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WATER REALITY IN UKRAINE AND WORLDWIDE

Purpose. The paper analyzes the state of water management in Ukraine and worldwide, as well as the best prac-
tices in this area. Methodology. The study was carried out based on the analysis of literature sources and reporting
data on the state of water management in Ukraine, European countries, the USA (2010-2016).
Findings. The water state analysis in the regions of Ukraine showed that the quality in most cases is close to or
meets the requirements for drinking water. Drinking tap water requires post-treatment in all regions of the country.
The main issue for today is the production of the necessary equipment for treatment plants. Unfortunately, not all
equipment is produced in Ukraine. The condition of rural water pipelines is of particular concern. Among the tested
pipelines 7.3% do not comply with the rules and regulations. At the same time, only 25% of villages in Ukraine are
provided with centralized water supply. Originality. The authors presented the results of a comprehensive review of
the world's issues on disinfection of drinking and waste water, where various methods are used, partly in combina-
tion with each other in Ukraine and the worldwide. The main unresolved issue today is the issue of the residual
quantity of drugs in the drinking water. The main environmental threat of the world scale is the presence of medi-
cines in drinking water. The treatment facilities are not suitable for the decomposition or trapping of medicinal
products. Nowhere in the world there is protection from these substances. One of the key issues in the solution of
drinking water production is seawater desalination. To reduce the cost of desalination of sea water the SWRO-
membrane technology is used. Practical value. Water problems are number one problems all over the world and in
Ukraine as well. It is necessary to provide for additional financing to solve problems in the preparation and purifica-
tion of waters, not with whatever funds remain, taking into account the fact that water is the basis of life on earth as
a whole, the health and life of the nation depends on the quality of the water supply source.

Key words: waste and drinking water treatment; medicines in wastewater; new sources of drinking water;
disinfection of waste and drinking water; desalination plants; fresh water production from seas

by water resources [1]. They do not just convince

Introduction us of this, but rather state that water is becoming a

means by which the world's main problems can be

solved in aggregate: food, energy, economic,
health and climate change.

According to UNESCO's predictions, in 2020,

lack of water will be one of the main world prob-

Let's try to look into the future and believe in
the reality created on the screen. The films of 2008
«James Bond. Agent 007: Quantum of Solace» and
2015 «Mad Max: Fury Road» have one common
global storyline, where the main roles are played
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lems and possibly cause of wars in the region of
China, India, Pakistan, where the largest number of
people live and there is a great lack of water. This
is predicted by the Norwegian scientist Terje Tvedt
in his book «A Journey in the Future of Water»
[12]. The author warns us that the most terrible
wars of humanity are yet to come, and these will
be wars for the right to have water. Today all over
the world the agenda has the questions of the fu-
ture existence of mankind, which, not for the first
time in history, is directly associated with water
resources and our capabilities to manage them.

Another environmental specialist L. Ron Hub-
bard said: «Humanity has reached such a level of
development that it can destroy the planet. Now we
need to raise it to a level where it would be able to
save it and begin to act in this direction». [14].

Top 5 global risks for the next 10 years
(= 2026): 39.8% — water crisis; 36.7% - insuffi-
cient measures to mitigate the climate change ef-
fects and adapt to them; 26.5% — extreme weather
events; 25.2% — food crisis; 23.3% — deep social
instability [1-20].

Purpose

Problems related to the quality of drinking wa-
ter are of concern to millions of people in Ukraine,
regardless of the regions in which they live. Most
of the country's population uses tap water in eve-
ryday life. In this regard, from year to year for any
resident there is a relevant question: is this water
suitable for drinking? Do we need to clean it up
with filters? Is it possible to get high quality water
in the given conditions from tap water, the quality
and taste of which often leaves much to be
desired?

Methodology

The information search conducted by us
showed that most often the water service company
is one of the oldest municipal buildings in the city,
which is not surprising, since the centralized water
supply system began to be laid in the late XIX —
early XX centuries (Table 1) [7]. The length of the
water supply network is both an advantage and
a disadvantage.

The advantage is: the longer the water supply
network, the more houses and enterprises can re-
ceive purified water; the disadvantage is that it is

more difficult to ensure water bacteriological safe-
ty.

Table 1
General information about water service companies

of Ukraine (according to the official websites
of water service companies)

Public utility company Established, Length of
year water sup-
ply network,
km
PJSC AK Ki- 1874 4000
evvodokanal
KP 1932 3500
Donetskgorkvodokanal
KP Dniprovodokanal 1869 2002
KP Kharkivvodokanal 1881 2570
Infosvodokanal (Odes- 1873 1400
sa)
KP Mykolaivvodokanal 1906 1200
KP Lvivvodokanal 1901 1100
KP PRC Poltava- 1900 817
vodokanal
KP Cherkasyvodokanal 1914 460

The scheme of water treatment used in
Ukrainian utility companies is traditional and con-
sists of the following stages: dosing of reagents
(coagulant, flocculant, oxidizer), mixing and set-
tling, filtering, decontamination, supply to the con-
sumer. All enterprises for water disinfection use
chlorination, the exception is the Dnipro station
where ozonization is used (Kiev). It should be
noted that the equipment wused for water
disinfection in most cases is extremely deteriorated
and requires immediate reconstruction.

Requirements to water quality according to the
main indicators by DerzhSanPin 2.2.4.-171-10
«Hygienic requirements for drinking water,
intended for human consumption»:

Dry residue, mg/l <1000
Permanganate oxidability, mgO2/1 <5
Color, degrees <20

Hardness, mg-eq/1 <7

Aluminum, mg/l1 <0.2

Manganese, mg/l < 0.05
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Sulphates, mg/1 <250 Imbalance, the difference between the required
Chlorides, mg/l <250 amount of water and available, exceeds the value

Nitrates, mg/l < 50
Fluorides, mg/1 < 1.5

As shown by the research data, the following
above-limit values were noted according to the
requirements of DerzhanSanPin 2.2.4.-171-10 [5]:

— oxidation (from 4.4 to 8.8 mgO2/l) and
colour (from 21 to 38 degrees) — in samples of tap
water in the cities of Dnipro, Kiev, Cherkassy, Do-
netsk, Nikolaev, this is due to a significant content
of natural organic (humic) compounds in surface
water — sources of water supply;

— hardness (from 7 to 8.5 mg-eq/l) — in the
samples of the cities of Donetsk, Kharkiv, Lviv,
which is conditioned by groundwater (or make up
of groundwater) in water supply sources;

— iron — in water samples of the city of Lviv
(0.38 mg/l);

— aluminum - in the water of Donetsk and
Kiev, which is associated with the use of the cor-
responding coagulants in the cleaning technology.

Findings

The obtained water quality monitoring data in
the regions of Ukraine during the flood period
showed that not everything is as bad as one could
imagine, and despite the scandalous Internet mes-
saging, the quality of tap water in various cities of
Ukraine is in most cases close or meets the re-
quirements for drinking water. However, it is also
obvious that tap water in all regions should be ad-
ditionally purified.

Provision of Ukraine with water resources,
despite the abundance of various small and large
reservoirs. Ukraine is one of the least well-water-
resourced countries in Europe [10].

Provision of European countries with water re-
sources (thousand m® per year per inhabitant):
Ukraine — 1.2; Sweden — 24.0; Europe - 8.6;
Austria — 7.7; Switzerland — 7.3; France — 4.6.

Regions of the country are provided with water
in different ways. So, in Uzhhorod we reach the
level of 6.27 ths. m® per year per inhabitant of the
prosperous Switzerland, and in the Odessa region
(0.14 ths. m® per year per inhabitant) we go down
to the level of arid Algeria.

In general, for more than half of the country's
territory, the level of water supply corresponds to
the gradation «catastrophically low».

of 10 ths. m® per year per person («catastrophic»)
and is observed in 5 southeastern regions of
Ukraine. Also five regions can be considered the
«balanced» (less than 1 ths. m® per year per per-
son) — four western and one northern region. On
the average, Ukraine is in the zone between «per-
missible» (from 0.1 to 0.3) and «extraordinary»
(1.0 to 2.0) unbalance. In this case, it is necessary
to think about alternative sources of water supply
(for example, reuse of wastewater, seawater desal-
ination, etc.)

Ukraine consumes 15 km® of water a year.
Basically, water comes from surface freshwater
sources of 12.15 km? per year or 81%, mainly from
the Dnieper River — 9.3 km® of water per year
or 77%. This amounts to approximately 26% of the
total water in the Dnieper. Underground water
makes up 13%, and seawater — 6%.

Water, taken from underground sources, does
not reach the consumer due to the high content of
salts and the profitability of its preparation. This
applies to mine waters, the content of which in the
total volume of groundwater withdrawn is 60 —
70%. Obviously, the organization of purification of
mine waters to the level of the requirements if not
for drinking water, at least for technical water and
increasing the share of sea water can serve to stabi-
lize the situation with water.

The distribution of water between the main
consumers is constantly changing. Thus, in the pe-
riod from 2006 to 2012, the share of water used in
agriculture increased from 19 to 40% (from 2.6 to
5.7 km® per year), and in industry it decreased
from 60% to 42% (from 8.6 to 5.9 km®). The con-
sumption of water in the housing and communal
services (HCS) has decreased from 4.1 to 3.1 km®.
This is due both to decreased population (from
46929 thousand in 2006 to 45633 thousand in
2012), and with consumers’ attempts to save water.

Distribution of water between the main indus-
tries: 66% — electricity; 27% — metallurgy; 2% —
chemical industry; 2% - food industry; 3% -
others. Total use is 5.9 km® per year.

Distribution of desalted water among the main
industries: 31% — electric power industry; 31% —
metallurgy; 26% — chemical industry; 12% - pro-
duction of beverages.
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The agriculture uses 5.7 km® of water per year,
of which 92% are used for irrigation (melioration
and gardening) and 8% for agricultural water sup-
ply.

Unfortunately, not all the collected water
reaches the consumer. On average, up to 20% of
water falls to transport losses.

Water losses are 2.3 km?® per year, whereof: in
housing and communal services — 50%; in
industry — 25%; in agriculture — 25%.

Water consumption in housing and communal
services (km® per year): taken — 3.3; supplied to the
network — 2.9; implemented — 1.9; losses and ex-
penses — 1.4.

The main water losses in the housing and
communal services are due to the unsatisfactory
condition of the water supply network; the total
length of pipelines is 135,958 km, of which
51,855 km (or 38%) requires urgent replacement.
The annual replacement of pipes is carried out in
the volume of 1 — 2% of the required one.

