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An experimental stand was created to study the thermobaric and 
chemical influence of hydrogen on the identification of hydrocarbon 
production. The said stand allows to reproduce chemical-
technological processes as close as possible to real formation ones. 
This stand makes it possible to study the kinetics of not only hydro-
gen, thermobaric and chemical effects, but also other thermal gas 
chemical processes, including hydrogen generation. The main ele-
ment of the experimental stand is a hydrogen generator, the compo-
nents of which work at high pressures and temperatures under condi-
tions of hydrogen embrittlement of mechanical properties and an 
aggressive environment that causes corrosion of its inner surface. 
Based on this, the development of a methodology for calculating the 
thermal stress state of the generator, its strength under hydrogen 
embrittlement conditions, and its resource becomes relevant. Based 
on the finite element method, a methodology for calculating non-
stationary temperature fields and the thermal stress state that occur 
in the hydrogen generator during thermobaric and chemical proc-
esses of varying intensity is proposed. The methodology allows to 
take into account the features of the geometry of the structure, the 
time-varying temperature and pressure distributions of the reaction 
products, the temperature dependence of the thermophysical and 
mechanical properties of the hydrogen generator material. Thanks to 
the application of the developed software, a study of the hydrogen 
generator thermal stress state during two real thermobaric and 
chemical processes of different intensity was carried out. Graphs of 
temperature and pressure changes of the reaction products of hydro-
reactive substances in the generator over time, which were registered 
during the experiment conduction, were used. The distribution of 
non-stationary temperature fields and stresses in the hydrogen gen-
erator elements was obtained. Areas of maximum load of generator 
elements are defined. It was established that during the flow of the 
studied thermobaric and chemical processes, pressure makes a 
greater contribution to the thermal stress state. The obtained results 
and the developed theory and software can be used in the study of 
generators of other designs with other thermobaric and chemical 
processes occurring in them. 

Keywords: hydrogen generator, thermobaric and chemical process, 
temperature fields, thermal stress state, resource. 

Introduction 
The most effective technologies for increasing hydrocarbon production are those that combine ther-

mal, chemical and mechanical effects on the producing horizon. One of the most promising technologies is 
based on the effect of hydrogen activation of processes in the porous medium of the producing horizon dur-
ing the exothermic reaction in the well [1, 2]. 

In A. Pidhornyi Institute of Mechanical Engineering Problems of the National Academy of Sciences of 
Ukraine, an experimental stand for the study of hydrogen thermobaric and chemical effects, which allows to 
reproduce chemical and technological processes as close as possible to real formation ones, was created [3]. 
This stand makes it possible to study the kinetics of not only hydrogen, thermobaric and chemical effects on the 
identification of hydrocarbon production, but also other thermal gas chemical processes, including hydrogen 
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generation. The experiments conduction methodology is based on the sequential mixing of two technological 
fluids in the reactor, measurement and fixation of the thermobaric and chemical process main parameters and 
reproduces the said process as close as possible to the real one, that is, the one that takes place in the well [4]. 

The most important and responsible element of the experimental stand is the hydrogen generator. Its 
components are constantly exposed to high pressures and temperatures in conditions of hydrogen embrittle-
ment of mechanical properties and an aggressive environment that causes corrosion of its inner surface. 
Based on this, the development of a methodology for calculation the generator thermal stress state, which 
takes into account real load conditions, its strength and resource, is an urgent and important problem. 

During the operation of metal structures, due to their interaction with the environment, surface destruc-
tion occurs: an aggressive environment penetrates into the metal volume, which leads to a deterioration of its 
mechanical characteristics, a change in the stress-strain state, load-bearing capacity, and a decrease in the struc-
tures resource. The corrosion process is significantly activated under the action of tensile stresses [5, 6].  

