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Дослідження присвячено розробці нових математичних 
засобів для визначення розподілу в просторі та часі техногенно-
го навантаження на атмосферне повітря в результаті непала-
ючого фонтанування газової свердловини. На сьогоднішній день 
моделювання є єдиним інструментом дослідження та вирі-
шення актуальних задач екологічної безпеки експлуатації газо-
конденсатних родовищ. Особливо це стосується тих питань, 
відповіді на які неможливо отримати на практиці, а саме 
дослідження причин та прогнозування розвитку аварій з малою 
ймовірністю виникнення, але з великими руйнівними наслідка-
ми. Відзначено недоліки існуючих математичних моделей та 
методик, що не дозволяє їх використання для моделювання 
забруднення атмосфери саме при непалаючому фонтануван-
ні газової свердловини. Задача прогнозування рівня та розпо-
ділу забруднення атмосферного повітря при відкритому фон-
тануванні газової свердловини включає два етапи: визначення 
обсягів газових викидів, їх параметрів і складу; розрахунок роз-
сіювання шкідливих речовин в приземному шарі атмосфери. 
Досліджено фізичні особливості руху газової суміші по свердло-
вині та розповсюдження домішок в атмосферному повітрі при 
непалаючому фонтануванні. Розроблено математичні моделі 
усталеного та залпового витікання суміші газів з свердловини 
у вигляді диференціальних рівнянь з відповідними початкови-
ми та граничними умовами. Дані моделі враховують всі основні 
фактори, що впливають на інтенсивність викиду газової суміші 
при аварійному фонтануванні, та адекватно описують даний 
процес. Розроблено нову математичну модель розповсюджен-
ня забруднюючих речовин в атмосферному повітрі при викиді 
з свердловини. Дана модель, на відміну від існуючих, представ-
ляє собою набір трьох аналітичних залежностей, що опису-
ють розповсюдження забруднюючих речовин в просторі та 
часі відповідно при залповому, короткочасному та неперервно-
му викидах. Здійснено порівняння результатів математичних 
обчислень з даними натурних вимірювань концентрації забруд-
нюючих речовин, що входили до складу аварійного викиду під час 
фонтанування газової свердловини газоконденсатного родови-
ща Полтавської області. Визначено, що похибка моделювання 
не перевищує 15 % для всіх досліджуваних речовин. Це свідчить  
про високу адекватність розроблених моделей і можливість 
їх застосування для розв’язання більш широкого (в порівнян-
ні з аналогами) класу задач, пов’язаних із контролем стану 
атмосферного повітря на територіях розташування газових 
свердловин за різних умов викидів, метеорологічних характе-
ристик та режимів роботи бурової установки

Ключові слова: нафтогазовий комплекс, свердловина, еко-
логічна безпека, атмосферне повітря, моделювання аварійно-
го викиду
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1. Introduction

Virtually all elements of environment are considered as 
objects of influence during construction and operation of 

wells. In particular, the following should be distinguished: 
atmospheric air (AA), surface and ground water, soil and ve-
getation, biotic complexes, sheet deposits, etc. [1–3]. Despite 
continuous improvement of oil and gas equipment, facilities  



Eastern-European Journal of Enterprise Technologies ISSN 1729-3774 5/10 ( 101 ) 2019

50

and systems of emergency diagnostics and protection, there 
is a probability of uncontrolled or poorly controlled pheno-
mena and processes. Such facts are classified as an emergency 
posing a particular danger to biosphere and, above all, to 
population. Possible causes of occurrence of emergency sit-
uations are described in detail in existing literature [4, 5].

Possible emergencies of particular danger include open 
well gushing. In conditions of both burning and non-burning 
gas well gushing, toxic substances are coming in AA in large 
quantities. Then, under action of turbulent diffusion and 
wind flows, the gas spreads over the drilling site and beyond 
posing a high risk to environment and health of the drilling 
personnel and the population of surrounding settlements.

Problems of efficient prevention of emergencies in a case 
of AA pollution by gas release from gushing wells can be di-
vided into two groups. The problem of the first group consists 
in a prompt forecasting proceeding from the emergency fact. 
The problem of the second group consists in early assessment 
of the pollutant spread in AA under fixed conditions [6–8]. 
Prediction of actual and potential level of pollutants with 
a sufficient accuracy is connected with some difficulties. 
Atmospheric pollution is characterized by spatiotemporal 
heterogeneity, non-stationarity of release intensity, as well 
as variation of weather conditions and pattern of release into 
atmosphere [9, 10].

Spread of a substance (mass, energy) released during 
emergency, that is, spread of emergency impact can be 
described by appropriate mathematical models. Current 
requirements to assessment of this impact on environment 
cover the necessity of predicting AA pollution in emergency 
situations but do not contain any specific recommendations. 
This defines relevance of this study, that is construction of 
adequate mathematical models of spatial spread of dangerous 
substances from gushing gas wells (GGW). The models will 
take into account atmospheric conditions of spread and the 
release intensity. Such mathematical tool will be useful in 
assessment and prediction of AA pollution level in the areas 
of well operation in various critical situations.