The main «producers» of wastewater: agricul-
ture — 12% (0.95 km®); housing and communal
services (HCS) — 27% (2.1 km®); industry — 61%
(4.75 km®).

Condition of wastewater generated: contami-
nated — 19% (1.5 km®); normatively purified —
23% (1.8 km®); normally clean without treatment —
58% (4.5 km®).

The main amount of pollution comes from in-
dustrial wastewater (61%), only 9% of which is
reused. One third of the volume of communal
wastewater is discharged untreated.

Water quality. About 15% of the samples
examined did not meet the standards for sanitary
and chemical parameters, and about 4% - for sani-
tary and bacteriological indicators.

Of great concern is the condition of rural water
pipelines; among tested rural water pipelines —
7.3% do not comply with the rules and regulations.
At the same time, only 25% of villages in Ukraine
are provided with centralized water supply.

According to experts, the payback period of in-
vestments in the city's HCS infrastructure is about
10 years, which means that utility companies need
long-term and inexpensive credit resources, at least
for the same period.

Not all the necessary equipment is produced in
Ukraine, but even in cases when there are competi-
tive domestic analogues or companies that can per-

form works well and qualitatively, foreign compa-
nies are preferred. The same applies to the terms of
tenders for project implementation.

The package of documents for receiving HCS
financing should be prepared with the involvement
of qualified specialists at all levels from the Minis-
try and local authorities to specialist practitioners
of manufacturing enterprises, economists, de-
signers, installers, and others.

The activation of Ukraine's participation in at-
tracting loans from international financial organi-
zations for the reconstruction of HCS utilities is
a strategically necessary and objectively important
step, but it must be appropriately calculated and
prepared.

For cold water in Germany they pay in average
2 €/m?, in Lithuania — 1.3 €/m°, in Poland - 1 €/m?®,
in Ukraine — 0.4 €/m°,

Summarizing conclusions on the water econo-
my of Ukraine: water saving; local treatment of
wastewater and its maximum re-use; increase in
the volume of water used from alternative
sources — seas, mines, etc.; use of local systems
wherever possible — both for water preparation and
post-treatment.

We consciously do not mention the two most
radical and correct, but at the same time utopian
ways — improvement of the technology of centra-
lized water treatment and rehabilitation of water
supply networks. The expensiveness of these solu-
tions and the financial condition of Ukraine in the
foreseeable future are unlikely to be compatible.
And the remote future is still far distant.

Originality and practical value

«Presence of drugs in drinking water is a ter-
rible environmental threat on a global scale.
Pharmaceutical firms do not want even to hear
about this problem — they do not want to spend
huge money on the development and introduction
of drugs that are fully absorbed by the body. But in
the next two to three years they will have to listen
to the opinion of ecologists and radically change
the strategy of production of medicines», the
modern ecologist Thomas Turne said (2016) [2].

Thousands of pharmaceutical factories annually
launch tens of millions of tons of medicines on the
world market. The volume of medicines sales in
the world exceeds the volume of oil sales. Until
recently, no one thought about their final fate. The
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scientists found that more than half of the medici-
nal preparations are excreted from the human body
in biologically active form and practically do not
lose their properties. They come in colossal quanti-
ties into sewage and from there to drinking water
sources [2].

The international database of chemicals in-
cludes 56 million items. Maximum permissible
concentrations (MPCs) are defined for only 1% of
potential water pollutants. While the laboratories
that lead control may register even less amounts.

In 2007, German chemists Thomas Heberer and
Hans-Jurgen Stan discovered in the groundwaters
of Germany and Switzerland significant quantities
of a popular in Europe drug for reduction in blood
cholesterol. Soon the scientists also found other
medicines in rivers, lakes and deep aquifers.

Consequently, each of us uses a medicine box
full of high-potent pharmaceutical drugs from the
tap every day.

Wastewater treatment plants, as a rule, are not
adapted for decomposition or trapping of medicinal
products. An effective method for wastewater
treatment can be physical and physicochemical
methods of purification (ozonation, membrane fil-
tration, reverse osmosis, sorption, etc.). They even
offer to create special toilets for cleaning and pro-
cessing urine in hospitals, outpatient clinics, etc.

Waste medicines and pharmaceuticals are
called organic micropollutants (OMP). This group
includes pharmaceuticals, personal care products
and pesticides, which are in the list of priority pol-
lutants of the US Environmental Protection Agen-
cy, and are also of priority for the European Envi-
ronment Agency.

In 2015, the European Commission developed
a control list of substances to be monitored on a
European Union scale — EU Directive 2015 (495)
of 20 March 2015. The following substances were
included in the control list: diclofenac, synthetic
(EE2) and natural (E2), hormones (E1), three anti-
biotics (including erythromycin), a number of pes-
ticides (methiocarb, etc.); antioxidant, which is
used as a food additive.

OMP sources are: 1 — industrial wastewater;
2 — agricultural wastewater; 3 — landfills of house-
hold waste; 4 — household and hospital wastewater.

The existing wastewater treatment technologies
are not designed to remove OMP. Both by physical

and chemical characteristics and because of their
low content in the treated water.

For example, one of the OMP components is
diclofenac, an anti-inflammatory drug that is wide-
ly used in surgery, traumatology, sports medicine,
neurology, gynecology, urology, oncology and
ophthalmology. Experts propose to completely ban
it due to an increase (approximately by 40%) of the
risk of heart attacks and other cardiovascular di-
seases in case of long-term ingestion. To purify
waters from diclofenac, it is recommended to use
a combined method -microfiltration and reverse
0SMOsis.

In conclusion, | would like to note the follow-
ing: until now in Ukraine the problem of natural
waters pollution with OMP has not been consi-
dered either at the official or academic levels. In
our country there are no normative legal docu-
ments that regulate the discharge of these sub-
stances into water bodies. According to the Pro-
posal to the Basic Plan for Adaptation of National
Environmental Legislation to the Legislation of the
European Union, an immediate solution is required
to develop and implement scientifically sound
standards for the maximum permissible discharge
of OMP into surface waters and strict control over
their observance.

Foreign water news.

Europe's water economy is estimated according
to The Richest, which makes the ratings of the
top-10 by a variety of indicators.

Norway occupies the second place in the quali-
ty of tap water, second only to Switzerland [8].
The secret lies in the systemic approach to water
management — from water intake to wastewater
discharge after treatment, which in general is not a
secret, but the prescribed truth of the water man-
agement textbooks. The recipe for translating theo-
retical principles into practice begins with the
obligatory study of water management by students
of engineering specialties who come to water
treatment plants, industrial enterprises and local
authorities, think not only about how to prepare
water to the level of industry standards, but also
about how to protect the water environment,
reduce the consumption of reagents and electricity,
thereby reducing the negative impact on the envi-
ronment [3, 4].

The officially proclaimed mission of the Nor-
wegian water sector is caring for health and envi-
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ronment. Annually, water treatment plants purify
700 million m® of drinking water and the same
volume is discharged after treatment. An interest-
ing fact is that there are more sewage treatment
plants in the country than water treatment plants.
2,700 stations are in communal ownership and they
cover 84% of the population, the remaining 16%
use small local wastewater treatment systems,
which amount to 330 000. The average water con-
sumption in Norway is 200 liters per day per per-
son. In total, 1,600 water treatment plants operate
in the country, providing 90% of the population
with water, while the remaining 10% use private
wells.

One of the fundamental principles of water
management is the exclusion or minimization of
waste. So in Norway, all sludge from wastewater
treatment plants is used as a safe and effective fer-
tilizer in agriculture and gardening.

Money for the development of water infrastruc-
ture comes not from the sale of oil, as some think,
but from the municipal budget, which is filled with
payments for water supply and sanitation. So, on
average, each household pays for water supply and
sanitation about 850 euros per year. However,
many municipalities already today point out the
need to raise water fees, so that future generations
would not have to pay tens of times more for water
because of the urgent need for capital repairs.

Water management in Norway is a good
example of following the methods of water man-
agement; the art, which is easy to learn and is
a good example of developed countries.

In a small area of Switzerland, there is 6% of
freshwater resources in Europe [11]. The average
water consumption in Switzerland is 162 l/day per
person. The sources of drinking water supply in
Switzerland are spring waters - 40%,
groundwater — 40%, water of rivers and lakes —
20%.

95% of Swiss citizens drink tap water. The
quality and quantity of Switzerland's water re-
sources can only be envied. Therefore, the source
of drinking water supply in each case is chosen
very carefully. It is interesting that the methods of
drinking water disinfection are different in
different cities. So, in the cities of Olten and
Trimbach, which use only underground water, the
latter is decontaminated only with chlorine diox-
ideln the nearby village of Dulliken (underground

water), ozone is used for disinfection. The city of
Oftringen, which uses underground and spring
water in the ratio of 90% and 10% respectively,
applies ultraviolet.

It is also curious that the amount of water in
Switzerland is regulated by the law on food
products. This imposes even more stringent re-
guirements and restrictions to be met by the tap
water quality. Tap water in Switzerland is equal or
even superior in quality of bottled mineral water.
In addition, tap water is cheaper. Thus, the average
price of tap water is 0.0018 CHF/I, while that of
the bottled water is 0.8 CHF/I.

The cost of tap water in different cities of
Switzerland varies significantly. The highest tariff
is in St. Gallen, about 3 CHF/m®, and the lowest
one in Stans — only 0.5 CHF/m°.

Water hardness scale in  Switzerland:
0 — 0.7 mmol/dm® — wvery soft water;
07 - 15 mmol/ldm® - soft water;

1.5 — 2.5 mmol/dm?® — water of medium hardness;
2.5 — 3.2 mmol/dm?® — moderately hard water; 3.2 —
4.2 mmol/dm® - hard water; More than 4.2
mmol/dm?® — very hard water.

The Swiss are not only proud of their water
quality, but also cherish the water treasure that
they inherited. It would be desirable for the people
of Ukraine to know about this and follow every-
thing like the Swiss.

