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Abstract. Nowadays, the amount of methane entering the environment from various sources remains a serious
problem. Methane is released into the atmosphere during the production, processing, storage, transportation and
distribution of natural gas and crude oil. Coal mining, household and business waste, domestic and industrial wastewater
treatment and landfills are the main sources of methane emissions. The development of the economy, the increase in
the consumption of various products leads to an increased number of natural and household waste storages. Currently,
much attention is paid to the methane collection and utilization. However, there is no growing tendency to reduce the
sources of methane emissions. In this regard, to estimate level of methane concentration coming from the sources of its
release remains an urgent task. The task is quite complex as it requires taking into account physical and meteorological
parameters, as well as different types of sources and their location. The authors propose a numerical model based on
the three-dimensional equation of mass transfer. The solution of this equation is performed by finite-difference methods,
which allows obtaining methane concentration field at any height from the earth's surface. The developed numerical
model allows taking into account location of the methane source, a point or area source, the change in air flow speed
with height, atmospheric turbulent diffusion coefficients. On the basis of the developed numerical model, a computer
code was created for the operational forecast of methane concentration fields under the influence of a pollution source.
Based on the developed program, the model task of forecasting atmospheric air pollution zones during methane
emission from the future waste storage facility was solved, the predicted pollution zone was obtained in the form of
isolines of methane concentration. The obtained results can be useful while conducting many numerical calculations
when new methods of selection, disposal and protection are implemented.
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Introduction. Over the past two centuries, there has been a significant increase in the
concentration of methane in the atmosphere. According to some sources, this increase
is more than twice. Considering the fact that methane belongs to greenhouse gases, it
can be argued that the increase in its concentration in the atmosphere is one of the
factors contributing to the warming of the Earth's climate. In this regard, much
attention is currently being paid to solving two problems: assessing the intensity of
methane entering the atmosphere from various sources and its subsequent dispersion
under the influence of wind and atmospheric diffusion, chemical transformations [1-
2, 4]. To solve these important tasks, it is necessary to have scientifically based
methods of forecasting the concentration of methane in the atmosphere.

The theoretical solution to the problem of methane dispersion in the atmosphere is
a difficult task, since it is necessary to comprehensively take into account the
influence of wind, atmospheric diffusion, chemical transformation of methane in
atmospheric air on the formation of its concentration fields. There is no universal
method of solving such a problem. Abroad, the Gaussian model [3-4] or numerical
models implemented in the form of specialized codes WRF-Che, MOZART-4 and
others [1] are used to estimate the concentration fields of impurities in atmospheric
air. Such codes require the use of very powerful computers and a great amount of
input information, which is not always available. There is also a problem to
specifying correctly methane emission sources when using some codes. Therefore,
there is an urgent problem of creating effective numerical models that can be used to
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estimate methane concentration fields in the atmosphere when it is emitted from
various sources.

Methods. The purpose of this work is to create a fast numerical model for
forecasting methane concentration fields in the atmosphere when it is emitted from
various sources.

First of all, the development of mathematical models for the analysis of the spread
of any impurity in atmospheric air is based on the determination of transfer scale. In
practice, when considering industrial emissions, the most widely considered scale of
transfer is "local™ — transfer over a length of several hundreds of meters and "urban" —
transfer over a length of 10-20 km. To determine the concentration of methane in
atmospheric air within these scales, the three-dimensional equation of convective-
diffusion transfer of impurities in air, which expresses the law of mass conservation
for CHy,, will be used [5-9].

Mathematical model. The scheme of the calculation area for forecasting the level
of methane concentration in the atmospheric air during its emission from the waste
storage is shown in Figure 1.
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1 — the waste storage; I, I'2 R _the left, right and upper faces of the calculation area, V' —
the velocity vector of the air flow at the entrance to the calculation area

Figure 1 — Scheme of the calculation area

A three-dimensional equation of impurity transfer is used for modelling CH,
pollution (1) [5-9]:
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where C — the concentration of methane CH, in atmospheric air, [mg/ m°]; Q;(t)— the
intensity of methane emission (it is assumed that this intensity depends on time, it is
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possible to simulate an increase or decrease of methane emission due to specific
conditions), [mg/(s'm®)]; u(x,y,z), v(x,y,z), w(x,y,z) — components of the air velocity
vector, [m/s];o — a coefficient that takes into account the chemical transformations of
methane in the air, as well as the "washing out™ of the impurity by precipitation
[1/s]; = (uy 1y 1, ) — the coefficients of atmospheric turbulent diffusion, [m?/s];