2. Literature review and problem statement

The following studies propose technological solutions for 
effective suppression of gushing gas wells, namely, for example 
a new method of waterflooding the gas stratum in [11] and use 
of underground directional blasts [12]. Study [13] presents 
GIS analysis of the results obtained in measurement of concen-
tration levels of methane, ethane, propane, carbon dioxide and 
hydrogen sulfide in the territories of gas well operation in a case 
of emergency non-burning gushing. However, authors of these 
studies do not touch the issue of elaboration of mathematical 
modeling tools to define spatiotemporal distribution of con-
centration of pollutants released in such emergency situations.

Mathematical models of spread of dangerous substances 
from planar and linear sources are presented in [14]. The pro-
posed models make it possible to estimate level of impact on 
near-surface atmosphere layer just for technological process-
es of flushing. Hence, these models do not make it possible 
to find distribution of toxic substances in emergency GGW.

Study [15] provides an algorithm for calculating parame-
ters of releases and gross releases of harmful substances from 
flaring facilities where hydrocarbon mixtures are burnt but 
it does not enable determination of the amount of releases in 
non-burning gushing.

There are many papers devoted to theoretical studies of 
atmospheric turbulence and spread of industrial releases. For 
example, turbulent exchange in an elevated inversion layer 
is studied in [16], influence of anomalous stratification on 
initial rise of pollution caused by releases from a technogenic 
source is considered in [17] and influence of wind speed 
variation with altitude on distribution of technogenic pollut-
ants in the near-surface atmosphere layers is studied in [18]. 
However, physical patterns of release, transfer, and disper-
sion of natural gas in the event of emergency releases are 
characterized by a considerable complexity and differ signifi-
cantly from classical releases, such as those from chimneys. 
First of all, this is objectively related to the non-stationary 
nature and high speed (up to the sound speed) of gas leakage 
in the case of emergency situations on wells, significant in-
fluence of the underlying surface or generally random spatial 
orientation of release, etc. Therefore, the results obtained 
in these studies cannot be used to construct mathematical 
models of AA pollution by gas release during a non-burning  
gushing.

Application of integral methods to this problem is reflec-
ted in [19–21]. In some cases, one-dimensional jet models 
proposed by these authors well reproduce distribution of 
flow parameters along the axis of free jets. However, they 
cannot collectively account for a series of important factors 
that are crucial in the event of emergency releases from gas 
wells and pipelines. Such factors include non-stationarity, 
non-isothermal release, densities other than air density, exis-
tence of a pronounced vertical inhomogeneity of wind speed 
and turbulence characteristics near surface. This greatly 
increases occurrence of significant errors in the calculated 
values of the near-surface concentration. At the same time, 
in the problems of industrial safety, namely the range of 
near-surface concentrations is the necessary information.

Study [22] describes application of an engineering pro-
cedure to calculation of AA pollution. It was developed in 
Voyeikov Main Geophysical Observatory (USSR, 1986). 
However, this procedure has a significant limitation since it 
defines distribution of technogenic pollutant concentration 
in just unstable atmosphere state. This makes it inapplicable 
to other meteorological scenarios. This is unacceptable for 
preventive forecast of severe emergencies connected with 
non-burning GGW.

EPA USA procedure was used in [23] to estimate pub-
lic health risks caused by toxic releases in AA from large 
industrial enterprises. However, this procedure does not 
fully take into account specificity of the emergency releases 
under study. This is explained by the fact that its mathema-
tical apparatus does not take into account turbulence of the 
emerging jet flow and the processes of heat and mass transfer 
taking place during pollutant spread in AA. Therefore, this 
mathematical toolkit cannot be used to support effective 
decision-making in a case of GGW.

Mathematical models of Gaussian type have found their 
widespread use in solving the problems of AA protection 
in areas of chemically hazardous enterprises. For example, 
a one-dimensional model of defining maximum concentra-
tion and the distance at which it arises as a result of release 
from chemically hazardous enterprise under given meteoro-
logical conditions was used in [24], a model of non-stationary 
release pattern for the study of population health risks in the 
event of explosion at a potentially hazardous enterprise was 
used in [25] and the IAEA model of determining power of a 
release source according to monitoring data was used in [26]. 
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However, the models based on Gaussian distribution func-
tion have several essential drawbacks:

– local terrain features and spatiotemporal inconstancy 
of meteorological parameters are not considered;

– sources working for a limited time are not described; 
dispersion characteristics obtained for terrestrial but not for 
input sources are used;

– vertical structure of boundary formation is not taken 
into account;

– they are only used to define concentration of contami-
nants with density close to air density;

– they are only used for meteorological situations for 
which wind speed is not less than 1 m/s.

These shortcomings significantly limit applicability of these 
models to solve problems of prevention of emergency GGW.

Thus, the performed analysis has shown that there are no 
mathematical tools for modeling leakage of gas mixtures from 
a non-burning GGW in various release modes. The mathe-
matical models and procedures developed to describe spread 
of contaminants in AA from releases of technogenic pollution 
sources have material drawbacks and limitations. Therefore, 
in order to solve urgent problems related to prevention of 
emergency GGW, it is necessary to develop mathematical 
tools that will adequately describe both movement of the gas 
mixture in the wellbore and migration of pollutants into AA 
in various release conditions and meteorological scenarios.

3. The aim and objectives of the study

The study objective is to develop mathematical models of 
gas leakage from a well and its spread in atmospheric air in  
a case emergency gushing.