Switzerland re-processes almost 100% of the
waste. The garbage sorting system here is brought
to the absolute and even to the point of absurdity as
it may seem to someone. Herewith, the system
does not know exceptions — everyone has to throw
garbage in different containers. Those who do not
agree pay a fine. In Switzerland, [6] there is a so-
called environmental police, which, using modern
technology, analyzes the garbage left in the wrong
place or without paying tax, finds and penalizes an
offender. More than 90% of the glass containers
are returned to factories for glass recycling. At the
same time, only when you return some types of
beer bottles to the store you can get a certain re-
ward. In other cases, those who hand over bottles
do not receive anything for this. The paper is pro-
cessed separately from the cardboard. 60% of all
batteries sold in Switzerland are recycled and not
thrown in the garbage. Separately handed over
items are: daylight lamps, cans, PET bottles,
household appliances. It is strictly forbidden to
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change the oil in your own car — this should be
done at technical stations.

If you want, you can certainly not sort the
garbage. In this case, you have to pay the tax,
which is collected from each kilogram of waste.
For 5 kg of garbage you will have to pay about 2 —
3 francs, but to hand over waste to special points of
reception costs nothing. It is worth noting that this
was not always the case. In 80-ies of the twentieth
century, the environmental situation in Switzerland
was disastrous, only to Zurich more than
3,000 tons of waste was brought per day. The first
step in solving this environmental puzzle was the
introduction of a garbage duty.

As a result, Switzerland is now one of the most
environmentally friendly countries in the world,
with developed public transport and clean moun-
tain air. One can safely drink water from any lake
or tap.

Singapore today is the only country in the
world that does not discharge a single liter of
sewage [12]. That is, the sewage produced by the
city-state is collected, purified and re-used. For
example, wastewater purified for drinking purpos-
es and bottled is called «<New Water».

In the state of California (USA) for more than
30 years, the joint utility company (Orange County
Water District and Orange County Sanitation Dis-
trict) has been operating to produce clean drinking
water from urban sewage [18]. The purification
system contains three main stages: microfiltration,
reverse 0smosis, post-treatment by ultraviolet.

The enterprise capacity is 32 thousand m*/day.

The city of Fukuoka (Japan) was the first to get
hydrogen from sewage and use it as a fuel for cars
[19]. The station works only 12 hours a day, and
the gas produced there is enough to fill 65 cars. At
the same time, working at full capacity, the station
can provide hydrogen for up to 600 cars per day.

Scientists from the Netherlands proposed the
technology of obtaining one of the main compo-
nents of bioplastics, namely polyhydroxyalkanoate,
from wastewater components and spent activated
sludge [17].

In Poland, private companies use mussels for
drinking water quality monitoring. This is due to
the fact that the mussels respond instantly to
changes in water quality and are closed, in case it
is deteriorated, protecting themselves from the
harmful effects of the environment [19]. The sys-

tem works online and gives the opportunity to re-
spond to emerging water quality problems.

Water and human body. Since school, we have
learned the truth that a human is 80% water. How-
ever, this value is averaged. For example, in
a newborn child, water occupies 80% of the body
weight, for a 4-month-old baby it is 93%, for a per-
son in «his/her prime» — 70-75%, and for the
elderly — only 60-65%.

Water helps the human body to breathe, carry
out thermoregulation and transport of substances.

Loss of 1% of water from body weight reduces
human performance, with a loss of 2% a person
experiences a strong thirst, loss of 10% can cause
syncope and hallucinations, loss of more than 12%
is lethal.

It is necessary to drink water as often as pos-
sible, each time not more than a glass. The water
must be fresh non-carbonated and soft.

The norm for adults is to drink during the day
30 grams of water per kilogram of weight at the
outside temperature of 20-25°C, for teens this rate
is twice as high.

The production of 1 kg of chocolate requires
24 m® of water, 1 kg of meat — 15.5 m®, 1 kg of
sugar — 1.5 m®, 1 cup of coffee — 140 I.

«Water Footprint» is a term that reflects the
amount of water expended in the production of
various goods or services. The definition of «water
footprint», as a rule, applies to the consumer of
water (human, organization, country) and takes
into account the source of water consumed, as well
as the time and intensity of consumption.

According to the calculations, the «water foot-
print» of each average inhabitant of the earth is
1,240 m® of water per year.

Countries with the lowest «water footprint»
include Latvia, Georgia, Hungary, China, Afgha-
nistan, Peru, Congo, Angola and (600 — 1,000 m?
of water per year per person), the countries with
the highest water footprint are the USA, Greece,
Malaysia, Russia, Italy, Thailand, Spain, Sudan
(2,100 — 2,500 m* of water per year per person).

70% of all fresh water withdrawn from the
environment by man goes to irrigation of agricul-
tural land.

Specialists note that drinking water contami-
nated with nitrates when it is consumed is extreme-
ly dangerous for infants.
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And can water be carcinogenic? Yes! After wa-
ter chlorination the gaseous chlorine with the or-
ganic part of water form carcinogenic substances.

Desalination of sea water. Reverse osmosis.
Climatologists claim that the planet is to be faced
with dry years, so already now there is reassess-
ment of traditional water supplies [1]. The popula-
tion is growing, and with it — the demand for water,
which means that new sources of water supply will
be needed.

In response to increased water shortages over
the past 30 years, desalination has become a viable
alternative to traditional sources of water supply.
According to the International Desalination Asso-
ciation, more than 17,000 water desalination plants
currently operate in 120 countries [13-16, 20]. At
the same time, desalination provides only about
1% of the world's drinking water needs, but this
proportion grows from year to year.

Desalinated drinking water is obtained either
from brackish water (salt content <10 000 mg/l) or
from sea water (mineralization from 14 000 to
44 000 mg/l). The total volume of brackish water
in the world is limited (<1% of the world's water
reserves).

The global ocean contains > 97.2% of the
world's water resources. This is 1 330 million km®
of alternative water in addition to the available
41 thousand km® of available fresh water from
rivers, lakes and artesian springs. The ocean has its
own distinctive features - its resources are virtually
unlimited and their extent is not affected by
drought and climate change.

More than 50% of the world's population lives
in cities bordering the ocean. The group of leaders
of the water desalination market in the period of
2010 — 2013 was presented by Saudi Arabia, USA
and Australia. Further in this list there are Israel,
Kuwait, Libya, the United Arab Emirates, China,
India and Chile. According to statistics, the num-
ber of desalination centers in these regions is con-
tinuously growing at a rate of 7 to 9% per year.

The first thermal desalination plant started
operation in the late 1850s on ships for boilers and
drinking purposes. Over the past 10 years, desali-
nation with seawater reverse osmosis (SWRO)
membranes has dominated all desalination mar-
kets, except the Middle East (evaporation is the
dominant technology).

Water desalination technologies: 63% — reverse
osmosis; 31% — distillation; 3% - electrodialysis;
3% — combined methods.

In the Old World, Spain is of particular interest,
as 40 years ago (in 1966) it built the first
membrane plant in Europe for sea water desalina-
tion on the Canary lIslands, and to this day it has
been using these technologies most actively among
European countries. In that way 40% of the water
consumed by the city of Alicante (310 000 inhabit-
ants) located on the Mediterranean coast is provid-
ed by membrane desalination plants. Today in
Spain there are more than 900 such plants, the total
capacity of which is 1.5 million m*/day and 49% of
them desalinate sea water.

One of the key factors in reducing the cost of
seawater desalination is the progress of SWRO
membrane technology. First of all, this is the
emergence of a new generation of low-pressure
membranes with an increased surface area, with
high resistance to fouling and biological effects.

The world leader in SWRO membrane produc-
tion is Dow Chemical (USA). This is one of the
largest companies that invest in research and de-
velopment (R&D) in the chemical industry. In
2011, the company invested $ 1.65 billion in
innovative development; the staff employed in
R&D amounted to 5,500 specialists.

Conclusions

In conclusion, it should be noted that water re-
sources are a strategic issue of all countries of the
world, their environmental, economic and energy
development and food problems:

— The obtained water quality monitoring data
in the regions of Ukraine during the flood period
showed that not everything is as bad as one could
imagine, and despite the scandalous Internet mes-
saging, the quality of tap water in various cities of
Ukraine is in most cases close or meets the re-
quirements for drinking water. However, it is also
obvious that tap water in all regions should be ad-
ditionally purified;

— Imbalance exceeds the value of 10 thousand
m?® per year per person («catastrophic») and is ob-
served in 5 southeastern regions of Ukraine. Also
five regions can be considered the «balanced» (less
than 1 ths. m® per year per person) — four western
and one northern region. On the average, Ukraine
is in the zone between «permissible» (from 0.1

doi 10.15802/stp2017/113695

14

© L. F. Dolina, P. B. Mashykhina, A.A. Karpo, A. A. Mishchenko, 2017



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpancnopty. BicHuk /IHIIponeTpoBCsKOro

HALOHAIIBHOTO YHIBEPCUTETY 3alli3HHYHOro Tpancnopty, 2017, Ne 5 (71)

EKOJIOI'I HA TPAHCIIOPTI

to 0.3) and «extraordinary» (1.0 to 2.0) unbalance.
In this case, it is necessary to think about alterna-
tive sources of water supply (for example, reuse of
wastewater, seawater desalination, etc.);

— On average, up to 20% of water falls on
transport losses. The main water losses in the HCS
are due to the unsatisfactory condition of the water
supply network;

— The main amount of pollution comes from
industrial wastewater (61%), only 9% of which is
reused. One third of the volume of communal
wastewater is discharged untreated:;

— About 15% of the samples examined did not
meet the standards for sanitary and chemical indi-
cators, and about 4% — for sanitary-bacteriological
indicators;

— The activation of Ukraine's participation in
attracting loans from international financial organ-
izations for the reconstruction of utilities is
a strategically necessary and objectively important

step, but it must be appropriately calculated and
prepared;

— Up to now in Ukraine the problem of natural
waters pollution with OMP has not been consid-
ered either at the official or academic levels. In our
country there are no normative legal documents;

— Water management in Norway is a good
example of following the methods of water man-
agement; the art, which is easy to learn and is
a good example of developed countries;

— In response to increased water shortages over
the past 30 years, desalination has become a viable
alternative to traditional sources of water supply.
According to the International Desalination Asso-
ciation, more than 17,000 water desalination plants
currently operate in 120 countries. At the same
time, desalination provides only about 1% of the
world's drinking water needs, but this proportion
grows from year to year.
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BO/HI PEAJIII B YKPAIHI TA CBITI