It should be noted that the danger of this type of corrosion is that it is very difficult to detect in struc-
tural elements, and the equipment in a number of cases fails in a short time. This is explained by the fact that 
corrosion cracks are directed perpendicular to the tensile stresses, and the time to failure depends on the level 
of tensile stresses [5]. In addition, corrosion cracking is often accompanied by hydrogen embrittlement, 
which leads to brittle destruction of structural elements [7]. 

It should be added that the hydrogen environment is quite aggressive, and the harmful effect of hy-
drogen on the metal is manifested in the reduction of its strength and plastic properties [6]. This can cause 
catastrophic brittle destruction of structures that have a sufficient safety margin under real load. 

It was established that the development of existing defects and the nucleation of new defects are 
dramatically accelerated under the conditions of a three-dimensional stress state. Therefore, the evaluation of 
the hydrogen generator thermal stress state is important, since it constantly works under the influence of high 
pressure and temperatures. 

Problem statement for calculation studies of the thermochemical hydrogen generator strength and resource 
The cylindrical reactor of the hydrogen generator is a hollow cylin-

der approximately 1.5 m long, with an outer diameter of 73 mm and an inner 
diameter of 62 mm, made of 40Kh steel. The scheme of the hydrogen reactor 
is shown in Fig. 1. The internal volume of the reactor is divided into lower 
and upper chambers by ball valve 2. The reactor is equipped with a preheat-
ing system. Thermometry is carried out by thermocouples. 

In the upper chamber, a process liquid with a higher density is 
placed for mixing in the lower chamber with a liquid with a lower density. 
The reactor is equipped with a block of the given initial pressure, which al-
lows to simulate thermobaric and chemical processes. 

The temperature in the chemical reaction zone, as well as the tem-
perature of the reaction products, including gaseous ones, is measured by 
thermocouples. The reactor is pressurized to a pressure of 100 MPa. It is de-
signed for pressures up to 50 MPa and temperatures up to 400 оС (for short-
term action – up to 600 оС). 

During research, temperature and pressure indicators, which are 
stored in the form of graphs for further review and analysis of the obtained 
results, are constantly monitored. 

 

Fig. 1. Scheme of a hydrogen 
generator reactor: 
1–3 – ball valves 

Visualization of thermal thermobaric and chemical processes occurring in the reactor is shown in 
Fig. 2 and Fig. 3. Thus, the reaction takes place over a period of time from 9 to 45 minutes. The reactor de-
sign is equipped with a safety relief valve of a mechanical type, adjusted to a pressure of 50 MPa. 

TWF-1 technological liquid with a density of 1.35 to 1.55 g/cm3 is placed at the bottom of the reac-
tor, TWF-2 liquid with a density of 1.6 to 1.9 g/cm3 is placed in the upper chamber. Then high pressure is 
pumped into the reactor. After equalizing the pressure in the upper and lower chambers, valve 2 is opened 
(Fig. 1), TWF-2 liquid flows under the influence of gravity to the lower chamber and a multistage chemical 
process begins. 
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Fig. 2. Visualization of the thermobaric and chemical 
process with the basic composition of components  

of hydroreactive substances: 
1 – T, оС in the reaction zone; 2 – T, оС temperature  

of gaseous reaction products; 3, 4 – T, оС temperature  
of the vapor-gas-liquid phase; 5 – pressure 

 

Fig. 3. Thermobaric and chemical process with activation 
of a hydroreactive substance and polymeric nitriles: 
1 – T, оС in the reaction zone; 2 – T, оС temperature  

of gaseous reaction products; 3, 4 – T, оС temperature  
of the vapor-gas-liquid phase; 5 – pressure 

Thus, a non-stationary internal pressure loading process takes place in the reactor (Graph 5, Fig. 2 and 
Fig. 3) and a change in the temperature of the reaction products over time (Graphs 1, 2, 3, 4, Fig. 2 and Fig. 3). 