To achieve the objective, the following tasks were set:
– to study physical features of AA pollution during GGW;
– to develop models of a gas mixture leakage from a non- 

burning gushing well in various release conditions;
– to construct a mathematical model of pollutant spread 

in AA during gas well gushing;
– to check adequacy of the constructed mathematical 

model.

4. Materials used in construction of a mathematical model 
of air pollution in a non­burning gushing gas well

4. 1. Physical features of atmospheric air pollution 
during gas well gushing

The problem of predicting the level and spread of AA 
pollution in an open GGW involves two main steps:

– determination (calculation) of volume of gas release, its 
parameters and composition;

– calculation of pollutant migration in space and time in 
a near-surface atmosphere layer.

Let us consider physical features of each stage.
Gushing is uncontrolled release of a liquid-gas mixture 

(gases, oil, water, and other substances) on the surface from 
a well under action of high natural formational pressure. 
Pressure in the production column is less than formational 
pressure. In most cases, gas in a mixture with fluid contained 
in a formation is the main factor acting in gushing. When 
operating a well drilled down to a depth with high formation 
energy, free gas is released from this mixture only in lifting 
pipes. This process starts at a depth where pressure is below 

the saturation pressure of the liquid-gas mixture. Under 
these conditions, hydrostatic pressure and energy of the com-
pressed gas which begins to manifest itself only in the upper 
part of the well are main driving forces acting in lifting the 
liquid-gas mixture in the well. As the mixture moves up the 
wellbore, pressure on gas bubbles decreases while gas volume 
grows and specific weight of the liquid-gas mixture falls. This 
causes lift of the fluid level to the well mouth. Thus, gas well 
gushing is caused by the difference between the pressure in 
formation and the pressure at the fluid column bottom.

Occurrence of gushing is facilitated by long stoppages 
and disruption of drilling cyclicity, an inappropriate use of 
emergency fighting methods [27, 28], opening of formations 
with highly different lithological and physical characteristics 
and abnormally high formational pressure and a series of other 
factors [29].

Scatter of emergency gas release in atmosphere depends 
on many interrelated factors and release conditions (Fig. 1).

 

Fig.	1.	Features	of	pollutant	scatter	in	emergency	GGW:	
productive	horizon	(source)	(1);	wellbore	(2);	outlet	(3);	

shape	of	the	jet	and	its	component	composition	(4);	acoustic	
radiation	(5);	thermal	radiation	(when	the	gush	is	burning)	(6);	

vertical	temperature	gradient	(7);	solar	radiation	(8);	air	
swirl	(9);	precipitation	(10);	dry	precipitation	(11);	formation	
of	new	chemical	compounds	(12);	Нg:	release	height	(when	

the	gush	is	burning);	D :	the	outlet	diameter

After pollutants get into AA, pattern of their movement 
is determined by their own physical properties and properties 
of atmosphere. Spread and dispersion of emergency release in 
AA occur as a result of their transfer by wind and turbulent 
diffusion caused by the presence of disorderly swirls in atmo-
sphere which in a complex way interact with each other and 
with earth surface.

Effect of wind speed on pollution of the near-surface 
atmosphere layer is complex. On the one hand, terrestrial 
pollutant concentrations decrease with an increase in wind 
speed and on the other hand, strengthening of wind leads to 
a decrease in the initial pollutant raise height ΔH which con-
tributes to an increase in terrestrial concentration.

In a stationary state of atmosphere, scatter of pollutants 
slows down and its cloud with considerable concentration 
can be carried over a long distance. In unstable state of 
atmosphere, unbalanced elementary volume of air tends to 
continue its motion. Under these conditions, the pollutant 
cloud gets quickly eroded [30].
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Introduce a concept of effective source height:

H H Hef s= + Δ ,  (1)

where Hs is the source height (flare stack), m; ΔH is the value 
of pollutant lift above the source, m.

To calculate the lift height ΔH (m), use the following 
empirical formula [30, 31]:

Δ
Δ

H
W R
u

gR T
T u

s s

a

= +




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1 5
2 5

3 30
2

.
.

.
,  (2)

where W0 is the average rate of pollutant release from the gas 
well, m/s; Rs is the well mouth radius, m; u is the wind speed 
at the height of the weather vane (10 m), m/s; ΔT is the gas 
overheat; Ta is the ambient air temperature in an absolute 
scale; g = 9.8 m/s2 is free fall acceleration.

In the case of short-time release, it lasts several tens of 
seconds before self-ignition or intended ignition occurs. The 
wind blows away the gas cloud formed at an altitude as a 
whole and its expansion is caused by turbulent diffusion both 
in the wind direction and in the directions perpendicular to it.

In the case of emergency (continuous source of con-
stant intensity), time to the moment of jet ignition will be 
10–30 min. The gas ejected from the well is spread in a form 
of a jet like in the case of stationary flow. In the case of release 
from the well, the period of sharp change of flow rate is small 
and shortly after the release start, it stabilizes in a magnitude 
which is determined by dimensions of the wellbore and for-
mation characteristics.

In addition, spread of pollutants in atmosphere and thus 
level of their near-surface concentration is affected by fog, 
precipitations and solar radiation [14, 30].

