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The paper covers the research of microbiological destruction processes of petroleum origin pollutants in a shallow
water taking into account a number of determining factors that affect the distribution of pollution in the researched
water area: the oil fractional composition, the processes of evaporation, dissolution, biological oxidation of petro-
hydrocarbons by microorganisms, as well as hydrodynamic and chemical-biological features of the water. A
complex of interrelated spatially inhomogeneous mathematical models was proposed that allow researching the
dynamics of microbiological destruction processes of petroleum hydrocarbons in shallow water. Schemes with
weight taking into account the partial filling of computational cells of the simulated domain were developed at
model discretization that made it possible to significantly increase the accuracy of calculations and reduce the
calculation time. Based on a multiprocessor computer system, experimental software has been developed for
predictive modeling of the ecological situation of shallow water in the event of accidental pollution by oil and other
harmful substances during natural and technogenic challenges.
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Introduction. The problem of oil pollution at the end of the XX century has acquired global
proportions. Oil has become one of the energy sources. However, the imperfection of extraction,
transportation, processing and storage technologies leads to significant losses, to pollution of the
atmosphere, soils, waters, as well as negative effects on humans, flora and fauna. QOil enters the water
as a result of its natural exits to the surface in the areas of occurrence, as well as oil production, oil
refining, transportation and use as industrial raw materials and fuel. To maintain the sustainable
development of aquatic ecosystems, it is necessary to develop a set of methodological tools that allow
assessing and developing recommendations and rules for the sustainable development of shallow
waters, maintaining the biocenoses of aquatic ecosystems, especially in case of catastrophic situations
[1]. Currently, water pollution monitoring systems are being actively created. It based on a number
of problems aimed at researching the current state of the selected aquatic ecosystem, including
monitoring the level of water pollution and bottom sediments of rivers, lakes, reservoirs and seas by
physical, chemical and hydrobiological indicators in order to study the of pollutant distribution in
time and space; assessment and forecast of water environment situation.

* The reported study was funded by RFBR according to the research project Ne 19-01-00701.
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It is known that oil and its refined products are one of the most toxic and harmful pollutants
included in the list of mandatory indicators controlled at monitoring the water ecosystem pollution.
Oil is a complex mixture of hydrocarbons, naphthenic acids, asphaltenes, resins and other
components. When oil enters a reservoir, it undergoes various destructive processes: evaporation,
microbiological oxidation, dissolution, precipitation, etc., which depend on the type and fractional
composition of oil, volume, its initial physical and chemical properties of oil, as well as natural and
climatic conditions during the entire period of the substance's stay in the water. According to the
available data, the losses of crude oil are up to 60% during evaporation of the light fraction, up to
30% — during biodegradation by bacteria, up to 15% — during precipitation, up to 15% — during the
formation of the «oil in water» and «water in oil» emulsion, up to 10% — during dissolution and up
to 5% — during photo-oxidation [2].

Oil spill response plans are developed in accordance with various regulatory and legal
documentation, the requirements of the Decree of the Government of the Russian Federation No. 613
of August 21, 2000 "On urgent measures for the prevention and Elimination of Emergency Spills of
oil and Petroleum products” (as amended and supplemented on April 15, 2002), and Order of the
Ministry of Emergency Situations of Russia No. 621 of December 28, 2004 "On Approval of the
Rules for the Development and Coordination of Plans for the prevention and Elimination of oil and
Petroleum Products Spills on the Territory of the Russian Federation”. The International Association
of Representatives of the Oil Industry for Environmental Protection (IPIECA) has issued a Guide for
planning actions in emergency situations in case of oil spills, which also reflects the issues of
developing an oil spill response plan. The action plan in the event of an emergency related to oil spills
should include three main tasks:

— development of strategies that should describe the plan, its geographical scope, perceived
risks and the roles/responsibilities of those entrusted with the task of implementing the plan and
strategy of proposed spill response measures;

— preparation of an action plan and work indicating the implementation of emergency
procedures for the possibility of rapid assessment of the spill and the mobilization of appropriate
resources for its elimination;

— creation of information data resources, which should include all necessary maps, lists of
resources and data tables for ensuring the measures to eliminate the oil spill and conduct the
liquidation itself in accordance with the agreed strategy.

The behavior and distribution of oil in a watercourse is determined by the sum of the following
processes: evaporation, emulsification, dissolution, oxidation, formation of oil aggregates,
sedimentation, and biodegradation [3]. Fig. 1. shows the general scheme of these processes.