To calculate the thermal stress state of the hydrogen reactor body, it is necessary to solve the non-
stationary problem of thermal conductivity under time- and height-variable boundary conditions of heat 
transfer of the third type (the temperature T (h, τ), оС of the reaction products and the heat exchange coeffi-
cients on the inner surface (h, τ) are set), which is carried out by the implicit step-by-step Crank-Nicolson 
method using the finite element method to obtain the temperature field of the reactor [8]. At the same time, 
the properties of thermal conductivity K (T, оС) and volume heat capacity ρc (T, оС) of 40Kh steel are speci-
fied depending on the temperature [8, 9]. 

At each time step, after solving the thermal conductivity problem, the thermal elasticity problem is 
solved. This takes into account the pressure load on the inner surface, which changes at each time step, as 
well as the thermal expansion of the reactor body material [9]. 

When calculating the reactor body strength, it is also necessary to take into account embrittlement 
and reduction of the strength limit of 40Kh steel due to flooding [10, 11, 12].  

Since the products of the thermobaric and chemical reaction are an aggressive environment, corrosion 
of the material develops from the inner surface of the reactor, which reduces the load-bearing wall thickness of 
the reactor body, which affects its resource. The process and type of corrosion depend on many factors. 

Computational model for determining the non-stationary temperature field and thermal stress state of 
the hydrogen generator using the finite element method 

The design of the hydrogen generator reactor is shown in Fig. 1. The meridional section of the generator 
design is shown in Fig. 4. Discretization into finite elements of the middle fragment of the structure meridional  
section, which includes the coupling 
and ball valve, is shown in Fig. 5. 
The discretization has 127 finite ele-
ments along the z axis in the cylin-
drical coordinate system rz. The 
axisymmetric calculation scheme 
from the middle of the lower to the 
middle of the upper ball valve along 
the axis has coordinates 0<z<190 cm. 
The lower end z=0 is fixed (uz=0), 
and axial stresses are applied to the 
upper end z=190 cm 

 

Fig. 4. Meridional section of the generator structure 

 

Fig. 5. Finite element discretization of the middle fragment of the structure 
meridional section, which includes coupling and ball valve 
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where P is the pressure inside the reactor, which changes over time according to Graph 5 in Fig. 2 and 3 during  
the thermobaric and chemical process. 

Thermophysical properties of steel, 
which depend on temperature, are given in 
Table 1. 

The mechanical properties of 40KhN 
steel are given in Table 2, where – =810-8 – 

material density;  
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modulus;  – Poisson's ratio;  – coefficient of 
linear temperature expansion of steel. With the 
use of the developed software [9, 10], the cal-
culations of the hydrogen generator non-
stationary temperature state were performed for 
two cases of thermobaric and chemical proc-
esses shown in Fig. 2 and 3. 

Table 1. Thermophysical properties of steel that depend  
on temperature  

T, ºC 20 100 200 300 400 450 
kn=kz, W/(smdegree) 0.48 0.46 0.427 0.423 0.385 0.37 

С, J/sm3 3.8 3.9 4.1 4.4 4.6 4.7 

Table 2. Mechanical properties of 40KhN steel 

T, ºC 20 200 300 400 450 
10-5, 1/degree 1.19 1.25 1.32 1.38 1.395 

А11, MPa 269230 282690 269230 263616 249038 
А12, MPa 115385 121134 115385 109615 106731 
G, MPa 76969 80769 74623 73076 71154 

Table 3. Piecewise linear law of heat transfer change  
on the inner surface of the reactor 

z, sm 0 40 58.5 77 190 
0.1 0.15 0.2 0.175 0.035 

, W/(cm2·degree) 
0.2 0.25 0.3 0.150 0.050  

The temperature of the reaction products is given along the z axis by the piecewise constant law. On 
the segment 0<z<40 cm, the temperature that occurs in the reaction zone is taken, on the segments 
40<z<58,5 cm and 58,5<z<77 cm – the temperature of the gas-liquid phase of the reaction is taken, and on 
the segment 77<z<190 cm – the temperature of gaseous reaction products is set. 