4. 2. Mathematical model of gas mixture release in 
non­burning gas well gushing

In the course of modeling, stationary flow of gas from 
a high-capacity well into atmosphere was considered. The 
dense jet of cold gas is vertical and has circular cross-section. 
The gas has the following parameters: ρ0>ρа (T0<Tа) where 
ρ0 and ρа are density of gas in the cross-section of the well 
and in air, respectively; T0 and Ta are temperatures of gas at 
the outlet and in environment, respectively. Proceed from the 
conditions that gas is chemically stable, pollutant is passive 
and does not change density of the air-gas mixture, earth 
surface is flat, with a uniform roughness and impermeable to 
the substance.

There is a defining direction of release along which spread 
of pollutant is mainly convective. Scattering across the 
stream is diffusive. The assumption on similarity of profiles 
of transverse distribution of main parameters of the jet (velo-
city, temperature, and concentration of pollutant) is taken.

4. 2. 1. Mathematical model of stationary release of the 
gas mixture from the well

To construct this model, assume that a stationary stream 
of gas mixture moves through the well and the formation. 
Mass flow rate through any well cross-section is the same:

ρ⋅ =Q const,  (3)

where Q is the volume flow rate through the cross-sec-
tion, kg/s; ρ is the average density of the mixture of gases in 
the cross-section, kg/m3.

Assume that within the well, the channel along which 
the gas mixture moves is composed of N rectilinear sections 
of equal annular cross-section areas. Thus, geometry of the 
channel is described by a set of the following parameters:

li, douti
, dini

, α zi
, i N= …1 2 3, , , , ,  (4)

where li is the section length, m; douti
, dini

 are the outer and 
inner diameters of the annular section, respectively, m; α zi

 is  
the deviation angle (the angle between direction of the sec-
tion axis and the vertical), deg.

Within the section, the equation of momentum holds:
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d
gi

i
zi

2

2

( )
+ = − + cos ,  (5)

where di is the hydraulic diameter calculated by the formula:

d d di out ini i
= − ,  (6)

where l is distance from the mouth, m; W is speed of the mix-
ture of gases, m/s (for gushing, speed in expression (5) is nega-
tive); P is pressure of the gas mixture, Pa; λi is coefficient of hy-
draulic resistance of the i-th section, n/d (non-dimensional).

Assume that pressure at the section junctions changes 
continuously (losses caused by the change of cross-section 
and flow direction are not taken into account).

Equation of state for the mixture of gases is written in the 
following form:

ρ ρ= ⋅ ⋅ ⋅nc
nc

nc

T
T Z

P
P

1
,  (7)

where ρnc, Тnc, Рnc are density, temperature, and pressure of 
the gas mixture under normal conditions.

Density of the gas mixture under normal conditions in 
volume fractions is found from the formula:

ρ ρnc i nc i
i

n

c=
=
∑0 01

1

. ,.  (8)

where ci is percentage content of the i-th gas in the mixture  
of n released gases; ρnc.і is density of the i-th gas in the mix-
ture under normal conditions, kg/m3.

Average value of the compressibility coefficient Z of the 
mixture of gases is determined from formula:

Z
P P

= − ⋅
( )

1 0 0241 0. ,
Θ

 (9)

where

P P
P
Ppc

0
0( ) = ;

Θ = − + +1 1 68 0 78 0 01072 3. . . ;T T T

T
T
Tpc

= 0 ;

P0 is pressure at the well mouth, MPa; T0 is average wellbore 
temperature of the gas mixture, K.

Pseudocritical pressure Ppc, MPa, and temperature Тpc, K,  
of the mixture of released gases are found from formulas:
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P c Ppc i c i
i

n

=
=
∑0 01

1
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T c Tpc i c i
i

n

=
=
∑0 01

1

. ,.  (11)

where Pc.i аnd Tc.i are critical pressure, MPa, and critical 
temperature, K, of the i-th gas in the mixture, respectively.

Pressure losses in the formation at stationary filtration 
are described by the equation:

P P aQ bQoi fp n n
2 2 2= − − ,  (12)

where Рoi is the pressure in the well opposite the operating 
interval; a and b are the coefficients of linear and quadratic 
filtration resistance of the well, respectively, kg∙cm2; Рfp is 
formational pressure.

Equation (12) can be regarded as a boundary condition 
for system (3) to (5). The condition at the mouth is:

W C P P

W C P P
m m a

m m a

= >
< =

at

at

,

,  (13)

where Рm, Wm, С are pressure, gas velocity and sound velocity 
at the mouth; Ра is atmospheric pressure (if open gushing is 
considered).

The problem is solved by assuming constancy of tempera-
ture of the mixture of gases moving along the well and the 
coefficient of compressibility:

T

Z

=
=

const,

const.  (14)

The problem consists in finding the gushing capacity at 
specified formation parameters (formational pressure, coef-
ficients of filtration resistance), geometry of the wellbore 
and parameters of the equation of state (3), (14). Arithmetic 
mean values of temperature and coefficient of compressibili-
ty for formation and mouth conditions will be used as mean 
values in (14). Equation (5) is solved by the method of inter-
val bisection on halves. The zero value of capacity is taken 
as the lower limit of the root. The upper limit is defined by 
calculating the bottom-hole pressure for several successively 
increasing Qn values. 

Upon determining the gushing capacity, Qm, at specified 
internal and external conditions relative to the well, define 
the mass flow rate of the mixture of gases kg/s: by the follow-
ing expression:

′ =Q Qm m mixρ ,  (15)

where ρmix is the density of the mixture of released gas com-
ponents at the well mouth, kg/m3.