X;,¥;,Z; — the coordinates of the location of methane emission sources, [m];
o(x—X%;,¥Y—V;,z—z;) — the Dirac delta function, which simulates the location of the

methane emission source; t — time, [s].
The following boundary conditions are applied in the transfer equation (1) [8-9]:
on the lateral faces of the calculated three-dimensional area: on part of the face 7'y,

where the flow enters the calculation area, the concentration of pollution is known,
the pollution introduced from outside is usually not taken into account, namely

Cr1 =0, where V -n<0; on part of the face I'5 , where air masses flow out of the

calculation area, diffusive transfer relative to convective transfer is neglected, i.e.
oC

— =0,Where\7-ﬁzo.
oanlp,

The condition Z—C =aC, a>0 is given for the plane z=0 (surface of the
Zl;=0
earth), where o is a coefficient that takes into account the nature of the interaction of
the pollutant with the earth's surface.
At the upper face R of the possible spread of pollution, the vertical component of
the velocity w=0, therefore, the condition of absence of diffusive transfer at the

boundary Z—C =0 or the condition C|,-,=0 can be established.
;=7

If the condition that the amount of methane with concentration Cg flows from
outside into the calculation area is met, then the boundary condition has the form
Cr, = Cs on part of the border 7", where V -n <O0.

The initial condition for equation (1) is C==0 or Cl-9=Cy (where C, — the
known background concentration).
The speed of the air flow is modeled by the dependence (2) [5; 7]:

lgz/ z,
lgz, /2

V=V, (2)

where V; —wind speed at altitude z;; z, — surface roughness.

When calculating methane concentration, atmospheric turbulent diffusion
coefficients are calculated as follows [5; 7]:

— for height z>h, where h is the height of the surface layer, in the numerical
calculation,  uy ~uy ~u, are accepted, the vertical diffusion coefficient
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Uy =y+k1£, where y — molecular diffusion coefficient, k; — turbulent diffusion
21
coefficient at altitude z=1 m;
— for height z<h, u, ~u,, the horizontal turbulent diffusion coefficient is

calculated x,, =kg -V, where ky=0,1+1m depending on the stability of the

atmosphere, the vertical diffusion coefficient g, =y+k1£, where k; =0,1+0,2
Z

m
m?/'s, the height of the surface layer h=50+100m or ﬂz:kl(ij , m=1 —
21
dimensionless parameter.
The dependencies are used to determine other coefficients of atmospheric
turbulent diffusion [5; 7]: u, =ko -V, ux =y, Where ko — empirical constant (for

example, ko=0,1 [5; 8]).

The input data for modeling the process of methane transfer within the considered
model (1) are the following data: wind direction for this region and parameters
characterizing the meteorological regime in the region; quantitative characteristics of
methane emission intensity and its change over time; the location of the emission
source.

The sources of methane emissions are very diverse. Thus, in the paper [1] we are
talking about 11 sources of emission: swamps, mines, storage of household waste and
others. Therefore, for the practical use of the modeling equation (1), the methane
emission sources should be typified. This allows us to adequately describe, from a
mathematical point of view, the "action™ of the source of methane emissions. When
using model (1), the following typification of methane emission sources is proposed:

1. Methane emission from the mine ventilation system (Fig. 2).
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Figure 2 — Methane emission from the pipe
For a given type of methane emission, the emission source is modeled as a "point”
with known coordinates x;,Y;,z; .
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2. Release of methane to the surface of the earth through cracks (Fig. 3).

Figure 3 — Scheme of methane release through cracks

3. Emission of methane from waste storage facilities (Fig. 4).

Figure 4 — Scheme of methane emissions from waste storage facilities

For the second and third types of methane emission, the emission source is
n
modeled by a set of points > Q;(t)o(Xx—X;,y —V;,Z—2;) with known coordinates
i=1
X;,Y;,Z; , Which means that an area emission source is specified.
In this way, the equation (1) allows to model the flow of methane from various
sources on the basis of a single approach.