Meta. ¥V crarTi He0OXiTHO POaHATI3yBaTH CTaH BOJHOTO TOCIIOAapCTBAa B YKpaiHi Ta CBITI, @ TAKOX KpaIli 10-
CSITHEHHS B IbOMY HanpsiMKy. Meroauka. Jlocii/UkeHHS BUKOHAHI Ha MiJCTaBl aHai3y JiTEpaTypHHUX JUKEpEeN Ta
3BITHMX JaHUX IPO CTaH BOJHOIO rocnojapcTBa B YKpaiHi, eBponelchkux kpainax ta CIIA (2010-2016 pp.).
Pe3ynbTaTn. AHamii3 cTaHy BOJY B perioHax YKpaiHU MOKa3as, IO ii SKICTh Y OUIBIIOCTI BUMAIKIB BiMOBIIA€ BU-
Moram JUisi TUTHOT BoJH abo OJM3bKa 10 HUX, ajie OTPIOHE JOOYMIIEHHS TUTHOI BOJM, 1[0 HAJXOAUTH Y BOJOIPO-
BiJl, B yCiX perioHax kpainu. OCHOBHUM MUTAHHSAM Ha CHOTOIHIIIHINA JICHh € BUPOOHHUIITBO HEOOXITHOTO 00JIaHAH-
HS UL OYHCHUX criopyn. Ha »amb, He Bce 00IagHaHHS BUTOTOBISETECA B YKpaiHi. CTaH CITBCHKHX BOJOIIPOBO/IIB
BUKJIMKAa€ OCOONMBE 3aHETOKOEHHA. 3 TEPEBIPEeHHX BOAOMPOBOAIB — 7,3 % He BIANOBINAIOTE HOpPMam
Ta mpaBwiaM. Y TOH € 4Yac LEHTPali30BaHMM BOJOINOCTadaHHAM 3abe3medeHo aume 25 % cim YkpaiHw.
HaykoBa HoBH3HA. ABTOpaMH NIpECTaBJICH] PE3y/IbTaTH KOMIUIEKCHOTO PO3IJIALY MHUTaHb 3HE3apPa)KeHHS MUTHOL
Ta CTIYHOI BOJ, I¢ BHKOPHCTOBYIOTHCS Pi3HI METOH, YaCTKOBO B KOMOIHYBaHHI OJVH i3 onHUM (peanii Ykpainu ta
cBiTy). [ 07TOBHUM, HEBUPIIIICHNM Ha CHOTOJHIIIHIN I€HB, € MMNTAHHS 3aJHIIKOBOI KiJIBKOCTI JIIKiB, IO MOTPAIUISIOTH
y nuTHY Boay. OCHOBHa €KOJIOT1YHa 3arpo3a CBITOBOIO MaciuTaldy B MUTHii BOAI — HasBHICTS JIikiB. O4KCHI criopy-
1 HE TPUCTOCOBAHI JJIs PO3KIAJaHHS a00 BHUSBJICHHS JIIKapChKHUX 3ac00iB. Y BCbOMY CBITI Hille HE mepeadaveHa
O6opoTeba 3 mumMu pedoBnHamu. OMHMM i3 KIIIOUYOBHMX IHMTaHb BHPILIEHHS MpOOJIEeMH BUIOOYTKY MHTHOI BOJIU
€ OIIPiCHEHHS MOPCHKOT Boju. J[isi 3HMIKEHHS BAPTOCTI ONPICHEHHS! MOPCHKOT BOJM BUKOPUCTOBYIOTHCSI TEXHOJIOTIT
SWRO-mem6pan. IIpakTuyna 3HaumMicTb. Boaui mpobiemu € npoOiieMamy HOMEp OJMH Y BCbOMY CBITI,
i B Ykpaini B Tomy yucii. [ToTpiGHo nepenbauntu gonaTkoBe GpiHaHCYBaHHS /s BUPILISHHS MPOOJIEM MiArOTOBKU
Ta OYMIIECHHS BOJI, HE 33 3aJMIIKOBUM IPHHIMIIOM, a 3 OISy HA Te, IO BOAA — II€ OCHOBA )KUTTS Ha 3eMJl Ta
B IIJIOMY BiJI SIKOCTI JPKepelia BOAOTIOCTauaHHS 3aJISKUTh 310POB’S Ta JKUTTS Haii.

Knrouogi cnosa: ounucTKa CTIYHHUX 1 TUTHUX BOJ; JIIKA B CTIYHUX BOJaxX; HOBI JpKepesia MATHOI BOIH; 3HE3apa-
JKCHHS CTIYHOI Ta MMUTHOI BOJ; ONPiCHIOBAJIbHI YCTAHOBKM; OTPUMAaHH MPiCHOT BOAM 3 MOPIB.
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BO/IHBIE PEAJIMM B YKPAUHE U MUPE

Heab. B cTathe HEOOXOIUMO TPOAHATUZUPOBATH COCTOSTHHE BOIAHOTO XO3SMICTBA B YKpawHE W MHUpPE, a TaKKe
Jy4qIIne JOCTHXEHUS B 3TOM HampasieHuH. Metoauka. MccinenoBanus BEINOIHEHB! HA OCHOBAaHWM aHAN3a JINTE-
paTypHBIX NUCTOYHHKOB M OTYETHBIX JAHHBIX O COCTOSHHU BOJHOTO XO3SIMCTBAa B YKpaWHE, CBPONCHCKUX CTpaHaXx,
CLIA (20102016 rr.). Pe3yabTaThl. AHaNMNU3 COCTOSHHS BOABI B PErHOHAX YKpawWHbI MOKa3all, 4TO €¢ KayeCTBO
B OOJIBIINHCTBE CIIy4aeB COOTBETCTBYET TPEOOBAHMSAM ISl MMTHEBOW BOJBI MIIM OJIM3KM K HUM, HO HEOOX0oAMMa J10-
OUUCTKA MUTHEBOU BOBI, MOCTYHAIOIEH B BOAOIPOBOJ, BO BCEX perMoHax cTpaHbl. OCHOBHBIM BOIIPOCOM Ha CEro-
JHSLIHAHN JIeHb SBJISETCS IPOU3BOJICTBO HEOOXOJUMOTO 000PYIOBaHUS JUIsl OYUCTHBIX coopyxkeHuil. K coxanenuro,
He Bc€ 00opyJoBaHHe MPOM3BOAMUTCS B YKpaunHe. COCTOSIHUE CEeNTbCKHX BOJIONPOBOOB BBI3BIBAET 0COOCHHOE Oec-
MOKOMCTBO. M3 MpoBepeHHBIX BOIOMPOBOAOB — 7,3 % HEe COOTBETCTBYIOT HOpMaM M IpaBuiaM. B To ke Bpems LeH-
TPaIN30BaHHBIM BOJOCHAOKEHNEM 0becriedeHo Toubko 25 % cen Ykpaunsl. Hayuynasi HoBU3HA. ABTOpaMu mpea-
CTaBJIEHBI PE3YNbTaThl KOMIUICKCHOTO PacCMOTPEHHUS BONPOCOB MO 00€33apakKMBAaHMIO NMUTHEBOW W CTOYHOH BOJ,
Tl UCTIONB3YIOTCS Pa3INdHbIE METOBI, YJACTUIHO B KOMOMHUPOBAHUH APYT C IPyroM (peanun YKpauHbl U MHUpa).
OCHOBHBIM, HEPEIIEHHBIM Ha CETOMHSIMIHUIN JCHB, SBISETCS BOIPOC OCTATOYHOTO KOJIMYECTBA JIEKAPCTB, MOMAIat0-
KX B MUTHEBYIO BoAy. OCHOBHAsI HKOJOTHYECKasl yrpo3a MHPOBOrO Macmraba B MUTHEBOW BOJE — HAIMYHE Je-
kapcTB. OUHCTHBIE COOPYKEHHSI HE MPUCTIOCOOIEHBI ISl PAa3iIoKEHHs WM OOHApyKECHUS JIEKapCTBEHHBIX CPEICTB.
Bo BceM Mupe HHUTAe He ImpeaycMoTpeHa 6opsba ¢ maHHBIMU BemiecTBaMu. OHUM U3 KJIIOUEBBIX BOIPOCOB pellle-
HUS IPOO6JIeMBI T0OBIUM MUTHEBON BOJBI SIBIIAETCS OMPECHEHUE MOPCKOil Boabl. [ CHMKEHUS CTOMMOCTHU OIpec-
HEHHUSI MOPCKOW BOZBI MCHONB3YIoTcsl TexHosornn SWRO-memOpan. IlpakTndeckasi 3HauynMocThb. Bojubie npo-
OJIeMBI SBISIFOTCS] IPOOJIeMaMu HOMEpP OJJMH BO BCEM MHpe, U B YKpauHe B ToM uucie. HyxHo npeaycMoTpeTs 1o-
MOJHUTEbHOE (PMHAHCHPOBAHHUE JIJIsI PELICHUS IPOOJIEeM MOArOTOBKHM U OYMCTKH BOJ, HE T10 OCTATOYHOMY IPHHIIH-
Iy, @ YYUTHIBAs TO, YTO BOJA — 3TO OCHOBA JKM3HM HA 3€MJIC M B IIEJIOM OT Ka4eCTBa MCTOYHHMKA BOJOCHAOKCHHUS
3aBUCHT 3/I0POBbE W )KU3Hb HAIIWH.