The value of ρmix is defined from equation (7) depending 
on conditions at the well mouth.

Finding of the mass flow rate of the i-th gas in the mix-
ture, kg/s, is the end result of modeling at this stage:

′ = ′M Q ci m i .  (16)

Thus, a mathematical model was constructed that de-
scribes continuous release of the gas mixture during emer-
gency well gushing and makes it possible to define mass flow 
rate of each component of the erupted mixture.

4. 2. 2. Mathematical model of a burst release of a mix­
ture of gases from a well

It is assumed that the well is vertical and the channel 
through which release passes has a constant cross-section. 
Non-stationary gas flow is described by a system of equations 
expressing the laws of conservation of mass and momentum:

∂
∂

+
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ρ ρ
t

W

l
0,  (17)
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2

λ
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Write the equation of gas state in the form:

P Z RTmv mv= ρ ,  (20)

where

– 
d
dt t

W
l

=
∂
∂

+
∂
∂

;

– t is time;
– l is the length along the axis of the wellbore;
– g is acceleration of gravity;
– P, W, ρ are pressure, velocity, and density of gas;
– λ is the coefficient of hydraulic resistance (assumed to 

be constant);
– Dgid is hydraulic diameter of the channel;
– Zmv аnd Тmv are mean values of the compressibility coef-

ficient and the gas temperature.
At the initial moment, the well mouth is closed, and 

distribution of pressure P0 in the stationary gas column is 
described by equation:

−
∂
∂

+ =
P
l

g0 0ρ .  (21)

At the bottom-hole, pressure in the well coincides with 
the formational pressure:

P l Pb fp0 ( ) = ,  (22)

where lb is the coordinate of coverage of the interval at which 
the manifestation of gas kick occurs; Рfp is formation pressure 
at the well locations.

Let instantaneous depressurization of the mouth occur 
in the moment t = 0.  Speed in the output cross-section will 
be equal to the local sound speed and the current capacity is 
calculated from the formula:

Q C W Fh D s h h= ρ ,  (23)

where Qh is the gush capacity; Ws is the local speed of sound; 
Fh is the area of the output section; ρh is the density of fluid in 
the output section; CD is the coefficient of flow that depends 
on the shape of the output section.

From this point on, a rarefaction wave will move down the 
gas column. After reaching the bottom-hole, the wave, par-
tially reflected, will come into the formation where a growing  
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in time pressure sink will form. The method of change of sta-
tionary states is used to calculate the release. In accordance 
with this method, the flow region is divided into two sections. 
The gas column is at rest in the lower section and a stationary 
stream is moving in the upper section.

Thus, the following conditions are fulfilled in the near-
throat part of the wellbore:

ρFW Q th= ( ) = const,  (24)
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ρ
ρ

2 2

21 0.  (25)

The following condition is fulfilled on the movable 
boundary:

P l t P lf f, ,( ) = ( )0  (26)

where lf is the current position of the front.
Knowing pressure distribution along the wellbore, it is 

possible to find weight of the gas present in the well at time t.  
It follows from the above that the weight is completely de-
termined by the front position: M(t) = M(lf). The following 
equation of front displacement follows from the condition of 
material balance applied to the whole wellbore, 

′ ⋅ =M
l

t
Qf

h

d

d
.  (27)

After the wave has reached the bottom-hole, fluid in the 
formation gets moving. Assuming the flow is symmetrical 
about the well axis, denote by Rf the boundary radius (radius of 
the pressure sink) which separates region of the still fluid from 
the near-bore region in which flow is stationary and its yield 
is equal to the instantaneous yield of the gush. To calculate Rf, 
an equation similar to (27) is used in which M is understood 
as the weight of gas in the wellbore and circular region of the 
formation whose radius R0 is chosen such that Rf<R0 at a given 
time interval. To find M(Rf), consider the problem of stationary 
flow in a well – formation system which satisfies the condition 
in the mouth (23) and the condition in the moving contour:

P R t Pf fp, .( ) =  (28)

In addition, the coupling conditions are fulfilled: a con-
tinuous change of pressure and mass flow during the transi-
tion from the formation to the well.

For approximate calculation of flow in the formation, the 
known result of the filtration theory was used: at a constant 
yield of the well. Displacement of radius Rf in the method of 
change of stationary states is described by the relation:

R t R tf w( ) ≈ + 2 η ,  (29)

where η is the piezo conductivity which in the case of a gas 
formation is found from expression:

η
µ

=
P k

m
fp ,  (30)

where k is permeability of formation near the well, darcy;  
m is average formation porosity near the well, n/d (non- 
dimensional); µ is gas viscosity in formation conditions, сP.

