in equally sharp
pressure drop. That factors into violation of condition
(3) and closing of fractures. Further the pressure in-
creases which may result in the next hydrofracturing pe-
riod, i.e. the process becomes of pulsating character. In
the context of mining practice such events are observed
when mining operations are performed in the neigh-
bourhood of flooded areas [5]. While injecting into the
reservoir bed it becomes the fixation of permeability in-
crease which should be supported by technical parame-
ters of pumping equipment.

It should be noted that when hydrofracturing effect
is achieved, geomechanical changes in the nearficld area
are taken into consideration by means of simulation se-
lection of permeability parameters according to the con-
sumption and injection pressure.

Prognosis of hydrochemical repression formation has
been carried out for such conditions when total water
collection from Sarmatic water-bearing complex is
6900 m?/day and daily amount of concentrated solu-
tions being injected into Palacogenic water-bearing for-
mation is 720 m>.

Formation process of hydrodynamic repression
within the injection well (2-TT) and the observation one
(6-H) takes almost a year (Fig. 6), and for the period of
25 years it is 256 and 147 m respectively. For the residu-

Fig. 5. A fragment of the model with mineralization isolines (mg/dm?>) while performing RFA with concentrated solutions

injection
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al period, maximum crossflow into Sarmatic water-
bearing complex is 30.4 m3/day (Table 2).

At the expense of dilution within the reservoir bed,
decrease in natural mineralization occurs inside the ter-
ritory of almost 1000 x 1000 m.

Temporally, hydrodynamical relaxation of the
formed repression being 256 m (= 25 atm) proceeds un-
der conditions of the elastic filtration mode taking
1.0—1.5 years only. After the relaxation year, final re-
pression within the well is almost 11 m; after 2 years it is
3 m; and it is about zero after 3 years.

Dispersion of a zone with mineralization being
close to a concentrate takes much more time. After a
relaxation year hydrochemical situation remains al-
most unchangeable owing to the lack of convection
component.

Increased crossflow into Sarmatic water-bearing
complex (7.1 up to 30.4 m?/day) cannot change miner-
alization of subsurface water of productive water-bear-

ing complex drastically. Greater crossflow into Sarmatic
water-bearing complex with lower salt content results in
minor (up to 10 %) decrease in its mineralization.

Conclusions and recommendations for further re-
search. At a radial distance of 50 m, effect of vertical
hydrofracturing achieved within reservoir bed while lig-
uid concentrate injecting increases filtration parameters
of sandstones by three times; in terms of elastic capacity
it is massively more. That is confirmed by the results of
many numerical solutions of reverse problems in a
mode of dewatering and injection. If a well capacity is
40 m®/day x atm and waste water burying amount is
720 m*/day then operational mode of the landfill is en-
vironmentally friendly since greater crossflow with lower
salt content into upper water-bearing complex results in
its decreased (down to 10 %) mineralization.

Generally, regarding the considered method, bury-
ing process of mineralized residues widens ways of filtra-
tion transit to a discharge zone. The fact should be con-

Table 2
Balance of subsurface water model for the forecast period up to 2037
Water input, m’/day Consumption components of the balance, m?/day
Calculated layer 2
Infiltration recharge at the expense of precipitates 195.2 | Water well rate -6900
Influx within outer contour 4820.6 | Discharge into a river —1388.1
Crossflow over a roof 3238.9 | Evaporation -26
Crossflow over a subface 30.4
Capacitive component 42.6 Capacitive component 0
Total: 8327.7 | Total: -8314.1
Imbalance, % +0.08
Calculated layer 3
Discharge within outer contour —689.6
Injection rate 7200 Crossflow over a roof -30.4
Capacitive component 0.06 Capacitive component 0
Total 720.0 | Total -720.0
Imbalance, % 0.0
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sidered as conditions to intensify natural recovery which
is impossible in the context of direct discharge into hy-
drographic network (or in the context of brine dilution)
in accordance with palliative schemes.