Kniouegvie cnosa: ouncTka CTOYHBIX M MUTHEBBIX BOJ; JIEKAPCTBA B CTOYHBIX BOJAX; HOBBIE HCTOUYHHMKH IHThE-
BOW BOJIBI; 00€33apaKMBaHNE CTOYHON M MUTHEBON BO; ONPECHUTENILHBIE YCTAHOBKH; MOJy4YEeHHE MPECHOH BOJIBI U3
Mopei
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PA3BBUTUE CUCTEMBI IIEPEBO3KHA I'PY30B
O ABTOMOBWJIBHOM JOPOT'E HA OCHOBE INIPUHIIUIIOB
JIOI'UCTUKHU

Hean. B HayyHoil paboTe HEOOXOAMMO PACCMOTPETh PA3BUTHE M aJaNTalUI0 TEOPETHKO-METOANIECKIX OCHOB
COBEPIICHCTBOBAHUS JIOTUCTUUECKHX CHCTEM JOCTaBKH IPy30B aBTOMOOMIBHBIM TPAHCIOPTOM B paMKax Hay4HOTO
obecrieueHnsl MpoueccoB (OPMUPOBAHUS TPAHCIOPTHO-JIOTMCTUYECKOH CHCTeMbl CTpaHel. MeToauka. Teopus
ynpasieHus: QyHKIIMOHHPOBAHUEM CHCTEM TpedyeT (opmanm3anun cBsi3ei BHyTPU CUCTEMBI. BBIONIHEHBI KauecT-
BEHHAsl U KOJMUECTBEHHAS XapaKTEPUCTUKH CYI[HOCTU U yCTaHOBJICHBI 3aKOHOMEPHOCTH B3aUMOJICHCTBHS 2JIEMEH-
TOB B CHCTEME IIEPEBO3KM TPY30B I0 aBTOMOOWJIBHOH JOpore. YTOYHEHBI pOJIb aBTOMOOMJIBHOW JOpOTH
B TPaHCIIOPTHOM OOECIeYeHHH W BO3JCHCTBHE TPaHCIIOPTHO-JIOTUCTUUECKOIO IPOCTPAHCTBA HA CaMy JIOPOTY
B mporiecce e¢ pyHKIMOHUpOBaHus. [Ipu McCIe0BaHUH JAaHHOM TEMbI MCIIOJIB30BaH CHCTEMHBIN MMOIXO0, METOIbI
00001IeHNs U PalMOHAIBHOTO PEHIEHHs MPOo0OIieM, TeOpHsl MaccoBoro o0cmyxuBaHus. Pe3yabrarsl. B pabore aB-
TOMOOMIIBHASI TOPOTa MPECTaBlIeHa KaK AJIEMEHT CHCTEMBI IIEPEBO3KH I'PY30B, YTO MO3BOJIUT IOBBICUThH €€ YKOHO-
MHUYECKYI0 3(Q(QEKTUBHOCTH B IIOCTOSIHHO M3MEHSIOLIEHCS Cpelie TPAaHCIOPTHO-JIOTHCTHYECKOTO HPOCTPAHCTBA 110
BBIOpPAaHHOMY KPHUTEPHIO — CHIDKCHHIO COBOKYIHBIX M3JIEPKEK IO MPOBIKEHUIO MaTEpPHAIBHOTO TIOTOKa. TeopeTn-
KO-METO/INYECKHE OCHOBBI COBEPIICHCTBOBAHMS JIOTHCTHYECKNX CHCTEM JIOCTaBKH I'PY30B aBTOMOOWJIBHBIM TpaHC-
TIOPTOM COCTOSIT B 000OCHOBaHMY PUMEHEHHS JIOTHCTHKH KaK 3((QEKTUBHOTO JIEMEHTa YIIPaBICHHUS, TO3BOJISIONIE-
IO CHWXKATh M3IEPKKHU, CBSI3aHHBIC C IEPEBO3KOH Irpy30B. OHM OTIMYAIOTCS HATMYHEM HAayYHO-OOOCHOBAHHBIX Me-
TOJIOB pacueTa CPOKOB M OUEPEIHOCTH BBIIOIHEHHUS TOPOKHBIX padOT, TJOTUCTUIECKOW MHTETPAIEN Y1acTBYIOIINX
B TIEPEBO3KE T'PY30B NPEANPHATHH, CTPYKTypOoH M 0OBEMOM MAaTepUalbHOTO M COMYTCTBYIOIIMX €My IIOTOKOB,
a TaxKe GOpPMHUpPOBAaHHEM JIOTUCTUUECKOH 1enu npoaBmwxeHrs. Hayunasi HoBu3Ha. ABTOMOOWIIBHAS opora npej-
CTaBJIeHa 3BEHOM €IMHOTO MHTETPAJIBHOTO Mpoliecca CO3aHus U YIpaBIeHUs MaTepualbHbIMU oTokamu. Ipema-
raercsi GOPMUPOBAHKE IIEMEHTOB JTOPOYKHON U TPAHCIOPTHOM COCTABIIAIONIMX MOJCUCTEM C UX JaJbHEHIINM 00b-
€/IMHEHUEM B €IMHYIO CHCTEMY IIEPEBO3KH I'PY30B 10 aBTOMOOWIBHBIM JJOporaM. B3aMocBs31 3J1IeMEHTOB CUCTEMBI
(hopmanm3yroTcsi B BUE PacCpepOTOUCHHON JBYXITAITHON CHCTEMBI MaccoBOro oOciyxkuBaHus. Kaxaplid u3 aie-
MEHTOB CHCTEMBI OLIEHMBAETCS COOCTBEHHBIMHM XapakTepucTHKamHd. IIpakTHueckasi 3HAYMMOCTb. Pe3ynbTaThl
WCCIIEJOBAaHUN MOTYT HCIIOJIB30BAThCS PAOOTHUKAMU aBTOTPAHCIIOPTHBIX MPEIIPHUITHH, CIyXO0 MpennpusITui, oT-
BEYAIOIINX 32 CHAaOXXEHHE MPOMU3BOJCTBA U TPAHCIIOPTHPOBKY MPOIYKINH, JOPOXHBIMU OPTaHU3AIMAME IS TIPH-
HATHSI HAyYHO OOOCHOBAaHHBIX PEUICHHUH NMpH (HOPMHUPOBAHHWU NPOTPAMMBI JOPOKHBIX paboT M Mo 00ECIeYeHHIO
aJIbTEPHATHBHBIX BO3MOXKHOCTEH JUTA PaIllMOHAIBHON OpraHU3alny EPEBO30K IPYy30B.

Kniouesvle crnosa: NOrNCTHYECKAs] CHCTEMA; JIOTUCTHUECKUH MTOTOK; CHCTEMa MAacCOBOTO OOCITYXKMBaHHS; TPAHC-
MOPTHBIE 3aTPATHI; LIEMH IIOCTaBOK

Beenenne [VIaBHBIX HANPABJIECHUIN TOCYIAPCTBEHHOMN MOIUTU-
KM B Pa3BUTHH TPAHCIOPTHOTO KOMIIJIEKCA CTpa-
HBI, YTO OOYCJIOBIMBAaeT TPeOOBaHUS K IOBBILLIE-
HUIO () ()EKTUBHOCTH MEPEBO3KH T'PY30B aBTOMO-

Ilocmanoexa npobnemsi. CHUKEHUE PacXoI0B
Ha TPaHCIIOPTUPOBKY I'PY30B, B TOM YHCIIE U B Me-
JKAYHApOJAHOM COOOIIEHUH, SBISETCS OIHUM U3
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OomtpHBIM TparcmopToM [2]. CoBepIIeHCTBOBAHHE
MEPEBO3KH I'PY30B SBIACTCS CIOXKHOW MHOTOIMapa-
METPUYECKOW 3ajaueii ¥ B HACTOAIICE BpEMs CO-
CTaBJIAET MPEIMET U3YUYCHUs TPAHCIOPTHOH JIOTH-
cruku [1, 3, 5, 10].

Bonpocam ompeneneHus MapiipyToB MepeBo3-
K, (OPMHPOBAHUS CHCTEM JOCTaBKH, Pa3BUTHUS
JIOTUCTHYECKUX CHUCTEM M CEeTH JIOTHCTUYECKHX
LIEHTPOB BCErJa YESAIOCh TMOBBIIIEHHOC BHHUMA-
Hue [4, 7, 12, 13]. Ilpu 3TOM U3 TOJIA 3PEHUSI HC-
ciemoBaresei U MPaKTUKOB MPAKTHYECKU BhITIAaIa-
€T WHPPACTPYKTYpHAsT COCTABJISIONIAs aBTOTPAHC-
MOPTHOTO MPOIIECCa, YTO MPUBOAMT K Y3KOCIEIHA-
JTU3UPOBAaHHOMY H 000COOJIIEHHOMY pEIICHUI0
mpo0JIeM MOJCPHHU3AITMH aBTOMOOWMIIBHBIX JOPOT U
pa3BUTHS TPAHCHOPTHO-JIOTUCTUYECKON CHUCTEMBI
cTpaHbl. BakHbIe TPaKTHYECKUE 33]]a4H 110 Pa3BH-
THIO CHCTEM TIepEeBO3KH TPY30B IO aBTOMOOMIB-
HBIM JIOPOraM B HACTOSIIEE BPEMs OCTArOTCS He-
(hopMaTM30BaHHBIMU: BHIOOP OCHOBHBIX XapakTe-
PHUCTHK TIporiecca oOCIy>KUBAaHUS aBTOMOOWIBLHON
JOPOTOW TPAHCIOPTHBIX IOTOKOB, OIIEHKA W yCTa-
HOBJICHUE TapaMETPOB  B3aWMHOTO  BIIUSHUS
TPAHCIIOPTHO-IKCILTYaTAlIHOHHOTO COCTOSIHHUS aB-
TOMOOMIIBHBIX JOPOT W COCTaBa W MHTEHCHBHOCTH
TPAHCIOPTHBIX TIOTOKOB, (OPMHUPOBAHHE OINTHU-
MaJIBHON MPOTrpaMMbl MPOBEIEHUS JOPOKHBIX pa-
00T TO MOIEpPHHU3ANHHA ABTOMOOWIHHBIX TOPOT.
OTcyTcTBYeT BUACHUE MPOOJIEM Pa3BHTHUS CHCTEM
JIOCTaBKH TPY30B C IMO3UIUI TOPOKHOTO XO3SUCT-
Ba, KaK CTOPOHBI, B HANOOJbIIIEH CTENEHH CIIOCO0-
HOW OKa3aTh BIMSHWE Ha CHIDKEHHE HE TOJBKO
TPAHCHOPTHBIX PAaCXO0J0B, HO U YaCTU JIOTUCTUYC-
CKUX 3aTpar.

CoBpeMeHHOE COCTOSHHE IKOHOMHKH 3aCTaB-
JIAC€T B3TJIAHYTH Ha HpO6JIeMy Pa3sBUTUA CHCTEMEI
MEPEeBO3KH TPY30B MO aBTOMOOWIBHON Jopore
C TO3WIUU JIOTUCTHKH, MO3BOJSIONIEH 3a CcUeT
KOMIUIEKCHOTO I0AX0Jla K OOBEAMHEHUIO OTICIIb-
HBIX 3JIEMEHTOB B €JMHYIO0 CUCTEMY JOOUTHLCS TO-
BBIIIEHUS] SKOHOMUYeCcKoH 3((PeKTHBHOCTH 3TOM
CHCTEMBI 3a CUET CHHEPreTHYecKoro 3ddekra [6,
8, 9].