4. 3. Mathematical model of pollutant spread in atmo­
spheric air in a case of gas well gushing

To construct mathematical model of pollutant spread in 
AA in a case of release from the gas well, the following asser-
tions were made:

1) medium is continuous and incompressible;
2) atmospheric turbulence is isotropic and inhomoge-

neous;
3) only turbulent diffusion of a gradient type occurs 

during pollutant transfer and molecular diffusion is neglected;
4) the pollutant released into atmosphere are considered 

to be «passive pollutants», that is the ones that do not change 
aerodynamics of the air flow into which they enter;

5) air movement is stationary;
6) a mixture of gases having quite small precipitation rate  

enters atmosphere, that is it is neglected.
Taking into account the aforementioned assertions and 

assumptions, a function q(t, x, y, z) was found which defines 
pollutant conncentration in space and time in conditions of 
a burst release of a pollutant weight M from a point source 
located in (0, 0, Hef) at a point of time t = 0. For this pur-
pose, the following empirical equation of turbulent diffusion 
with corresponding initial and boundary conditions was 
solved [30]:
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initial conditions:

uq M x y z Hef= ( ) ( ) −( )d d d  at t = 0;

boundary conditions:

q → 0  at x2+y2+z2 → ∞

and

K
q
z

wq qz

∂
∂

+ + =b 0  at z = z0;

– u, v, w are the coordinates of the wind speed vector, m/s;
– Kx, Ky, Kz are the turbulent diffusion coefficients, m2/s;
– λ is the parameter that takes into account the change 

in pollutant concentration caused by such processes as 
chemi cal transformation, precipitate washing, sediment ab-
sorption by underlying surface, etc., s–1;

– z0 is the parameter that determines roughness of the 
underlying surface, m;

– b is the parameter characterizing the pollutant interac-
tion with the underlying surface (reflection or absorption), m/s;

– t is the pollutant spread time, s;
– d is the Dirac delta function.
The idea of solving equation (31) consisted in reduction 

of the number of calculations by splitting a three-dimension-
al problem into a sequence of one-dimensional problems in 
such a way that both the structure of solution and its basic 
properties are preserved [32]. In this case, due to the homo-
geneous boundary conditions, fundamental solution of the 
spatial equation was represented as a combination (coales-
cence) of fundamental solutions of corresponding problems:
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in each spatial coordinate i = 1, 2, 3.
The equation addend λ(t)∙q(t) characterizing loss of pol-

lutant during its diffusion was excluded from the solution by 
substituting the function:
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To solve equations (32), the coordinate system was 
modified:
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and, following the substitution with taking into account the 
function change, the following nonlinear differential equa-
tion with partial derivatives was obtained:
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The Fourier transform method [32] for variable ϑ was 
used to solve it and inverse change of the function and coor-
dinates was performed. In order to finally obtain solution of 
equation (31), the obtained solutions of equations (32) were 
glued [32].

To find the function of concentration q(t, x, y, z) under 
conditions of short-time contaminant release of duration t1,  
a convolution procedure [32] was applied to solve equa-
tion (31) for t. In order to find a function describing spatial 
distribution of concentration at a continuous release of 
intensity M from a point source, t1 was replaced by t in the 
model for the short-lived source. After that, boundary from 
the right side of the obtained equality was taken with direct-
ing t to infinity.

When solving equation (31), the Ox axis was positioned 
along the wind direction which is not always convenient. 
When solving practical problems, the coordinate system is 
usually positioned so that the abscissa axis is oriented in the 
east direction, that is the basic Oxyz coordinate system is 
fixed. Under these conditions, wind direction may differ from 
direction of the Ox axis and form a certain angle α formed 
with it. To use the models under these conditions, it is neces-
sary to perform modeling in the coordinate system Оx1y1z 
where the axis Оx1 is directed along the wind direction and 
then transfer the obtained results to the Оxyz coordinate 
system using the transition formulas:
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After all mathematical transformations, analytical de-
pendences forming the mathematical model of atmospheric 
pollution under non-stationary and stationary conditions of 
release from the GGW have the form:
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for an instant release source:
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for a short-time release source of duration t1:
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for continuous release source where uHef
 is the wind speed 

at an effective height of the release source, m/s. When con-
structing the model, it was assumed that Kx = Ky = K. 

In analytical dependence (40), M means the release in-
tensity in g/s. The wind speed at the effective height of the 
release source is defined from formula [30]:

u u
H z
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ef

ef
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−
−

10
10

0

0

ε ε

ε ε ,  (41)

where u(10) is the wind speed at an altitude of 10 m, m/s; 
ε is dimensionless parameter depending on the category of 
atmosphere stability.

Adequacy of the mathematical models constructed was 
verified by comparing the modeling results with the data of 
field measurements of concentration of toxic substances in 
composition of the emergency release during gushing in one 
of the wells in the gas-condensate field of Poltava region. 
This emergency occurred in 2015 on a mothballed gas well 
because of depressurization during repair work. A gush of 
gas and condensate mixture lasted for several days. Pollutant 
concentration was measured in the well location.
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The modeling input data were 
as follows:

– well parameters :  depth: 
5.471 m; first section: length: 
1.526 m; outer and inner diame-
ters of the annular section: 0.168 m 
and 0.14 m, respectively; second 
section length: 3.550 m; outer and 
inner diameters of the annular sec-
tion: 0.245 m and 0.168 m, respec-
tively; third section length: 395 m; 
outer and inner diameter of the an-
nular section: 0.351 m and 0.245 m, 
respectively; deviation angle of all 
sections: 0°; flare stack height: 5 m; 
formational pressure: 37.3 MPa; 
gas pressure at the pipe mouth: 
16.1 MPa; coefficient of hydraulic 
resistance: 0.08; average coefficient 
of compressibility: 1; linear filtra-
tion resistance factor of the well: 
2 kg∙cm2; coefficient of quadratic 
filtration resistance of the well: 
0.001 kg∙cm2; permeability of for-
mation in the vicinity of the well:  
0.1 darcy; average porosity of forma-
tion in the vicinity of the well: 0.12;

– content and parameters of the gas mixture being re-
leased: as per Table 1;

– meteorological parameters: air temperature: 289 K; at-
mospheric pressure: 0.1 MPa; wind speed: 3 m/s; wind di-
rection: southwest; atmosphere state: neutral; coefficients of 
turbulent diffusion: 75 m2/s (horizontal): 15 m2/s (vertical); 
precipitations: absent; humidity: 75 %;

– parameters of the adjacent territory: flat earth surface; 
underlying surface unevenness: 0.07 m.