The temperature of the reaction products changes over time according to Graphs 1–4 in Fig. 2 and 3, 
for which the piecewise linear approximation is adopted. The coefficients of heat exchange on the inner sur-
face of the reactor are given for two options of heat exchange, which change along the z axis according to the 
piecewise linear law given in the Table 3. Smaller values of heat exchange are set for the thermobaric and 
chemical process shown in Fig. 2, and larger ones – in Fig. 3. 

The air temperature on the outer surface of the reactor is assumed to be equal to 20 ºС, and heat ex-
change coefficients – =0,005 W/(cm2·degree). 

When performing calculations, the number of uniform steps over time was equal to 30 in both cases. 

Thermal stress state of the hydrogen generator during the thermobaric and chemical process that 
lasted 45 minutes with the basic composition of hydroreactive substances 

The change in the temperature of the reaction products and the pressure in the generator over time is 
shown in Fig. 2. In the reaction zone and in the zone of the vapor-gas-liquid phase of the reaction products, 
the heating of the thin-walled elements of the reactor occurs almost in a quasi-stationary mode due to signifi-
cant heat exchange coefficients. At time points from 18 to 21 min, when the rate of change in the tempera-
ture of the reaction products is maximum (about 70 ºС per minute), the change in the temperature of the 
metal lags behind the temperature of the reaction products by 5–10 ºС, and the temperature difference along 
the wall thickness of 5.5 mm is 1–2 ºС. 

 
Fig. 6. Temperature distribution across the cross-section for the moment of time t=28 min in the area  

of the middle ball valve  
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Fig. 7. Distribution of stresses in the area of the middle ball valve for the moment of time t=28 min: 
a – axial stresses; b – circumferential stresses; c – equivalent stresses 

 
a 

 
b 

 
c 

Fig. 8. Distribution of temperature stresses in the area of the middle ball valve:  
a – axial stresses; b – circumferential stresses; c – equivalent stresses 
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In the zone of gaseous reaction products, where their temperature at the time t=28 min reaches 335 ºС 
and higher, the maximum temperature of the pipe metal is lower than the gas temperature by 30 ºС, and the 
temperature difference along the wall thickness is about two degrees. The maximum axial and circumferential 
stresses are equal to σz=60 MPa, σ=100 MPa, respectively, the stress intensity is σі=110 MPa. 

In the area of the coupling and the ball valve, where the cross-sectional area of the elements of the hydro-
gen reactor increases abruptly, the metal does not have time to warm up, and therefore its temperature is lower. 

The cross-sectional temperature distribution for this moment in time in the area of the middle ball 
valve is shown in Fig. 6. 

The distribution of axial, circumferential and equivalent stresses obtained using the Mises criterion [8], 
for the moment of time t=28 min is shown in Fig. 7. 

The maximum contribution to the stressed state is given by the pressure of the reaction products in-
side the reactor. To estimate the contribution of temperature deformations, the calculation was performed at 
zero pressure of the reaction products. 

The maximum temperature stresses in the pipe are σz=-25 MPa, σ=-27 MPa, σі=28 MPa. The con-
tribution of temperature stresses in the ball valve area is much higher. The distribution of temperature 
stresses in the region of the second ball valve is shown in Fig. 8. 

The distribution of temperatures and stresses in the area of the upper ball valve is similar to the dis-
tribution in the area of the middle ball valve, but the maximum values are significantly lower due to the 
lower values of the heat exchange coefficients. 

Thermal stress state of the hydrogen generator during the barochemical process with the activation of 
hydrogen-generating substances 

In the case of a barochemical process with the activation of hydrogen-generating substances, the du-
ration of the thermobaric and chemical process is 9 minutes. The change over time in the temperature and 
pressure of the reaction products in the hydrogen generator is shown in Fig. 3. The maximum value of the 
reaction products pressure occurs at the time t=5.7 min, and one of the metal temperatures – at t=6 min. 