AHanu3 WccleoBaHUI O TeMe IMyOJIMKanuy.
[IpoGieMBl IPOEKTHPOBAHUS M PA3BUTHS JOTHCTHU-
YEeCKUX CHCTEM HAIlUId CBOE OTPa)KCHUE B HCCIIe-
JIOBaHUSAX MHOTHX 3apyOCKHBIX U OTEYESCTBEHHBIX
VYEHBIX W CHEIHUamucToB. Haumbompmmii BKIan
B WX pelleHHe BHEeCIn paboThl CIEeTyIOINX aBTO-
pOB: B 3amajHON HAydYHOW JHTEpaType —

M. Christopher, D. Waters, D. J. Bowersox
u D. J. Closs u npyrue; B pOoCCHICKOW Hay4YHOM
mutepatype — A. M. I'amxunckuii, JI. b. MupoTus,
A. U. Cemenenko, B. . Ceprees, C. A. YBapos
U Apyrue; B 0eJIOpyCcCKOM Hay4yHOH JHUTEpaType —
H. A. Enosoii, P. b. Uyts, A. JI. MomokoBud,
B. 4. Herpeii, I1. I'. Hukurenko u ap. OTumu aB-
TOpaMH HCCIIEIYIOTCSI METOAOJIOTHYECKHE U TeOo-
peTHYecKue OCHOBHI (POPMHMPOBAHHSA TPAHCIOPT-
HBIX CHCTEM, Pa3JIM4HbIE ACIEKThl Pa3BUTHUS TeEO-
PHUH U IPaKTUKH JOTUCTHKH, CBSI3aHHBIE C ONTHMU-
3anUell padoOThl TPaHCIIOPTa B PaMKax JIOTHCTH-
YECKUX CHUCTEM.

B 10poXHOM CTpOMTENBCTBE HAy4yHBIE HCCIIE-
JOBaHUs B 00JAacTH OpPTraHU3alMU U YIPaBJICHUS
JIOPOKHO-CTPOUTENLHBIX Pa0OT, OLUEHKH COCTOS-
HUS JOPOT, Ha3HAYEHUS U TIAHUPOBAHUS PEMOHT-
HBIX MEpPONPHATHH, oOecredeHusT O0e30MacCHOCTH
JIBMKEHHA B pa3HOE  BpeMs  MPOBOJWIN
JI. A. bpounmreitn, A. I1. Bacunses, B. B. Cuibs-
HOB, U. 1. JleonoBuy, C. E. KpaBuenko u apyrue.

IIpumeHeHNe NPUHIMIIOB JOTUCTUKA B Hayd-
HBIX paboTax MOCIEAHUX JIET MO3BOJSIET KOM-
IUIEKCHO TOJOWTH K MNpoOjeMe B3auMOIeHCTBUS
aBTOMOOMJILHOW TOpPOTH, KaK CJIOKHOH TEeXHUYIE-
CKOH CHCTEMBI, U JTOPOKHOM CIyX ObI C Ipy300T-
MpaBUTEISIMU MU TPY30I0NydaTeNIIMU B paMKax
1I100QJIBHBIX MIPOLIECCOB TPAHCIIOPTUPOBKH I'PY30B.

ean

OCHOBHO# 11eNbI0 PaOOTHI SABISIETCS Pa3BUTHE
U ajanTaius TEOPETUKO-METOJUYECKUX OCHOB CO-
BEPILICHCTBOBAHUS JIOTUCTHYECKUX CHCTEM JIOC-
TaBKH TPY30B aABTOMOOWJIBHBIM TPAHCIOPTOM
K TpeOOBaHUAM  COIHAIEHO-OPUEHTHPOBAHHOMN
PBIHOYHOM APKOHOMHUKH. [ TOCTHXKEHHS MOCTaB-
JICHHOH 1€ aBTOMOOMIIbHASL TIOPOTa MPe/ICTaBiIe-
Ha KakK 3JIEMEHT CUCTEMBI NIEPEBO3KH I'Py30B, OKa-
3BIBAIONINI 3HAYUTEILHOE BIUsSHUE HA 3P (EKTHB-
HOCTH ee pabothl. lIpemycmMoTpeHo mpoaHaIH3H-
poBaTh CyThb ABHUYKEHHS TPAHCIIOPTHOTO CPEACTBA
10 aBTOMOOWIBHOHN OPOTE C MO3UIIHI JIOTHCTHKH,
aKIEHTHUPYS BHUMaHUE Ha B3aMMOCBSA3U JOPOXK-
HbIE YCJOBUSA — JIOTUCTUYECKHE TPAHCIOPTHHIE
MIOTOKH U COBEPIICHCTBYSI €€ C HCIOJb30BAHUEM
MAaTeMaTUYEeCKOro ammnapara TEOpHHU MacCOBOIO
00CITy)KUBaHWSL.
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MeTtoanka

VYupapnss GyHKIIHOHUPOBAHHE aBTOMOOHIIb-
HBIX JOPOT C MO3UIIMHA JIOTUCTUKHU BAKHO OTBICKA-
HUE OCHOBHBIX XapaKTEPHCTHK Tpolrecca o0ciy-
JKUBAaHWS aBTOMOOWJIBLHOW JOpPOTOH JIOTHCTHYE-
CKHX TPAHCIOPTHBIX MOTOKOB. XapaKkTep MX B3au-
MOJICHCTBUS MTO3BOJISIET paccMaTpuBaTh
aBTOMOOWIIFHYIO JIOPOTY KaK CHCTEMY, B KOTOPYIO
yepe3 pasiIM4HbIe IIPOMEKYTKH BPEMEHU HIIA pe-
TYJSPHO MOCTYNAOT TPeOOBaHUSA K OOECIICUEHUIO

JOPOXXHBIMU YCIIOBUSIMH OT ABMXKYILIMXCS TPaHC-
MOPTHBIX CPEJCTB, MOJIBEPralOIIUecs pPa3IMIHBIM
omepauusM OOCITY)XHBaHHUsI C TOCTOSHHOH WM
CIIy4aifHOM TPOMOIKUTEIHHOCTRI0. Takum obOpa-
30M, aBTOMOOMJIbHAS JOPOTa PacCMaTpUBACTCA Kak
amnmapar OOCITy>XUBaHHUsA, MPOIECC OOCCIICUCHHUS
JOPOXXHBIMU YCJIOBHSMH — KaK MPOILecC 00CIyXu-
BaHMUs JIOTMUCTHYECKHX TPAHCIOPTHBIX IIOTOKOB
U K yTPaBJICHUIO B3aMMOJEUCTBUEM 3TUX 3JIEMEH-
TOB MPUMEHUM MaTeMaTH4YeCKUid amnmapar cucTe-
MBI MacCOBOTO oOcykuBaHus (puc. 1).
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Puc. 1. CprKTypHaH CXeMa B3aUMOCBA3U 3JICMCHTOB CUCTEMbI IIEPCBO3KU I'PY30B 110 aBTOMOOMIIBHOM Aopore
KakK CUCTEMBI MacCOBOT'O 06CJ'Iy)KI/IBaHI/IH

Fig. 1. The structural scheme of elements interconnection of cargo transportation system
by road as a queuing system

B mpomecce paboTel (YHKITHOHUPOBAHWA,
9KCIUTyaTalluy) aBTOMOOUIIBHON JOPOTH MPOUCXO-
IUT CaMOOOCITY)KUBAaHUE IMOCTABIIMKOB (TPY300T-
TIpaBUTENIECH), BIIEIbIIEB TPAHCTIOPTHBIX CPEJICTB,
norpeburenel (rpy3omnoiyuareneif), Joructude-
CKUX TpoBaiaepoB. JlaHHBIN MPOLECC MNPUBOIUT
K M3MEHEHWIO, KaK MPaBHIIO, CHIDKEHHUIO OTpejie-
JIEHHBIX XapaKTePHCTUK BCEX €ro Yy4YacCTHHUKOB,
B CBSI3U C M3HOCOM MaTepuaabHOU 6a3sl OO pac-
XOJIOM Pa3IMYHBIX BUJIOB PECYPCOB.

W3HOC XapakTepu3yeT MOTepro TPaHCIOPTHO-
SKCILTyaTaI[AOHHBIX XapaKTePUCTHUK CaMOW aBTO-
MOOWJIBHOHM JIOpPOTH, KaKk 00bEKTa OCHOBHBIX (POH-
JIOB TOPOXKHOTO XO3AWCTBA, U CHIDKEHUE TEXHUYE-
CKHX KauecTB TPAHCIOPTHBIX CPEACTB, Kak OOBEK-
TOB OCHOBHBIX (D)OHJIOB aBTOTPAHCIIOPTHBIX TPE-
npusatuidi. Pacxom pecypcoB cBs3aH C HCIIOINb-

30BaHMEM TOIUIMBA B TPOIECCE ABIDKEHUS, OILIa-
TOH 3apaOOTHOU TUIATHI BOJIUTEINIO, 332 BEHITIOJHECH-
HYI0 pabOTy M KOMIICHCAIIUM Ha BOCCTAHOBJICHUE
YTpa4eHHON H3-3a yTOMIJIGHHS PabOTOCIIOCOOHO-
CTH, BO3MOXHBIMH pacxodaMMW Ha TEXHHUYCCKOC
o0ciyXMBaHHE aBTOMOOWIIS, TepeanpecOBKOM
rpy3a B myTu ciemoBanus u T.m. Cpema TpaHc-
MMOPTHO-JIOTHCTUYECKOTO MMPOCTPAHCTBA CITOCOOCT-
BYIOIIETO (POPMUPOBAHHIO H (PYHKIIMOHHPOBAHHIO
MaTepUAIBHBIX MMOTOKOB OKa3bIBaeT BO3CHCTBUE,
OOJIBITIEH YACTHIO OTPHUIIATEIHLHOE (HAIIPUMED, POCT
WHTCHCUBHOCTU IICPEBO30OK MPUBOJIUT K yXyHAlIe-
HUIO COCTOSTHUSI BEPXHHUX CJIOCB JIOPOXKHOU OJeK-
IIBI) HA XapakTep Tmporecca OOCITyKHBaHUS
1 QYHKITMOHATBHEIE MTapaMeTphl armapaTa 00ciy-
JKUBaHUS. YJy4llICHUE IapaMeTPOB  CHUCTEMBI
obOecnieunBaeTcsi  JEATENLHOCTBIO  JOPOXKHOH
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CITYKOBI (moBenmenue TPaHCTIOPTHO-
OKCIITyaTalMOHHBIX Ka4Y€CTB AOpPOTHU 10 HOpMa-
TUBHBIX TpeOOBaHWI) M JIOTHCTUYECKHX MPOBaii-
JepoB  (ONTUMHU3AIUS  MapUIpyTOB  IEPEBO3OK,
moadop paIlMOHANBHBEIX  CIIOCOO0OB  MEPEBO3KH
C y4eTOM XapaKTepUCTHUK TPY30B M T.I.), BO3Me-
IIAfOIIeH pacXoJ PEecypcoB BO BCEX JIIEMEHTax
CHUCTEMBI.