In order to check adequacy of the constructed mathemat-
ical models, distribution of concentration of all substances 
(Table 1) was simulated in MATLAB 7. As an example, Fig. 2 
shows results of simulation of methane distribution in the 
near-surface atmosphere layer at a height of 1.5 m from the 
earth surface.

In addition, Fig. 2 shows the places where the gas pol-
lutant concentrations were measured by emergency service.

As an example, comparison of modeling and measurement 
results obtained for methane and hydrogen sulfide is given 
in Table 2.

Table	2

Comparison	of	modeling	and	field	measurement	results

No.

Methane Hydrogen sulfide

Сfm,  
mg/m3

Сmod, 
mg/m3 Δ, %

Сfm,  
mg/m3

Сmod, 
mg/m3 Δ, %

1 1.520 1.478 2.8 0.0324 0.031 4.5

2 990 1.066 7.1 0.0211 0.0198 6.6

3 150 137 9.5 0.0032 0.0031 3.2

4 700 626 11.8 0.0149 0.0175 14.9

5 250 231 8.2 0.0053 0.0054 1.9

6 330 329 0.3 0.007 0.0064 9.4

7 270 281 3.9 0.0057 0.0065 12.3

8 112 130 14.5 0.0023 0.0024 4.2

9 130 136 4.4 0.0027 0.003 10.0

10 110 119 7.6 0.0023 0.0021 9.5

Note: Сfm, Сmod are the substance concentrations according to field 
measurements and modeling, respectively; Δ is relative error of 
modeling

Similar comparisons were ob-
tained for other components of 
release.

The first thing to note is that 
under such conditions of gushing 
the well under study in near-sur-
face atmosphere layer, maximum 
concentration levels of all sub-
stances exceeded corresponding 
maximum permissible concentra-
tions by 4–5 times.

This indicates a significant 
health risk to the well staff and 
the population of the surrounding 
area when inhaling air at such 
emergencies.

Table	1

Data	of	the	gas	mixture	released	during	gushing

Components
Content, 

vol. %
Molecular 

weight, kg/mol
Density, 
kg/m3

Pseudocritical 
pressure, MPa

Pseudocritical 
temperature, K

Methane 52.885 16.041 0.717 4.640 190.66

Ethan 2.541 30.07 1.356 4.884 305.46

Propane 1.068 44.097 2.019 4.255 369.90

Butane 0.687 58.124 2.703 3.799 425.20

Pentane+the above 3.611 72.151 3.457 3.373 469.50

Nitrogen 0.042 28.016 1.250 3.394 126.20

Carbon dioxide 11.896 44.011 1.977 7.386 304.26

Hydrogen sulfide 27.27 34.082 1.541 9.007 373.60

6
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pollutant concentrations

Wind direction

100 m

 
Fig.	2.	Visualization	of	the	results	of	simulation	of	methane	distribution	in	AA	as	a	result	

of	emergency	eruption	at	the	gas	well	under	study
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Second, proceeding from the comparison results, it was 
established that the maximum relative error of modeling did 
not exceed 15 %. This is absolutely acceptable for this class 
of problems. The results confirmed high adequacy of the con-
structed mathematical models of gas release and distribution 
in AA as a result of non-burning GGW.

5. Discussion of results obtained in the construction  
of mathematical models of atmospheric air pollution  

by a non­burning gas well gushing

The mathematical tools that were developed are effec-
tive in solving problems of emergency prevention in case 
of non-burning gas well gushing. Mathematical model of 
stationary release of a gas mixture from a well (p. 4. 2. 1) has 
allowed us to find release power for each component of the gas 
mixture at stationary conditions of emergency gushing and 
the model of burst release of the gas mixture (p. 4. 2. 2) gives 
weight of release at a non-stationary release of toxic gases 
from the well mouth. These models are presented as a set of 
corresponding algebraic and differential equations describing 
gas flow in the well. The models take into account all major 
physical factors influencing gas flow in the wellbore. To use 
them, it is necessary to have data on gas-dynamic and geomet-
ric characteristics of formation and wells. This information 
should be entered to the detail design and passport of the well.

Mathematical models of pollutant spread in AA have 
been obtained in analytical form which greatly simplifies 
their implementation and use. These models allow the de-
signers to determine distribution of pollutants in space and 
time in the adjacent well territory under conditions of burst 
gushing (model (38)), short-term gushing (model (39)) and 
continuous gushing (model (40)). Weight (non-stationary 
gushing mode) or intensity (stationary mode) of release, 
source and conditions of release, pollutant parameters and 
meteorological conditions are input data for these models.