The temperature of the gaseous reaction products at the time t=5.7 min reaches 419 ºС and rises very 
quickly, so the maximum temperature in the reactor pipe, despite a higher heat exchange coefficient than in 
the previous case, reaches only 345 ºС (it lags behind the temperature of the reaction products by 74 ºС), and 
the temperature difference across the wall thickness is 7 ºС. 

At the time of 6 minutes, the temperature of the reaction products is 430 ºС, it has reached a maxi-
mum and starts decreasing. At the same time, the maximum temperature of the metal reaches 386 ºС with a 
difference in wall thickness of 5 ºС (it lags behind the temperature of the reaction products by 44 ºС). The 
distribution of temperatures along the generator cross-section in the area of the middle ball valve at time 
points t=5.7 and 6 min is shown in Fig. 9. 

 
a 

 
b 

Fig. 9. Temperature distribution along the generator cross-section in the area of the middle ball valve:  
a – time t=5.7 min; b – time t=6 min 
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a 

 
b 

 
c 

Fig. 10. Stress distribution at time t=5.7 min in the cross-section of the hydrogen generator  
in the area of the middle ball valve:  

a – axial stresses; b – circumferential stresses; c – equivalent stresses 

 
a 

 
b 

 
c 

Fig. 11. Distribution of temperature stresses in the cross-section in the area of the generator middle ball valve  
at zero pressure:  

a – axial stresses; b – circumferential stresses; c – equivalent stresses 



DYNAMICS AND STRENGTH OF MACHINES 

ISSN 2709-2984. Journal of Mechanical Engineering – Problemy Mashynobuduvannia, 2022, vol. 25, no. 3 36 

 
a 

 
b 

 
c 

Fig. 12. Distribution of stresses in the area of the middle ball valve at a pressure of Р=24.4 MPa and  
in the absence of a temperature field:  

a – axial stresses; b – circumferential stresses; c – equivalent stresses 

Maximum stresses on the inner surface of the pipe at time t=5.7 min at an internal pressure of 24.4 MPa 
σz=74.6 MPa, σ=169 MPa, σі=163 MPa. In the case of the action of pressure Р=24.4 MPa only, without taking 
into account the influence of temperature, the maximum stresses in the pipe are σz=63.1 MPa, σ=150 MPa, 
σі=147.4 MPa. 

The stress distribution at time t=5.7 min in the cross-section of the hydrogen generator in the area of 
the middle ball valve is shown in Fig. 10. 

The distribution of temperature stresses at zero pressure at time t=5.7 min in the cross-section of the 
hydrogen generator in the area of the middle ball valve is shown in Fig. 11. 

The distribution of stresses in the cross-section in the area of the middle ball valve of the generator at 
a pressure of Р =24.4 MPa, without taking into account the temperature is given in Fig. 12. 

The complex distribution of temperatures and stresses in the area of the generator middle ball valve 
should be noted. The pressure of gaseous reaction products has a greater contribution to the thermal stress 
state. At the same time, in areas of sharp change in the cross-sectional area, where significant temperature 
differences are observed, there is a significant contribution of temperature deformations. 

A similar distribution of temperatures and stresses is also observed in the area of the upper ball valve 
of the hydrogen generator, but their level is somewhat lower due to lower heat exchange coefficients on the 
inner surface. 

Conclusions 
The main component of the experimental stand, intended for the study of chemical and technical 

processes that are as close as possible to real formation ones, which take place during the intensification of 
hydrocarbon production, is the hydrogen generator. Its elements work at high pressures and temperatures in 
conditions of hydrogen embrittlement and an aggressive environment. In view of this, the study of the ther-
mal stress state, strength and resource becomes relevant. 

The paper, based on the finite element method, presents a methodology for calculating non-
stationary temperature fields and the thermal stress state observed in the hydrogen generator during thermo-
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baric and chemical processes of varying intensity, which takes into account the features of the geometry of 
the structure, the time-varying temperature and pressure distributions of the reaction products, the tempera-
ture dependence of the thermophysical and mechanical properties of the hydrogen generator material. 