Specific attention should be paid to monitoring of
waste water burying since the neutralization method is to
be applied exceptionally when it is impossible to use tra-
ditional methods of depollution and utilization involving
a number of specific requirements and conditions.
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Meta. OOTrpyHTYBaHHSI pexKMMY 3aKauyBaHHS PiTKo-
IO KOHLIEHTPATy Ha OCHOBI KiJIbKiCHOI OLIiIHKYA EMHICHUX
i MirpauiiiHUX mapamMeTpiB BOJOHOCHOIO TOPU30HTY 3
ypaxyBaHHSIM TeOMeXaHiYHUX 3MiH Y TipCbKOMY MacCHBi.

Mertomuka. YucenbHe MOAETIOBAHHS TiIpoauHa-
MiYHUX 1 TiIpOreoXiMiyHMX TMPOLECIB 3 PENPEeCUBHOIO
CKJIAJIOBOIO Y TPAHWYHUX YMOBAX, 110 BKJTIOYAE iIEHTH-
(ikartiro Moneni 3a ¢i3uUHOIO I AMHAMIYHOIO aHAJIOTi-
€10 Ta PillleHHSI MPOTHO3HUX (PiAbTpaliiiHuX i Mirpa-
LiHUX 3ama4. AHAJTITUYHE JOCTIIXKEHHS YMOB BEpTU-
KaJIbHOTO TiApaBIiYHOTO PO3PUBY IIIacTa-KOJIEKTOpA.

PesympTaTt. O0rpyHTOBaHI (DibTpAalliliHi T EMHIC-
Hi mapamMeTpu BOAOHOCHOI TOBIIi, a TAKOX IMapaMeTpu
MepeTiKaHHS PO3IIISTIOYMX CIa00NPOHMKHMX TOBIII.
OuiHeHi 3MiHU TiAPOAMHAMIYHOTO i TiApOXiMiYHOTO
peXUMY IMia3eMHUX BOJ IJIacTa-KOJIEKTOpa Ta MPOayK-
TUBHMX BOIOHOCHUX TOPU30HTIB B YMOBaX 3aKauyBaH-
HSI PiIKOro KOHLEHTpaTy Ta MOJaJIbIIOl peiakcallii
TiIpoarHaMiYHOI pemnpecii y yaci if mpocTopi. YpaxoBa-
Hi reoMexaHiyHi Mpolech MPUCBEPIVIOBUHHOI 30HU
LIJISIXOM iMiTalliiiHOTO Mia®opy MapaMeTpiB MPOHUK-
HOCTI BiIOBIIHO 10 BUTpPAT i TUCKY 3aKayyBaHHS, 1110
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BPaxOBYIOTh MYyJIbCALIHUN XapakTep TiApOpO3pUBY
TPILIMH TUIACTa-KOJEKTOPA.

HaykoBa HoBM3HA. YTiepliie HA OCHOBI CUHTE3Yy aHali-
TUYHUX i YMCEJIbHUX pillleHb CTBOpEHa MaTeMaTU4YHa
MO/IeJIb 3aKa4yBaHHSI PiIKOro KOHIIEHTPATY 10 BOJIOHOC-
HOTO Ij1acTa 3 CYMiXKHMM BOJIOBiAOOPOM i MYJIbCYIOUNUM
TiIPOPO3PUBHUM XapaKTEPOM MOTIMHAHHS PO3YUHY.

IIpakTuyna 3HauumMicTb. Po3po0iieHi it BipoBamKeHi
peKoMeHallii 00 TeXHIYHO MOXKJIMBOIO Ta €KOJIO-
TYHO MPUAHATHOTO PEXUMY eKCIUTyaTallil riacTa-Ko-
JIEKTOpa PiaKOro KoHLeHTpary. OLiHEHO €MHiCHUIA
pecypc MiacTa-KoJaeKTopa 3a IPOTHO3HOIO KaTeropi€lo.