The causes and consequences of the explosion of the BP Deepwater Horizon oil platform in
the Gulf of Mexico on April 20, 2010 are still the subjects of debate among economists and
politicians, as well as scientists. Less than a week has passed since the publication of the work on the
detection of an oil plume at a depth of about a kilometer in the waters of the Mexico Gulf, as a new
article on this topic appeared in the Science journal.

Oil pollution disrupts many natural processes and relationships, significantly changes the
living conditions of all types of living organisms and accumulates in the biomass. The negative impact
of oil pollution on aquatic ecosystems is associated both with a violation of the interaction processes
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of water with the atmosphere, and with the accumulation of secondary pollutants in them. The oil that
gets into the body can cause gastrointestinal bleeding, kidney failure, liver intoxication, blood
pressure disorders. Fumes from oil vapors lead to respiratory problems in mammals that are near or
in close proximity to large oil spills. Fish are exposed to oil spills in the water at eating contaminated
food and water, as well as when they encounter oil during the movement of eggs. The death of fish,
excluding juveniles, usually occurs in serious oil spills. However, crude oil and petroleum products
differ in a variety of toxic effects on different types of fish. The oil concentration of 0.5 millionth of
a fraction or less in the water can lead to the death of trout. Oil has an almost lethal effect on the heart,
changes breathing, increases the liver, slows down growth, destroys fins, leads to various biological
and cellular changes, and affects behavior. Larvae and juveniles of fish are most sensitive to the
effects of oil, spills of which can destroy fish eggs and larvae located on the surface of the water, and
juveniles — in shallow waters. The impact of oil spills on invertebrates can last from a week to 10
years. It depends on the type of oil, the circumstances under which the spill occurred and its impact
on organisms. Invertebrates most often die in the coastal zone, in sediments or in the water column.
Invertebrate colonies (zooplankton) in large water volumes return to their previous state (before the
spill) faster than those that are in small water volumes. Water plants completely die if the
concentration of polyaromatic hydrocarbons (formed during the combustion of petroleum products)
reaches 1%.
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Fig. 1. Cycles of oil transformation in water

Most researchers recognize the leading role in the destruction of oil pollution of the processes
of dissolution and oxidation of oil, consider them as a redistribution of components already present
in oil between the gas phase, an aqueous solution, and, in fact, oil [4]. This approach cannot be
considered comprehensive because it involves only the transfer of pollutants from one migration form
to another, without affecting the formation of new previously non-existent components or the
complete destruction of existing forms.

Immediately after the spill, the oil begins to spread over the water surface. The propagation
velocity largely depends on the viscosity and volume of spilled oil. Liquid petroleum products



VOL. 1.Ne 1 /2021

initially spread as a cohesive spot that quickly fragments. Oil takes the form of narrow strips or
ribbons parallel to the wind direction in an open water, under the influence of wind circulation. The
following processes also have a significant impact on the rate of propagation and fragmentation of an
oil slick: evaporation; dispersion; dissolution; microbiological destruction; photo-oxidation; settling
of heavy fractions of petro-hydrocarbons; wave action; turbulence; tidal currents, etc.

These processes are especially intense in the period up to one day from the moment of the oil
spill. Only mixing of heavy fractions with suspended matter in water and individual components of
the bottom (silt, sand, bottom sediments) occurs within a few days to a month or more. Therefore, it
IS necessary to make a qualitative and accurate prediction of the behavior of oil spills in the water
area of coastal systems to avoid the negative consequences of accidental oil spills and its refined
products that affect natural ecosystems and human life in general.

Mathematical model of the petroleum products transport. To research the dynamics of of
oil pollution behavior in the shallow water area, a mathematical model of the petroleum products
transport subject to evaporation of light, neutral and non-evaporating pseudo-fractions of oil slick,
dissolution of oil slick and biodegradation was developed, which has the form [5, 6]:

(o), rufe), v, =(e), ) +[um(e),

| =0, (1)

(x.y)er

—o;(T)-B (c)M, (Ci),n

y

!

M;+(u+uM)M;+(v+vM)M;=(y|v|;)'x+(y|v|;)y+yM (G)M =AM, M| =0,

!