A specific design was considered and a study of the thermal stress state during the flow of two real 
thermobaric and chemical processes of different intensity was performed. At the same time, graphs of tempera-
ture and pressure changes of the reaction products of hydroreactive substances in the generator over time, regis-
tered during the flow of the experiment, were used. 

Non-stationary temperature fields and time-varying stress distribution in the elements of the hydrogen 
generator were obtained. 

The moments and places of the maximum load of generator elements were determined. When the studied 
thermobaric and chemical processes take place, pressure makes a greater contribution to the thermal stress state. 

The generator has a sufficient margin of strength under conditions of elastic deformations up to the 
yield point of steel. It should be noted that the generator can be used at temperatures and stresses greater than 
the considered values. 

The developed theory and software can be used in the study of other options for the construction of 
generators and thermobaric and chemical processes occurring in them. 
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Розробка методики розрахунку напруженого стану і ресурсу генератора водню  
методом скінченних елементів 

П. П. Гонтаровський, Н. В. Сметанкіна, Н. Г. Гармаш, І. І. Мележик, Т. В. Протасова 

Інститут проблем машинобудування ім. А. М. Підгорного НАН України, 
61046, Україна, м. Харків, вул. Пожарського, 2/10 

Для дослідження водневого термобарохімічного впливу на ідентифікацію видобутку вуглеводнів ство-
рено експериментальний комплекс, який дає змогу відтворити хіміко-технологічні процеси, максимально на-
ближені до реальних пластових. Цей комплекс дозволяє досліджувати кінетику протікання не лише водневого і 
термобарохімічного впливу, а й інших термогазохімічних процесів, у тому числі з генеруванням водню. Голо-
вним елементом експериментального комплексу є генератор водню, складові якого працюють при високих ти-
сках і температурах в умовах водневого окрихчування механічних властивостей і агресивного середовища, що 
породжує корозію його внутрішньої поверхні. Виходячи з цього набуває актуальності розробка методики роз-
рахунку термонапруженого стану генератора, його міцності в умовах водневого окрихчування й ресурсу. На 
основі методу скінченних елементів запропоновано методику розрахунку нестаціонарних температурних полів 
і термонапруженого стану, що мають місце в генераторі водню при протіканні термобарохімічних процесів 
різної інтенсивності. Методика дозволяє враховувати особливості геометрії конструкції, змінні за часом роз-
поділи температур і тиску продуктів реакції, залежність від температури теплофізичних і механічних влас-
тивостей матеріалу генератора водню. Завдяки застосуванню розробленого програмного забезпечення прове-
дено дослідження термонапруженого стану генератора водню при протіканні двох реальних термобарохіміч-
них процесів різної інтенсивності. Використано графіки зміни за часом температур і тиску продуктів реакції 
гідрореагуючих речовин у генераторі, які було зареєстровано при протіканні експерименту. Отримано розпо-
діл нестаціонарних температурних полів і напружень в елементах генератора водню. Визначено області мак-
симального навантаження елементів генератора. Установлено, що при протіканні досліджених термобаро-
хімічних процесів більший внесок у термонапружений стан дає тиск. Одержані результати й розроблені ме-
тодичне і програмне забезпечення можуть використовуватися при дослідженні генераторів інших конструк-
цій з іншими термобарохімічними процесами, що протікають у них. 

Ключові слова: генератор водню, термобарохімічний процес, температурні поля, термонапружений 
стан, ресурс. 

Література 
1. Велігоцький Д. О., Кравченко О. В. Створення перспективної водневої технології підвищення дебіту та 

глибини вилучення нафти через використання воденьгенерувальних наносуспензій. Актуальні проблеми та 
перспективи розвитку геології: наука й виробництво: матеріали V Міжнародного геологічного форуму 
(ГЕОФОРУМ–2018), 18–23 червня, 2018, Одеса. К.: УкрДГРІ, 2018. Т. 2. С. 99–107. 