An important issue is also determining the power of methane emission @i, which
can change over time. To determine this parameter, it is possible to use, for example,
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known empirical dependencies [4] or measurement data. Of course, it is impossible to
obtain reliable data for this parameter without experimental research. In the absence

of reliable data on the power of methane emission Qi and if it is necessary to make
an estimate of the level of atmospheric air pollution, this value can be set as a
constant. Then we have to calculate on the basis of the modeling equation (1) and
determine the field of methane concentration as a percentage of the emission source
power. This makes it possible to obtain quite important information, which has not
only a qualitative value for assessing the shape of pollution zones, but also a
quantitative value that shows the "gradient of decrease" in the impurity concentration
at different distances from the emission source. This approach can be called a pilot
calculation or a trial one.

Numerical model. The finite-difference method is used for the numerical solution
of the modeling equation (1). First, the equation (1) is split into five equations of
system (3) at the differential level [6; 9]:
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The initial condition for each splitting equation has the following form:
1 k k-1 1. 5
CltzthC(X,y,Z,tn), CI[:tnz C I‘[:tn+1’ C(le,z,tn+ )=C|[=tn+l . (4)
In the system of equations (3), the notations are used:
V= {u+,v+,w+}, V™= {u‘,v‘,w‘ }
u+=u+u|’u_zu—|u\,V+=V+M’V_:v—|v\’w+=w+\w|’W_=W—|W|.
2 2 2 2 2 2

The difference analog of system (2) is written in the form of ratios (5) — (6) [6; 9].
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— The first step of splitting:
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— The second step of splitting:
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— The third step of splitting — a difference equation is used (6), the fourth step of

splitting — differential equation (5) is applied, the fifth step is performed according to
relation (7) [10]:
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In the discrete form, the Dirac delta function is "smeared" over the volume of the
difference cell while preserving the total amount of pollution, the delta function is

equal to zero everywhere, except for the cells where the i-th source of pollution is
located.

The equations (5) — (6) use the following designations of difference operators
[6; 9-10]:
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The notation of other operators coincides with the corresponding notation.
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Results and discussion. A computer code was created on the basis of the
developed numerical model. FORTRAN was the programming language. This code
contains subroutines of type SUBROUTINE:

— CH14 — The numerical calculation of methane concentration in the first and
fourth steps of splitting according to the calculated dependence (5).

— CH23 — The numerical calculation of methane concentration in the second and
third steps of splitting according to the calculated dependence (6).

— CH5 — The numerical calculation of the concentration of methane under the
influence of the source of pollution according to the calculated dependence (7).

— CHPR — Subroutine for printing the results of a computational experiment.

The main program MAIN.PRG is based on the work of all the subroutines listed
above.

Based on the modeling equation (1), the model problem was solved. The task of
forecasting a zone of atmospheric air pollution during methane emission from the
future waste storage facility is considered (Fig. 5).

Figure 5 — Layout of the waste storage: 1 — storage

The calculation was performed with the following parameters:

1) wind speed at a height of 10 mis 6 m/s;

2) methane emission intensity is 1 kg/s;

3) atmospheric diffusion coefficients are calculated according to the dependencies
given above;

4) the direction of the wind is southeast;

5) the dimensions of the calculation area are 6 kmx3.7 km.

Zone of chemical pollution is shown in figure 6, namely the isolines of CH,
concentration at a height of 5 m.
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Figure 6 — Predicted pollution zone

As it can be seen from figure 6, zone of chemical pollution reaches the border of
the village located near the waste storage facility. A pond and agricultural land are
also affected by the source of pollution. The calculation time of one scenario is 2
seconds.

Conclusions. As a result of the conducted research, the following results were
obtained:

1. The numerical model is proposed for operational forecasting of methane
concentration fields.

2. The modeling of methane emission sources in the form of a delta function in
the developed model allows making a mathematical description of various sources of
methane emission from a unified standpoint.

3. The numerical model takes into account the main physical factors affecting the
formation of pollution zones in atmospheric air during methane emission.

4. The feature of developed numerical model is the high speed of calculation,
which is an important factor for organizations and institutions when conducting
comprehensive research in the field of environmental protection.
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METOOOJNIOrIYHI nigXxoau OO MATEMATMYHOIO MOAENOBAHHA PO3CIKOBAHHA METAHY B
ATMOC®EPHOMY NMOBITPI
Gnroc b6.0., [J3t06a C.B., binses M.M., Pycakosa T.1.