(@), +u(a), +v(a), +w(a), =(ﬂ(¢i )) +(ﬂ(¢i )'y) +(ﬂ((ﬂi )) :

(o),

where C; is the concentration of i-th oil fraction; p,, p are the water and oil densities, respectively;

y

=0, (p),

(x,y,2)er'\(z=0)

= Gip»

z=0

w*=u+(p—p,)gh®/ u is a function describing the decomposition process of a contaminant; x is

|
the diffusion coefficient; g is the gravitational acceleration; h = Zci is the slick thickness, i =1,k
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; a;, B, are coefficients that take into account the decrease in the concentration of the oil light fraction
as a result of evaporation, dissolution and bacterial decomposition; M is the concentration of
microorganisms; U,, =(Uy,,Vy, ), Uy,Vy, are velocity components of microorganisms movement

relative to the water; y,, =7, (c;,T) is the growth rate of microorganisms; 4 is the rate of cell death;
q is a proportionality coefficient between the number of bacteria and the absorbed substrate; ¢, is

the concentration of i-th oil fraction in the dissolved state, i =k +1,1.
To solve the above system of equations, the initial conditions were determined in the case of
a single-stage oil release:

c =c,, ¢ =0, 2)

ilt=0,(x,y)eS, it=0,(x,y)eSy

where S is a domain, covered by an oil slick; C;, is an oil concentration in the considered domain.
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For complex climatic and hydrodynamic conditions of the Azov-Black Sea basin, the
coefficient of horizontal turbulent diffusion, which is neglected in the currently known models of oil
products transport, obeys Richardson's "four-thirds™ law and is determined as follows [7]:

U~ SJJS L4/3,
where L is the characteristic size of the pollutant slick; & is the value of the turbulent energy
dissipation rate (at the surface is about 10-1 cm?/s® and on average decreases to values of 104-103
cm?/s® with the increasing of depth).

Functional dependencies (observation models) are introduced in the system (1), (2) to research
the microbiological destruction processes of oil pollution, including the processes of evaporation,
dissolution, and biological oxidation by microorganisms (Table 1).

The change in the initial solubility of oil is described by the following equation:

_ -0,1t
S=S5.e"",
here So is the initial oil solubility; t is the time.

Table 1. Functional dependences of microorganisms’ growth rate
Functional dependences Designations

7w (6) = 1,6 /(¢ +K;) ty(T,C,1)is the maximum growth rate of
microorganisms; M are bacteria; T is the ambient
temperature above the slick surface; C is the salinity;
| is the illumination; Ki is the saturation coefficient
a (T)=(KcR/(RT)+KyS; ) AX;M/" Ke =2,5-10°U%™ is the mass transfer coefficient
for carbon, [m/s]; U is the wind velocity relative to
the water, [m/s]; Xi is the molar fraction of i-th oil
fraction, equaled to the v, / Zv;; v, is the amount of

substance of i-the oil fraction, [mol]; P, is the vapor

|
pressure of i-th component [Pa]; R is the universal gas
constant, R = 8,314 J/mol; A is an oil spill area, [m?];

M."™ is the value of the molar mass of i-th fraction

[kg/mol]; K, =KkK,, is the mass transfer
coefficient of dissolution; K, is the initial value of

the mass transfer coefficient of dissolution; K is a
coefficient depending on the wave of the researched
water system; S; is the solubility of i-th component in
the water, [kg/m?]

Taking into account the food tax (the microorganisms movement in the direction of increasing
the concentration of food-oil fractions), it was assumed that the number of microorganisms increases

as much as possible at moving along the gradient C; [8].

Simulation of the microbiological destruction processes of oil pollution taking into
account the variety of bacteria. Bacterial exposure is characterized by high selectivity, and the
complete decomposition of all oil components requires exposure to bacterioplankton of various
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species. In this case, a number of intermediate products are formed, which can both be sedimented
into the soil and decompose further. It has been experimentally established that the destruction
proceeds in time according to a ratio close to the laws of the monomolecular reaction, but the rate
constants vary within very wide limits and depend on the temperature, the concentration of oxygen
dissolved in water, the number of bacterioplankton, its composition, the type of bottom sediments,
etc. Part of the decomposition products of oil in the form of poorly soluble compounds, as well as in
the sorbed or self-deposited state with suspended substances, settles to the bottom, forming bottom
sediments [9].