VYrpasieHne BOCCTaHOBJICHHUEM ITapaMeTPOB CHUC-
TEMBl BO3MOXXKHO B ClIy4yae, €CJIM HM3HOC armapara
OOCIyXHMBaHHsI W TIPOIECC CaMOOOCITYKUBaHHUS
B HU3MEHSIONIeCA cpene TPaHCIIOPTHO-
JIOTUCTUYECKOTO TMPOCTPAHCTBA MPOUCXOMAAT CaMO-
MIPOM3BONIFHO. B TakWX yCIOBUSIX OOBEKTHI MPUIO-
POXKHOTO CEepBHICA BOCHIONHSIOT PECYpPCHI TPAHCTIOPT-
HBIX CPEACTB, IIUPOKUI CHEKTP JOTUCTHYECKUX YyC-
JYT ONTHMU3UPYET PacXO[bl IMOCTABIINKOB, COBME-
CTHas paboTa JOPOKHOU CITYy>KOBI M JIOTUCTHICCKHUX
MPOBAJIEPOB PALMOHAIM3UPYIOT PabOTy JIOTHUCTH-
YEeCKOr0 TPAHCIIOPTHOTO TIOTOKA (IOPOKHASI CITy:KOa
— oOecrieunBasi 0€30TACHBIE YCIIOBUSI JIBIDKCHUS,
JIOTUCTUYECKHE TpoBaiinepsl — (opmupyst TpaHc-
MOPTHBIA TMOTOK B COOTBETCTBUM C HAINpPaBICHUEM
JIBIDKEHUSI MaTepHaJIbHBIX IOTOKOB). Kpome Toro,
JIOPOXKHAsSI CITy>KOa OTBEYAET 3a BHICOKHE TPAHCTIOPT-
HO-3KCIUTyaTallMOHHbIC XapaKTEPUCTUKHU arapara
o0ciyxuBaHus (ONTUMAIBHBIC TIOPOKHBIE YCIIOBHUS),
OCYIIECTBIISST KPYTJIOTOIMYHOE COAEpXKaHUe, Kalli-
TaJIbHBIC PEMOHTBI U PEKOHCTPYKIIUIO JIOPOT.

Pe3yabTatnl

TakuM 00pa3oM, B3aUMOCBSI3U DJIEMEHTOB CHUC-
TEMBI IEPEBO3KH I'PY30B 110 aBTOMOOHMIILHOM J10PO-
re (opManu3yrTCs B BHIE paccpeOTOYCHHON
JIBYX3TamHOM cHcTeMbl o0chyxwuBaHus. Ha mep-
BOM DTarie aBTOMOOWJIBHAS JOpora oOecreunBacT
HeO6XOI[I/IMI>Ie YCJ'IOBI/ISI JJIA HpO)Z[BI/I)KeHI/IH Mare-
PHATBHBIX MOTOKOB, Ha BTOPOM — TMPOUCXOIUT
BOCCTaHOBJICHUE YTPAa4YE€HHBIX B MPOIECCE TBHKE-
HUS Pa3IMYHOTO POJia PECYpPCOB.

Kaknplii U3 3JIEMEHTOB CHCTEMBI OLEHHUBAETCS
COOCTBEHHBIMH XapaKTEPUCTHKAMHU. XapaKTepu-
CTHKOM ammapara OOCIyXXKHBaHHS SBJSETCS €ro
MPOIYCKHAs CHOCOOHOCTh (W) — 4MCcIo TpeboBa-
HU, 00CITY)KMBAEMBIX B €IMHHUILY BPEMCHHU.

Kaxxgast B3aMMOCBSI3Eb DJIEMEHTOB CHCTEMBI IIe-
PEBO3KM TPY30B IO aBTOMOOHWIILHOW JOpOre Xa-
pakTepusyeTcs COOCTBEHHOW XapaKTepHUCTUKOM
MPOMYCKHON CMOCOOHOCTH ammapara O0CITyKHBa-
HUSL:

W (mopokHas ciryk0a — TpaHCTIOPTHBIEC CPEICT-
Ba) — MPOMYCKHAsI CIIOCOOHOCTH PA3IUYHBIX 00B-
€KTOB JIOPOKHOTO cepBHca (ILIOMIANKK I Kpat-
KOBPEMEHHOU OCTaHOBKH TPAaHCHOPTHBIX CPEJICTB,
TUTOMIAIKA JJI OTABIXa CO CTOSTHKAMH TPaHCIIOPT-
HBIX CpEACTB, YCTPOWCTBA AaBapUHHO-BBI3BIBHOU
CBSI3M U T.I1.) HAXOSIIUXCA Ha OallaHCe TOPOIKHBIX
OpraHu3alui;

W (TIOCTaBIIMK — TPaHCHOPTHBIE CPEICTBA) —
MPOMYCKHAs CIIOCOOHOCTh PA3JIMYHBIX OOBEKTOB
MIPUIOPOKHOTO  cepBHca (MOTENH, TOCTHHHIIBI,
CTaHIIMM TEXHUYECKOro OOCITyXMBaHHS, aBTO3a-
MPAaBOYHBIC CTAHIUM, IyHKTHl IHUTaHUSA, CBSI3H,
MEIUIMHCKO TOMOIIH | T.I1.);

W (mopoxkHas ciyk0a — MOCTABIIHUK) — TIPOITY-
CKHasi CIIOCOOHOCTh CETH aBTOMOOMIIBHBIX J[OPOT
Ha MaplIpyTe MPOJBMXEHUS MaTepPHaLHOTO TIO-
TOKa,

p (mopoxxHas ciry>k0a — JIOTUCTHYECKHA TPpaHC-
MOPTHBIA TMOTOK) — BO3MOXHOCTH JOPOXKHOHN
city kOBl 110 TPOBENECHUI0 MEPONPHUATHI 1O opra-
HU3aIUN JBIDKEHUS TPAaHCHOPTHBIX CPEACTB IO
aBTOMOOWMJILHOW JIOPOTe M MPOJBIKECHUS MaTepu-
aJBHOTO TOTOKA IO TMOJIMTOHY CETH aBTOMOOWIIb-
HBIX JIOPOT.

Kakx Oputo ormeueHo paHee, 00O3HAUCHHBIC
B3aMMOCBSI3U CONPSDKEHBI C TOTEPEH PecypcoBs,
YTO BBI3BIBAET HEOOXOIMMOCTH B OOCITYXKHBaHHUU
Ha BTOpOM 3tane. [Ipu 3TOM, eciu MOTOK TaKHX
3aBOK MPEBBINIACT PECYypPC — MPOMYCKHYIO CIIO-
COOHOCTh COOTBETCTBYIOIIETO HAINPABIEHMUs, MPO-
WCXOAWT CHW)XCHHE ITOKa3aTeNs KadecTBa 00Ciy-
JKMBaHHA Ha IICPBOM ITarlle.

B cBs3u ¢ Tem, 4To oOcyXHBaHUE TPAHCIIOPT-
HOTO CpEICTBa Ha MapIIpyTe €ro IBHXEHHS CO-
CTOUT W3 psjia MOCICIOBATESIILHBIX ONEPaIUil MPo-
UCXOMSIIUX B CIIy4allHbIe MOMEHTHI BpeMeHHU (3a-
MpaBKa, OCTAHOBKHU JIJISl OT/bIXa BOIUTENS, OCMOT-
pa TPaHCIIOPTHOTO CpeZCTBa, npoBepKa
IOKyMeHTOB coTpyaHukamu ['’AUW, npoBepka rada-
PUTOB M Macchl TPAHCIIOPTHBIX CPEICTB HA IMPOITY-
CKHBIX ITyHKTaX, IMMOKyTKa yCTPOWCTB ISl OTIIIATHI
3a JIOPOTY U T.I.), KaXaass U3 KOTOPBIX BBIMOJIHS-
€TCSl OTIENBHO OOCTY)XKHBAIOIIMM arapaToM, TO
Takoe OOBEIMHEHWE amlmnapaToB IO3BOJISIET Tpea-
CTaBUTh ABTOMOOWMJIBHYIO JIOPOTY B BHUJE KaHalia
00CTyXKUBaHHUsI, a CAMY CHCTEMY — MHOTO(a3HOM.

TexHUKO-3KOHOMUYECKass 3ajada o0 OITH-
MaJIbHBIX YCIOBUAX (PYHKIIMOHUPOBAHUS CHCTEMBI
MEPEBO3KH TPY30B MO aBTOMOOWJIBHON Jopore
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dbopMynmupyeTcs ~ TNpH  HAIMYAHA  CBEISHHM
0 3aTpaTax Ha JOBEICHHE IMapaMeTPOB JOPOTH 0
HOPMATHUBHBIX U Ha €€ COACPXKAHUE B COOTBETCT-
BUU C TpeOOBaHUSAMH TEPCIIEKTUBHOW WHTEHCHUB-
HOCTH JBIDKEHHUS M DKOHOMHYECKHX IOKa3aTesel
XapaKTepU3YIOMNUX TPOABHKCHIEC MATCPUATHHOTO
MOTOKa (JIOTUCTUYECKHE HU3MIEPKKH, TPAHCIIOPTHHIE
pPacxosl).

3aBUCUMOCTh 3THX (DYHKIIUH OT roja ¢ cBsI3aHa
C HU3MEHEHHEM  TPaHCIOPTHO-JIOTHCTUYECKOTO
MPOCTPAHCTBA W IapaMeTPOB JIOTHUCTHYECKOTO
TPAHCIIOPTHOTO TOTOKA. DYHKIMS pacipeeIcHIs
MapamMeTpoB B3aWMOCBS3M IMOCTABIIMK — TpaHC-
MOPTHOE CPEJICTBO TaKXkKe 3aBUCUT OT f, TaK Kak
MPOUCXOANT TIOCTOSTHHOE  COBEPIIEHCTBOBAaHWE
TPAHCIIOPTHBIX CPENCTB, JIOTUCTHYECKOW WH(pa-
CTPYKTYpHI U YBEIHMYEHUE KOJIMYECTBA OKa3bIBae-
MBIX JIOTUCTHYECKHUX YCIIyT.