The mathematical models constructed have significant 
advantages over the existing ones, that is the models and 
methodological recommendations based on Gaussian dis-
tribution. For example, they take into account peculiarity 
of the underlying surface and interaction of pollutants with 
environment (precipitation washing-out, chemical transfor-
mation, absorption of the underlying surface) and vertical 
structure of the boundary formation. They can also be used 
to define concentration of any gaseous pollutants of various 
densities. Besides, they make it possible to determine pol-
lutant concentration under release and meteorological con-
ditions. This enables solution of a broader range of problems 
related to monitoring of AA status in the territories where 
gas wells are operated.

To obtain results of application of these models, it is 
necessary to use specialized software that allows one to solve 
ordinary differential equations and equations with partial 
derivatives in corresponding initial and boundary conditions.

At the current stage, the developed mathematical models 
were implemented in the MATLAB 7 software environment 
which allows us to quickly obtain modeling results from the 
input data. Verification of adequacy of the developed models 
according to the real emergency gushing of one of the gas wells 
in Poltava region has shown their high accuracy: modeling er-
ror did not exceed 15 % for all components of the gas mixture.

It is worth noting that the models developed by the au-
thors do not take into account terrain features and therefore 

high accuracy of modeling will only be ensured in the condi-
tions of flat terrain up to distances of 30 km. As the terrain 
becomes more complex and distance from the source of 
release increases, modeling accuracy will decrease. Also, it is 
obvious that to improve accuracy of modeling, it is necessary 
to ensure high accuracy of the input data.

In some cases, conditions of emergency gushing do not 
allow measurements to be made to the required extent. Thus, 
in the case of gushing, intensity of flow of the released fluid 
can vary in time. Qualitative composition of releases is un-
predictable and unstable: liquid, liquid-gas mixture, or gas. 
Therefore, it is necessary to use in practice some non-stan-
dard and fairly approximate methods as well as involve data 
on the features of the emergency well drilling history, cir-
cumstances of occurrence of gas kick and its transition into 
an uncontrolled gush. Given the complexity of field studies 
in real conditions, it is appropriate to develop a physical 
model using ejection systems [31] which will make it possible 
to experimentally study possible scenarios of formation of  
a fluid flow from a well and bring them as close as possible to 
real conditions.

The constructed models can be used to solve problem 
of prompt forecast after emergency occurrences and early 
calculation of pollutant spread in atmosphere under fixed 
conditions. This approach can be useful both in the complex 
design of new wells and planning safety measures for existing 
wells, in particular for estimating the maximum possible con-
centrations of planned releases. As an example, there would 
be a wellbore where it is necessary to define whether the 
maximum permissible concentrations of toxic components 
will be exceeded under given atmospheric scattering condi-
tions at the border of the sanitary-protective zone round the 
drilling rig and in neighboring settlements [1, 2, 8].

Further studies will be directed to development of a spe-
cialized modeling software complex which will be an effective 
tool for supporting decision making in the management of 
environmental safety of AA in the territories of gas wells. It 
will include various functional modules. Their use will enable 
computerized mapping of hypothetical and actual pollution 
during emergency GGW, analyze the data and assess health 
risks of staff and population of the surrounding areas, etc. [33].

7. Conclusions

1. The study of physical features of atmospheric air pol-
lution during non-burning gas well gushing has allowed us 
to establish the following. The main parameters that define 
weight (intensity) of release of the gas mixture components 
are as follows:

– pressure and temperature in the well;
– hydraulic and filtration resistance of the well;
– atmospheric pressure;
– ambient air temperature;
– well geometry;
– formation characteristics in the well location (perme-

ability, porosity and thickness, gas pressure and viscosity in 
formation conditions);

– percentage of components in the gas mixture.
The main parameters that define distribution of pollutant 

concentration in space and time are as follows:
– release parameters (duration, power, temperature, rate 

of flow of pollutants from the well, height, and radius of the 
source mouth);
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– meteorological characteristics (wind speed and direc-
tion, temperature gradient with altitude, turbulent diffusion 
coefficients, air temperature);

– parameters of pollutant and environment interaction 
(precipitation, underlying surface, other pollutants);

– roughness of the underlying surface;
– spread time and rate of pollutant deposition (for heavy 

pollutants).
2. Mathematical models of stationary and burst release 

of a mixture of gases from a well as differential equations 
with corresponding initial and boundary conditions were 
constructed. These models take into account all main factors 
affecting intensity of the gas mixture flow in the case of emer-
gency gas well gushing.

3. A mathematical model of pollutant dispersion in at-
mospheric air was constructed. Unlike the existing ones, 
it takes into account all main factors influencing this pro-

cess. This model makes it possible to establish distribution 
of concentration in space and time under stationary and 
non-stationary release conditions and at various meteoro-
logical scenarios. This will effectively solve the problems 
of monitoring atmospheric air in the areas of gas wells and 
preventive forecasting of emergency situations related to 
emergency gushing.

4. Adequacy of the developed mathematical models was 
checked by comparing the modeling results with the data of 
field measurement of concentration of toxic gaseous substan-
ces in atmospheric air during gushing of one of the wells of 
the gas-condensate field in Poltava region. It was found that 
the modeling error did not exceed 15 % for all components of 
the gas mixture which is absolutely acceptable for this class 
of problems. This confirms high adequacy of the constructed 
models and the prospects of their application to solve actual 
problems of air protection in the territories of gas wells.
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