The water column contains a number of microorganisms that can metabolize oil-containing
compounds. These include bacteria, various types of mold, yeast substances, fungi, single-celled
algae and protozoa that use oil as a source of carbon and energy. The main factors affecting the rate
and degree of biodegradation are the characteristics of oil, its fractional composition, the presence of
oxygen in the reservoir and biogenic substances (mainly nitrogen-containing and phosphorus-
containing compounds), as well as the temperature level. During the hydrocarbons decomposition, a
number of intermediate compounds are formed; the final biodegradation products are carbon dioxide
and water. Each of the microorganisms types involved in this process causes the decomposition of a
certain group of petro-hydrocarbons. Simultaneous or sequential exposure to a wide range of
microorganisms is necessary to continue the biodegradation process. A complex community of
microorganisms develops in the decomposition process. There are a small number of them at a
distance from the shore, but they multiply quickly in the presence of oil until the process is limited
by a lack of nutrients or oxygen.

| BM58 10-km

BM54 1.3 km

2

Fig. 2. Bacterialldecompoéition of oil droplets spilled Fig. 3. Bacteria that dominate in the oil
in the Mexico Gulf decomposition process

Specialists of the National Laboratory named after Lawrence at Berkeley, part of the
University of California, drew attention not only to the research of the size and properties of the oil
plume formed about 16 km from the source of hydrocarbons, but also to its microbiological world
(Fig. 2). They found that the activity of microbes (including several unknown species) in the plume
is very high, which allows the oil to decompose at a record pace (Fig. 3). In addition, they found that
in this case, the oil degradation occurs without the usual noticeable decrease in the level of oxygen in
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the water, and, therefore, standard methods for assessing the activity of bacteria (taking into account
just the intensity of their respiration) are not suitable for obtained data processing.

Biotic processes of oil and petroleum products transformation are more active [10]. When oil and
petroleum products are decomposed by microorganisms, there are two types of hydrocarbon
transformation processes. The first type is characterized by the following processes: hydrocarbons
decompose to low-molecular organic acids, which can participate in natural carbon cycles. At the
same time, the following transformations occur: bioconcentration is the assimilation of carbon-
containing substances directly from the environment, without taking into account the intake with
nutrition; bio-multiplication is the assimilation of these substances during nutrition; bioaccumulation
— assimilation according to the first and second types; ecological enrichment is the increasing of
substance concentration in the ecosystem during the transition from its lower level to a higher one.
The second mechanism is cometabolism. As a result of the processes of oxidation, reduction, and
hydrolysis, xenobiotics are embedded in the macromolecules of organic substances. It is assumed that
it is possible to embed the products of the destruction of petroleum hydrocarbons into the humus
structure and fix them. The transformation processes depend on the hydrocarbons composition and
the structure of the molecules of organic substances. The self-purification processes of the biosphere
from oil and petroleum products are of ecosystem importance. These processes depend on the
properties of the oil itself, as well as on external conditions, especially climatic ones.