AHoTauif. CbOrogHi 3anuiIaeTbCsl BENMKO NPOOMEMON KiMbKICTb METaHy, WO HagxoawTb Y HOBKINAS Big
Pi3HOMaHITHUX pkepen. MeTaH BUKMAAETLCS B aTMOCdepy npu BUPOOHMLTBI, nepepobuy, 36epiraHHi, TpaHCNOPTyBaHHi
Ta PO3NOAiNi MPMPOAHOro rasy Ta cupoi HadTu. BupobyTok Byrinng, Bigxoan OyOMHKIB i NigNPUEMCTB, OYWLLEHHS
nobyToBMX i MPOMMCROBKX CTiYHWX BOfA, 3BanMWa — Lie OCHOBHI [kepena Bukuay MeTaHy. PO3BWUTOK E€KOHOMIKM,
3POCTaHHSA CMOXWBAHHSA Pi3HOMAHITHOI MPOAYKLii, Npu3BOAMTL 40 306iMblUeHHS CXOBWLY BiAXOAIB, SK MPUPOAHOrO
MOXOMKEHHS TaK i NobyToBoro. B aaHMin yac Benuka yeara npuainserbcs 30opy Ta ytunisauii meTtaHy. lNpoTe Hemae
TEHAEHLIT CKOPOYEHHS DKepen BUKUAIB MeTaHy. Y 3B'A3Ky 3 MM 3amnuLIaeTbCs akTyanbHUM 3aBAaHHSM OLjiHKa PiBHSA
KOHLEHTpaLii MeTaHy, WO HaaxoawuTb Bid [Kepen Bukuay. 3aBOaHHS € AOCUTb CKMaAHWM, OCKITbKM BUMarae
BpaxyBaHHA (Di3MYHWX Ta METEOPOIONiYHUX NapameTpiB, a TaKoX PI3HOro TUNY MKepen Ta iX po3TallyBaHHs. Y po6oTi
3anpornoHOBaHO YMCENbHY MOAESb, SiKa IPYHTYETLCA Ha TPUBMMIPHOMY PiBHSHHI MaconepeHocy. Po3B’s3aHHs Lsoro
PIBHSHHSI BMKOHYETbCS PI3HULIEBUMU METOOAMW, LU0 AO03BONSE OTPUMATM MONE KOHLEHTpauii MeTaHy Ha Oyab-sikin
BWCOTI Bif moBepxHi 3emni. PospobreHa uucenbHa MOAENb JO3BOMSE BPaxOByBaTW MiCLe po3TallyBaHHS mKepena
MeTaHy, ToukoBe abo MaiigaHHe [Keperno, 3MiHy LWBWAKOCTI NOBITPSHOMO NOTOKY 3 BUCOTO, KoedillieHTH aTMOCqepHOI
TypbyneHTHOI Andysii. Ha 6a3i po3pobneHoi uncenbHOi Modeni CTBOPEHO KOMM'KOTEPHWI KOO ANs OnepaTMBHOMO
MPOrHO3y KOHLIEHTpALliHKX NOMiB MeTaHy nig dieto mkepena 3abpyaHeHHs. Ha ocHoBi po3pobneHoi nporpamm BUpILLEHO
MOZeNbHY 3afavy MPOrHo3y 30H 3abpyaHEeHHs aTMOCEpPHOro NoBITPS NpU eMmicii MeTaHy Big ManbyTHLOro CXOBMLLA
BigX0AiB, MPOrHO30BaHy 30HY 3abpyaHEHHS OTPUMAHO Y BUIMSAI i30MiHIA KOHUeHTpaLii MeTaHy. OaepxaHi pesynbTtatu
MOXYTb OYTY KOPUCHMMM MNig, Yac NpPOBEAEHHS BENMMKOI KifIbKOCTi YMCENbHUX PO3PaXYHKIB, KON BMPOBAMKYOTLCS HOBI
cnocobu Bigbopy, yTunisadii Ta 3axucty, To6TO Npu BUPILLEHHI aKTyanbHUX NUTaHb BiJHOCHO TEXHOMOTi OXOPOHW Ta
3aXMCTY HaBKOMULIHBOTO CepeaoBuLLa.

KntouoBi cnoBa: KOHUEHTpaUia MeTaHy, MaTeMaTuyHe MOAENIOBAHHS, YMCENbHUA PO3PAxXYHOK, piBEHb
3a0pyaHEHHS!, CXOBWLLE BigXOLB.
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