Kimouogi cioBa: ginompauiiini i miepayiiini npoyecu,
EMHICHI hapamempu, 2idpopo3pue, penpecis, peraxcauis

Iems. OGocHOBaHME peXMMa 3aKa4YKU KUIKOTO
KOHIIEHTpaTa Ha OCHOBE KOJMYECTBEHHOM OLIEHKU eM-
KOCTHBIX 1 MUTPALIMOHHBIX ITapaMeTPOB BOTOHOCHOIO
TOPU30HTA C YYETOM IeOMeXaHUYEeCKUX M3MEHEHUN B
TOPHOM MacCHBe.

Metoauka. YucieHHOe MOIEIMpOBaHUE TUAPOI-
HaMHWYECKUX Y TUIPOTeOXUMHUUYECKHUX TTPOIIECCOB C pe-
TPECCUBHON COCTABJISIIONIEH B TPAHUYHBIX YCIIOBUSIX,
KOTOpOE BKITIOYAET MICHTU(MOUKAIINIO MOAETU MO (hH-
3M9YECKOM I TMHAMWYECKOI aHAJIOTUU M PEIIICHHE TIPO-
THO3HBIX (PMJIBTPAIIMOHHBIX U MHUTPAIIMOHHBIX 3a7ad.
AHATUTUYECKOE HUCCIEeNOBAHUE YCIOBUN BEPTUKATb-
HOTO TMIPaBINYECKOTO pa3phiBa IacTa-KOJUIEKTOpa.

Pe3ynbratel. OOOCHOBaHBI (DUIBTPALIMOHHBIE U
€MKOCTHbIE TTapaMeTPbl BOMOHOCHOI TOJIIIN, a TAaKXe
rapaMeTpbl epeTeKaHUs pa3AaeIsSTIoNINX cIab0MpPOHU-
1aeMbIx cyoeB. OlLieHeHbl UBMEHEHUs TUAPOAMHAMU-
YECKOTO0 M TUAPOXMMMUYECKOTO peXkruMa ITOA3EMHBIX
BOJI TUTACTa-KOJJIEKTOpPa W TIPOMYKTUBHBIX BOIOHOC-
HBIX TOPU3OHTOB B YCJIOBUSIX 3aKAUKU XUJIKOTO KOH-
LIEHTpaTa M TOCJIEAYIONIeil pelakcalluy TUAPOIMHA-
MHMYECKOM perpecCuy BO BPEMEHU M IIPOCTPAHCTBE.
YuTeHbl reoMexaHU4ecKue MPOIEeCcChl MPUCKBAXKUH-
HOI 30HBI MyTeM MMUTAIIMOHHOTO IOI0O0pa IapamMe-
TPOB MPOHUIIAEMOCTH COOTBETCTBEHHO PACXOIy U TaB-
JICHUIO 3aKa4KM, OTpaXarouliue IyJbCalMOHHBIA Xa-
pakTep ruapopas3pbiBa TPEIIMH IJIacTa-KOJJIEKTOpA.

Hayunas HoBu3Ha. BriepBbie Ha OCHOBE CHHTE3a
AHAJIMTUIECKMX M YMCICHHBIX pelleHWi co3laHa Ma-
TeMaTU4eckKasi MOJIeIb 3aKauKH XKMIKOTO KOHIIEHTpaTa
B BOJOHOCHBINM TUIACT CO CMEXHBIM BOJIOOTOOPOM M
MyJIbCUPYIOIIM TUAPOPA3PBIBHBIM XapaKTEPOM TO-
[JIOIIEHMS pacTBOpa.

IIpakTuyeckada 3HauumocTb. Pa3zpaboTaHbl U BHe-
IPEHBI PEKOMEHIAIINH 10 TEXHUYECKHA BO3MOXKHOMY 1
SKOJIOTUYECKU MPUEMIIEMOMY PEXKMMY 3KCILTyaTalluy
IJIaCcTa-KOJIJIEKTOpa KUAKOTO KoHIleHTpaTa. OlieHeH
€MKOCTHOI pecypc TIacTa-KoJUIeKTopa IO MPOTHO3-
HOM KaTeropuu.

KmoueBbie cioBa: guivmpauuontvie u mMuepayuoH-
Hble npouyeccvl, eMKOCHHble napamempbl, 2Uopopaspsls,
penpeccus, peaakcayus
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