To eliminate oil pollution, various biological products containing viable cells as separate
strains of hydrocarbon-oxidizing microorganisms (for example, «Putidoil», «Olevorin»), as well as
bacterial consortia («Devoroil») are used [11]. It is known that to increase the efficiency of oil
biodegradation, mixed cultures are often used, including two or more types of microorganisms.
Biosorbents are used to clean the surface of natural and artificial waters, wastewater and liquid
industrial waste from oil and petroleum products contamination with simultaneous disposal of
contamination by microorganisms, using which there is an increase in the speed and completeness of
biodegradation of oil and toxic petroleum products. The biosorbent, widely used for cleaning
reservoirs from oil and petroleum products, includes as a carrier a hydrophobic petroleum sorbent
based on peat and oil-oxidizing microorganisms immobilized on the carrier in an effective amount.
The microorganisms immobilized on the carrier are performed by an adsorption method to obtain
individual sorbents: bacterial with Rhodococcus eqvi P-72-00 culture, yeast with Rhodotorula glutinis
2-4 M culture and mushroom with Trichoderma lignorum F-98 mycelial fungus. At the same time,
the complex biosorbent for purification contains a composition of individual sorbents, with the
following ratio of components, wt.%: bacterial with Rhodococcus eqvi P-72-00 45-55 culture; yeast
Rhodotorula glutinis 2-4 M 45-55 culture, or bacterial with Rhodococcus eqvi P-72-00 45-55 culture;
mushroom with Trichoderma lignorum F-98 45-55 mycelial fungus, or bacterial with Rhodococcus
eqvi P-72-00 40-50 culture; yeast with Rhodotorula glutinis 2-4 M 20-35 culture; mushroom with
Trichoderma lignorum F-98 25-35 mycelial fungus. However, the means designed to increase the
rate of oil biodegradation are not effective enough due to the lack of nutrients, especially in coastal
waters, and the low possibility of increasing the oxygen level or water temperature. Microorganisms
live in water, from which they get oxygen and the necessary nutrients. Therefore, the microbiological
destruction process occurs only in the water column. The formation of oil droplets in water increases
the surface area where biological activity is possible, and thus the biodegradation is enhanced. Oil
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has a limited surface area in thick layers on coastlines or above the full water mark and limited contact
with water. Here, the process of biodegradation is extremely slow, as a result of which the oil is not
eliminated, it remains for many years. At the same time, oil-soluble dispersants are poorly soluble in
water, and there is a problem of their use in the form of dilute solutions. The use of a concentrated
reagent in undiluted form leads to high consumption of it when used on large areas. In addition, the
use of a concentrated reagent without preliminary dilution can lead to its local overdoses with
intensive formation of a stable direct microemulsion of oil in water. At the same time, the maximum
permissible concentration of oil and the dispersant in the area of its application may be significantly
exceeded. Therefore, the biological oil destruction process is particular interest at researching the
dynamics of oil pollution as the main long-term mechanism of natural elimination from coastal
territories and shallow-water ecosystems. Technological equipment for processing film oil with
chemical reagents should ensure a uniform distribution of the dispersant solution over the width of
the capture with the necessary level of mechanical impact on the oil film. A flat jet performs
processing of the oil slick with a dispersant.

The tendency of spilled oil to rapidly spread and fragment, especially in storm conditions,
limits the effectiveness of accident response methods. The movement of oil slicks and the changing
nature of oil as a result of weathering indicate the need for measures in addition to monitoring the
dispersion of pollution. Depending on the physical and chemical properties of the spilled oil, many
widely used dispersants become significantly less effective due to changes in the viscosity of the oil.
With an increase in the viscosity of oil more than 10,000 cSt, most dispersants completely cease to
act. The oil viscosity can increase very quickly, and therefore the acceptable period of biosorbents’
use is very short. Therefore, the use of dispersants should be regularly monitored, and spraying
operations should be discontinued in case of loss of their effectiveness.

The dependencies were used to describe the dynamics of the oil-oxidizing microorganisms’
population, taking into account their death [12]. The growth of microbial populations per unit of time
is proportional to the value of the oil slick concentration and depends on the amount of limiting
substrate, the decrease in the values of the number of populations occurs due to the natural mortality

of microorganisms: oM J./EBt = F(c;)M;, where M; is the the number of bacterial population of j-th

type; t is the time; F is a function of both the number itself and the time and depends on various
external and internal factors.

The dependence of the growth rate F on the amount of substrate (petro-hydrocarbons) is
Ha (T(®)C,
¢ + K (T(t))

possible rate of bacterial growth with an excess of substrate; M is the substrate concentration; K. is

described by the Mono equation as follows: F(c)= , Where g is the maximum

the saturation coefficient with a dimension similar to the dimension of the substrate; T(t) the

temperature at which the population of oil-oxidizing microorganisms changes in a unit of time.
Taking into account the above provisions, as well as the fact that all the hydrocarbons that
make up the oil remaining after the evaporation of its volatile components are attacked by various
types of marine bacteria, the system of equations that describes the dynamics of changes in the
number of microorganisms populations that subject oil pollution to oxidation, taking into account the
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limited substrate, convective-diffusion transfer of oil slick with the varying pseudofractions’
concentration during the microbiological destruction by bacteria of several species has the form [13]:

! !
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where C; is the concentration of i-th oil pseudofraction; M is the number of j-th bacterial species;

Mj‘t:():l\/l,-o, (Mj)'n

M, is the initial concentration of j-th bacterial species; 4; is the death rate of j-th type of bacteria;
4 is the value of the maximum growth rate of j-th type of bacteria at eating of i-th oil pseudofraction;
g is the value of the proportionality coefficient between the number of bacteria and the absorbed
substrate; K, is the saturation coefficient with a dimension similar to the dimension of the substrate.
The second equation of the system (1) was substituted by equation (1°).