2. Кравченко О. В., Велигоцкий Д. А., Авраменко А. Н., Хабибуллин Р. А. Совершенствование технологии 
комплексного воздействия на продуктивные пласты нефтяных и газовых скважин. Восточно-Европейский 
журнал передовых технологий. 2014. Т. 6. № 5 (72). С. 4–9. https://doi.org/10.15587/1729-4061.2014.29316. 

3. Велигоцкий Д. А., Баштовой А. В. Установка для комплексных исследований проницаемости и фильтраци-
онных характеристик кернов горной породы. Современные проблемы машиностроения: тезисы докладов 



ДИНАМІКА ТА МІЦНІСТЬ МАШИН  

ISSN 2709-2984. Проблеми машинобудування. 2022. Т. 25. № 3 39 

конференции молодых ученых и специалистов, 17–20 апреля, 2018, Харьков, ИПМаш им. А. Н. Подгорного 
НАНУ. Харьков: ИПМаш им. А. Н. Подгорного НАНУ, 2018. C. 30.  

4. Kravchenko O., Veligotskyi D., Bashtovyi A., Veligotska Yu. Improving the controllability and effectiveness of the 
chemical-technological process of the technology for hydrogen thermobaric chemical stimulation of hydrocarbon 
recovery. Eastern-European Journal of Enterprise Technologies. 2019. Vol. 6. No. 6 (102). P. 57–66. 
https://doi.org/10.15587/1729-4061.2019.188615. 

5. Овчинников И. И. Исследование поведения оболочечных конструкций, эксплуатирующихся в средах, вы-
зывающих коррозионное растрескивание. Науковедение. 2012. № 4. С. 1–30. 

6. Василенко И. И., Мелехов Р. К. Коррозионное растрескивание сталей. Киев: Наукова думка, 1977. 264 с. 
7. Колачев Б. А. Водородная хрупкость металлов. М.: Металлургия, 1985. 216 с. 
8. Подгорный А. Н., Гонтаровский П. П., Киркач Б. Н., Матюхин Ю. И., Хавин Г. Л. Задачи контактного 

взаимодействия элементов конструкций. Киев: Наукова думка, 1989. 232 с. 
9. Hontarovskyi P. P., Smetankina N. V., Garmash N. H., Melezhyk I. I. Analysis of crack growth in the wall of an 

electrolyser compartment. Journal of Mechanical Engineering – Problemy Mashynobuduvannia. 2020. Vol. 23. 
No. 4. P. 38–44. https://doi.org/10.15407/pmach2020.04.038. 

10. Hontarovskyi Р. P., Smetankina N. V., Ugrimov S. V., Garmash N. H., Melezhyk I. I. Numerical investigations of the 
crack resistance of ion-exchange strengthened sheet glass under bending strains. Journal of Mechanical Engineering – 
Problemy Mashynobuduvannia. Vol. 24. No. 3. P. 27–34. https://doi.org/10.15407/pmach2021.03.027. 

11. Механіка руйнування та міцність матеріалів: Довід. посіб. / Під заг. ред. В. В. Панасюка. Т. 7: Надійність та 
довговічність елементів конструкцій теплоенергетичного устаткування / І. М. Дмитрах, А. Б. Вайнман, 
М. Г. Стащук, Л. Тот. Під ред. І. М. Дмитраха. Київ: ВД «Академперіодика», 2005. 378 с. 

12. Hontarovskyi Р. P., Smetankina N. V., Ugrimov S. V., Garmash N. H., Melezhyk I. I. Computational studies of the 
thermal stress state of multilayer glazing with electric heating. Journal of Mechanical Engineering – Problemy 
Mashynobuduvannia. 2022. Vol. 25. No. 2. P. 14–21. https://doi.org/10.15407/pmach2022.02.014. 

 