At modeling the biodegradation processes of oil pollution in a shallow reservoir, it was taken
into account that the chemical processes of transformation of oil and petroleum products include:
oxidation with molecular, atomic oxygen, ozone, hydrogen peroxide; photochemical decomposition

under the influence of ultraviolet radiation, when under the influence of sunlight there is a complete
decomposition of hydrocarbon molecules to simple substances, for example, CO., CO, H20.

Problem discretization. The computational domain G has a complex, dynamically
changing shape, which is inscribed in a rectangle. To construct a difference scheme, we introduce a
uniform computational grid:

={t"=nz, x, =ih,y;=jh;n=0,N,,i=0,N,,j=0N; Nr=T,Nh =1, Nh =1},

where h,, h, are steps on spatial variables; N,, N are boundaries by spatial variables; 7 is the time

step; N, is the upper time boundary; 1,, |, are domain dimensions.
The scheme with weights was used to approximate the problem (1) — (3) by the time
coordinate [14]:

%Jru@Jrvc_;,z(ua)x +(u@)y +f, (8)

where ¢, c are calculated values of the substance concentrations on (n + 1)-th and n-th time layers
respectively; ¢ =o¢+(1-o)c; o <[0, 1] is the scheme weight.

The computational domain is a set of rectangular cells that are partially filled, where o, ; is a

filling degree of the cell (i, j) . The values of computational fields (impurity concentrations, velocity

vector components, etc.) are calculated at the vertices of the cells.
The coefficients q,, ¢, 0,, 0, 0,, Were introduced to describe the complex geometry of

the calculated objects. It describe the fullness of cells located in the vicinity of (i, j) cell: g, — D, :

Xe(xu/z’xiu/z)’ y€<yj—l/2’yj+1/2); % — Dt xe(X %) ye(yj—lIZ’ijrl/Z); d, - Dy:
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XE(Xi—llzixi)’ ye(yj—l/Z’yj+1/2); d; — Dy XE(Xi—l/Z'Xi+1/2)’ ye(yjlyjﬂ/z); q, — Dy
X& (X 20 %2) YE(YVjwarY;)s €t Q are filled parts of D domains, m=0,4. The

occupancy coefficients are calculated according to the following formulas:
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An adaptive modified alternating-triangular method (MATM) of variational type was used to
solve the grid equations arising during discretization [15].

Parallel implementation. Multiprocessor computer systems (MCS) are widely used to solve
this class of problems. A set of application programs was created to simulate the microbiological
destruction processes of oil pollution in shallow water. it allows to calculate the pollution
concentrations in areas of complex shape, take into account factors affecting the pollution spread in
water (weather conditions, the influence of coastline and bottom relief); conduct a research of the
dependence of pollution concentrations, the degree and size of the affected water area on the intensity
of water flow, hydrophysical parameters, climatic and meteorological factors [16].

Using the created software package, we can: to improve and implement the system of
integrated fisheries monitoring in water (observation, assessment and forecast of the state of the
ecosystem regime, feed base and stocks of fishing facilities); to develop, coordinate of proposals and
measures to ensure the optimal regime, conservation of the biodiversity of fishing resources,
ecosystems of shallow waters; to improve the methodology of environmental research, development
of new, testing and implementation of promising methods for researching the water ecosystems’ state
and individual components; to develop and improve methods for diagnosing the toxic effects of
pollutants on hydrobionts, including early and differential diagnosis of toxicosis, as well as to search
the antidote protection of aquatic ecosystems; to organize and conduct the research to identify trends
and patterns of changes in the water ecosystems’ state under the influence of anthropogenic factors,
developing proposals and measures to reduce and prevent such impacts; to assess the damage to
fisheries caused by various types of economic activities, development of proposals for the prevention,
reduction and adequate compensation of damage.

The velocity fields of the water flow calculated in [17] are the input data for the used model
of microbiological destruction of petroleum hydrocarbons. The successively thickening rectangular
grids with dimensions 251x351x15, 502x702x30,1004x1404x60,... were used for simulation
the hydrogeological and hydrodynamic processes in a three-dimensional region of complex shape
(for example, Azov Sea). For the uniform distribution of computational resources of the problem [18,
19], a parallel adaptive MATM algorithm was developed using the developed schemes of high order
of accuracy, based on the decomposition of computational domain in one and two spatial directions,
for solving computationally labors hydrophysics problems taking into account the architecture and
parameters of multiprocessor computer system [20].

The initial distribution of petroleum hydrocarbons was taken into account in the form
corresponding to the spatial and temporal scales of the simulated processes. The implemented
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numerical solution algorithm allows to freely varying the boundary conditions, the type of control
functions and the values of corresponding parameters [21]. Understanding the mechanism of the
system functioning and knowledge of its main characteristics allowed us to use a phenomenological
approach to overcome difficulties at configuring the program. The effectiveness of this approach is
also quite high because the behavior of the system is often determined by the accuracy of their ratios,
not individual parameters [22]. The high-level language C++ was used at developing the software.,
The Message Transfer Interface (MPI) technology was used for cluster systems.

Calibration and verification of the developed model of microbiological destruction of oil
pollution in a shallow reservoir was performed on the basis of environmental data obtained during
research expeditions conducted by scientists of the Southern Federal University since 2000,
environmental databases, satellite monitoring. Fig. 4 shows the radar images of the northern part of
the Black Sea, the Kerch Strait and the southern part of the Azov Sea, obtained from the Radarsat-1
satellite for November 23, 2007. [23].

Fig. 4. Overview satellite images of the oil spill site in the Kerch Strait, obtained from the Radarsat-1
satellite for November 23, 2007

Results of software implementation for numerical modeling of the microbiological destruction
process of petroleum hydrocarbons by introducing oil-oxidizing bacteria into the coastal system
(Azov Sea) are given in Fig. 5, N is the iteration number. Fig. 5a shows the initial distribution of the
light oil fraction; Fig. 5b shows the distribution of the light oil fraction (two oil slicks). Fig. 5¢ shows
the initial distribution of the heavy fraction of oil pollution; Fig. 5d shows the distribution of the
heavy fraction concentration of oil pollution (a single localized slick with the deposition of oil carbon
to the water bottom).

The time simulation interval was 30 days (Fig. 5b). The decrease of sorbed oil by 30 — 40%
was obtained at the initial oil contamination (two oil slicks). This corresponds to the oil distribution
process in water compared with satellite data at the qualitative and quantitative levels.

According to the available data of field experiments to research the crude oil destruction in
seawater, only 3-15% of the initial amount of crude oil is subject to oxidation, biodegradation,
photochemical reactions, while from 10 to 40% evaporates. The peak of its solubility was on the 10th
day of exposure (Fig. 6) [24].



VOL.1.Ne 1/ 2021

l 10.000041 ‘ l 1336251
u
- 6483204

d)
Fig. 5. Results of software operation (changes in the concentration of petroleum hydrocarbons):

a — the initial distribution of the light oil fraction; b — the distribution of the light oil fraction, N=121); ¢ —the
initial distribution of the heavy oil fraction; d — the distribution of the heavy oil fraction, N=148.

According to the regulatory and methodological rules, when a message about a spill of oil and
petroleum products is received, the time for spill localization should not exceed 4 hours for a spill in
the water area, 6 hours for a spill on the ground from the moment of detection of oil and petroleum
products spill from the moment of receipt the information about the spill. We consider the case when
measures have not been taken to localize oil spills. It follows from the results of field experiments
that the calculated interval should be 20-30 days.
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Fig. 6. Dynamics of crude oil degradation in water for light, medium and heavy fractions

The criterion for checking the adequacy of the developed mathematical hydrobiology models
of shallow water used in the software was the estimation of simulation error with simultaneous
consideration of full-scale data on the available n measurements, which was calculated by the
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formula: 5=\/Z(Ck wat — Ci )2 /\/chnat , Where ¢, . is the concentration value obtained by field
k=1

k=1

measurements; ¢, is the concentration value calculated using the model (1) — (3). The error value at

calculation the concentration of oil pollution and microorganisms was 10-20%.

Conclusion. As part of the research of the main processes occurring in waters and directly
affecting the dynamics of oil pollution spread, it was shown that to improve the simulation accuracy,
it is necessary to take into account the processes of evaporation, biological destruction, dissolution
and spreading, diffusion and dispersion, changes in horizontal turbulent diffusion in hydrodynamic
models. The features of the microbiological destruction of petroleum hydrocarbons in water
environment were researched. A model of oil transport in shallow waters has been developed, which
differs from the known ones by taking into account a number of determining factors: neutral and non-
evaporating pseudo-fractions of oil slick; evaporation of the light fraction; dissolution and spreading
of oil slick; precipitation; diffusion; advection and biodegradation, which allows to increase the
accuracy of modeling the of petroleum products distribution in shallow waters. The approximation
of the diffusion-convection problem was performed on the basis of schemes with weights, taking into
account the partial filling of computational cells. The software implementation of the developed
mathematical model of oil transport in shallow water was performed on MCS with distributed
memory. A complex of applied programs was created that combines mathematical models and
environmental databases, with the help of which the conditions of microbiological destruction
processes of oil in shallow water were researched. The developed software package includes blocks
for simulation the dynamics of oil pollution spread in shallow water taking into account the
evaporation of light, neutral and non-evaporating pseudo-fractions of an oil slick, the dissolution of
an oil slick and microbiological destruction. Based on multiprocessor computer system, experimental
software was developed for mathematical modeling of possible scenarios for the development of
shallow water ecosystems on the example of the Azov-Black Sea basin during oil spills. Adapted for
a shallow water (Azov Sea), subject to strong anthropogenic impact, the complex uses variational
methods of data assimilation and can be used for predictive modeling of the researched phenomena
and processes, is one of the effective means of analyzing aquatic ecosystems and managing the quality
of their waters.

The comparison of created software for MCS, which implements the developed scenarios for
the development of ecological situation in the Azov Sea using the numerical implementation of the
developed model problem of biological kinetics, with similar works in the field of mathematical
modeling of hydrobiological processes, was performed. As a result, it was possible to increase the
simulation accuracy of changes in the oil pollution and microorganisms’ concentrations by 10-20%.
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Cratpsi MOCBSIIEHA HMCCIEJOBAHHUIO MPOLIECCOB MUKPOOHOJIOTUYECKON JECTPYKUUH 3arpsi3HSIOLINX
BEIIECTB HE(PTIHOTO MPOUCXOKICHUS B MEJTKOBOAHOM BOJIOEME C YUETOM psijia ONIpEessiuX (GaKkTopoB,
BIUSIIONIMX HAa KapTUHY pachpeeTiCHHs] 3arps3HEHUS B aKBATOPUM HCCIIEAYEMOTO BOJHOTO OOBEKTa:
(bpakmMoHHOTO cocTaBa HE(TH, TPOIECCOB MCIAPEHUsS, PACTBOPEHUS, OMOJOTHYECKOTO OKHUCIICHHS
HeTEYTIIEBOI0OPOIOB MUKPOOPTaHU3MaMH, & TAKKe THAPOJUHAMUYECKAX M XMUMHUKO-OMOJIOTUIECKUX
ocobeHHocTell Bogoema. [IpenoskeH KOMIUIEKC B3aMMOCBSI3aHHBIX MTPOCTPAHCTBEHHO-HEOHOPOTHBIX
MaTeMaTU4ecKuX MOJeNeH, MO3BOJISIONIUX H3ydaTh JAWHAMUKY IPOLIECCOB MHUKPOOHOJIOrHMYECKOM
JEeCTPYKLUMHU HE(TSIHBIX YITIEBOAOPOAOB B MEIKOBOJHOM BojgoeMe. [Ipu auckpernszanuu Mojeneit Obuin
pa3paboTaHbl CXeMbl C BECAMH, YYWTHIBAIOIIME YACTHUYHYIO 3allOJHEHHOCTh PACUETHBIX SUEeK
MOJIETUpyeMOil 00IacTH, YTO MO3BOJIMIIO CYIIECTBEHHO MOBBICUTH TOYHOCTh PACUeTOB M COKPATUThH
Bpemsi BbluMcieHnd. Ha ©a3e MHOrompoIiecCOpHON BBIYMCIUTEIBHOW CHCTEMBI pa3paboTaHO
AKCTIEPUMEHTAILHOE MPOrpaMMHOE 00ecrieyeHre, peiHa3HaYeHHOE ISl IPOTHO3HOTO MOJETUPOBAHUS
9KOJIOTHYECKO OOCTaHOBKHM MEJIKOBOJHOTO BOJIOEMa B Cydae aBapUHHOIO 3arps3HEHHs] HEPTHIO U
JIPYTUMHU BPEAHBIMU BEIIECTBAMU IPH MPUPOIHBIX U TEXHOTEHHBIX BHI30BAX.
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