UroObl chOpMHPOBATH ONTUMAIBHYIO TIPO-
rpaMMy KaluTallbHOTO PEMOHTA M PEKOHCTPYKIIUU
ABTOMOOWJIBHBIX JIOPOT HEOOXOIMMO Yy4YecTh He
TOJIBKO KalWTaJbHBIE BIOKEHHUS W 3aTPAThl Ha TO-
cieayrolee coAepKaHue, HO U 3aTpaThl MOJIb30Ba-
Tenel aBToMOOMITBHBIX fopor [14]. Ciemyer oTMme-
TUTB, YTO B PaMKaxX MPOBOJUMOTO HCCIIEOBAHUS
B3aMMOCBSI3€M DJIEMEHTOB CHCTEMBI IEPEBO3KH
TPYy30B MO aBTOMOOWIBHOH Jjopore Tpedyercs
YTOYHEHHE KaTeTOPHH TOJh30BATENeH JJIOpOT.
B coorBercTBuM ¢ 3akoHoM PecnyOnuku benapych
«O0 aBTOMOOWIIBLHBIX JIOPOTax U JIOPOKHOH nesi-
TenpHOCTH» Tocoouu [11, ¢. 9] kK moip30BaTENIM
ABTOMOOWJIBHBIX IOPOT OTHOCSITCS IOPUAHYECKUE H
(U3NUECKUE JTUIA, UCIIOJNB3YIOIINE aBTOMOOHIIb-
HYIO JIOPOTY B KadecTBE YYaCTHHUKOB JOPOKHOTO
JIBUKCHHUS WA OCYIIECTBISIIOIINE NEATEIbHOCTD,
KOTOpasi HE OTHOCHTCSI K JOPOKHOH, B Ipenenax
moJIockl oTBoja. K monp3oBarensM aBTOMOOMIIb-
HBIMH JIOPOTaMU CJIeyeT TakKe€ OTHOCHUTH ydacT-
HUKOB JIOTUCTUYECKUX IENEH TOCTaBOK C MCIIOJb-
30BaHUEM aBTOMOOWIBHOT'O TPAHCIIOPTAa U WHbBIC
OpraHW3allii, Pe3yJbTaTbl (PMHAHCOBOHU JesTelb-
HOCTH KOTOPBIX 3aBHCAT OT 3aTpaT Ha TPaHCIIOp-
THPOBKY TIpy30B (TOBapoB) IO aBTOMOOWMIBHBIM
Jloporam.

®dopmupyercs 6aza sl OleHKH 3P PEKTHBHO-
CTH W CPaBHEHHUS BapHaHTOB MEPOIPHUATUI TIO TIO-
BBIIICHUIO TPaHCIOPTHO-3KCILTYyaTAllUOHHBIX Ka-
YeCTB JOPOTH UM CETH JIOPOT.

PexomenayeTcst B paMKax HCCIeIOBaHUS IPO-
W3BECTH JIETAIM3AIMI0 ¥ Pa30UeHue MPOCTPAHCTBA

(moructrueckue TpaHcmopTtHele ToTtokm (JITII),
TPaHCIIOPTHO-JIOTUCTUYECKOE MPOCTPAHCTBO
(TJIII)) Ha oTHeNbHBIE MapameTpbl, T.c. Ha3zHaya-
I0TCs TlapaMeTpsl, xapakrtepusytomue JITII (uH-
TEHCUBHOCTH IBIDKEHHUS TPAHCIOPTHBIX CPEJICTB,
JIOJISI TSDKENBIX M KPYMHOTa0apUTHBIX TPaHCIIOPT-
HBIX cpenctB B notoke) u TJIII (mokazatens pocra
00BEMOB MTPOM3BOACTBA MPOAYKINU TI0 OTPACIISAM
9KOHOMHKH, I0Ka3aTeilb pocTta 00HEMOB IEpPEBO-
30K Tpy30B aBTOMOOWJIBHBIM TPAaHCIOPTOM, Hau-
0oJjiee pacpoCTpaHEHHBIE BUIBI OTIPABOK IPY30B,
HanboJiee 4YacTO TEPEeBO3MMBIC BHIBI TPY30B
u T.11.). O0cnenyercs nBUKeHUE TpeOOBaHUH, cXe-
Ma pa3MelIeHHus HaKOMHTENeH U 00CITyKUBAIOIIIX
ammapaToB Ha Kaxkmoil daze obOcmyxuBanus. M3-
MEPSIIOTCST JUINTEBHOCTh OOCITY>KUBAHHUS, BpPEMsI
OXUJaHuS TpeOOBaHWA W BpeMs MPOCTOS 00CITy-
JKUBAIOIIX almnapaToB Ha Kakmoi dase. [ BbI-
0opa COOTBETCTBYIOLIEH MaTeMaTHYECKOH MOJEIH
U MIpUJAHUS €€ MapaMeTpaM YHCJIOBBIX 3HAYEHUH
Ba)KHA MX CTATUCTHYECKAs OIIEHKA 32 HCCIeIyeMoe
BpeMsI HENIPEPHIBHOIN pabOTHl CUCTEMBI. B pe3yin-
TaTe 00pabOTKH JaHHBIX BBHIOMpAETCS 3aKOH pac-
MIpeJIeNIeHns] BXOJIAIIET0 TIOTOKa M BPEMEHU 00-
caykuBanus. HakammmBaercs wHbopManus o da-
3ax OOCIy>XHBaHHS, BBI3BIBAIONIMX HAWOOJBIINE
MOTEpU U3-3a OXKUAAHUS TpeOOBaHUI MK, HA000-
POT, U3-3a MPOCTOEB OOCITY)KUBAIOIINX aMIapaToB,
YCTaHABIMBAIOTCA TpeOOBaHMs, HMMEIOUIME MpH-
OpUTETHl B OOCIY)XHBAaHHHM M BIMAIOLIME HA 3TO
MIPUYUHBL.

Kax BapmanT ymyumeHus kauectBa (hyHKITHO-
HUPOBAHUSI PACCMATPUBAEMOH CHCTEMBI, MOYKHO
MpUOETHYTh K WM3MEHEHUIO TMOPSAIKA IBMIKEHUS
TpeboBanmid. Jlns kaxmoi daspl, MomubUKAIII
MOJKET TMOJUIeKATh BXOAALIMKA TOTOK WM MeXa-
HU3M obOciyxuBanus. [Ipu 3ToM BaXKHO MPaBUIBHO
OTIPENETUTh TaKHUe BapHAHTHI N3MEHEHHS CUCTEMBI
(Hanpumep, QYHKIMOHAILHOE Ha3zHaueHHE O0BEK-
TOB CEpBHUCA, 0YEPEJHOCTh NPOBEICHUS paboT 1o
TEKyIIEMy WIH KallMTATbHOMY PEMOHTY, PEKOHCT-
PYKIIMH), KOTOPbIE pealbHO OCYIIECTBHUMBI H MO-
TYT C JIOCTAaTOYHOW BEPOATHOCTHIO MOBBICUTH d(-
(exTuBHOCTH paboTHl cucTeMbl. CucremMa OyneT
ONTUMAJIBHOHN, €CITH BpeMs IpeObIBaHUS TpeOoBa-
HUI B KaHaie 00CIy)KHBaHUs He TPEBBICUT 3a/1aH-
HOT'O C ONpeNeNeHHONH BEpPOSTHOCTBIO MPU MHHHU-
MaJbHBIX 3arparax. Eciu npuMensembie Moaudu-
Kallii He TPeOYIOT 3HAYUTEIbHBIX KalWUTATBHBIX
BJIOKeHUH (nmepenpodunupoBaHre 00BEKTOB cep-
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BHCA, MIPOBEICHUE PabOT IO TEKyIIEMY PEMOHTY),
B Ka4eCTBE KPUTEPHUS ONTUMAIBHOCTH MPUHUMAECT-
Cs MaKCUMYM MPOU3BOAMTEIBHOCTH, JHO0 MHHU-
MyM TPaHCHOPTHBIX M JIOTUCTHYECKUX 3aTpaT Ha
MPOJIBIDKEHNE MaTepuaabHOro rmortoka. Ilpm 3Ha-
YUTEIbHBIX 00bEMaX WHBECTHIMN (KalmUTaIbHBIN
PEMOHT U PEKOHCTPYKIIHSI) OOIIUM KPUTEPUEM OTI-
THMAaJIbHOCTH BBICTYIIAET MHUHUMYM CyMMAapHBIX
JIMCKOHTUPOBAHHBIX 3aTpaT. [Ipu 3TOM eciu 00be-
MbI 00CITY>KMBA€MbIX MaTEPUAILHBIX TTOTOKOB W3-
MEHSIOTCSI B 3aBUCHMOCTH OT MOJU(UKAIUU CHC-
TEMbI MacCOBOTO OOCIy>XHBaHHS, TO HEOOXOIUMO
paccMaTpuBaTh CyMMAapHBIE JUCKOHTHPOBaHHBIC
3arpaThl TU00 Ha €IUHUIYY MAaTEPHAIBLHOI'O IOTO-
Ka, 1100 Ha ero HauOOJbIIMI 00BeM, oOecIeun-
BaeMbIi OJTHOM W3 MOIU(DUKAITUH.

Hayuynasi HOBU3HA U mpaKkTHYecKast
3HAYUMOCTh

YCTaHOBJIEHO, UYTO B yCIOBHAX (POPMUPOBAHUS
U pa3BUTUSA  HAIMOHAIBLHOW  TPAHCIOPTHO-
JIOTUCTHYECKOW CHCTEMBI BO3HHKAET MOTPeOHOCTH
OTIpe/IeTICHUsT PO M MECTa aBTOMOOWJIBHBIX JO-
pOr B HHTETPUPOBAHHBIX IEMSIX IOCTAaBOK Kak
BHYTPHUHAIIMOHAGHBIX, TaK W MEXIYHApOIHBIX,
paccMOTpPEHHUsI UX C TO3WIUIl COBPEMEHHBIX TeX-
HOJIOTUH, YBSI3BIBAIOIIUX B €AMHOE IIEJIOC TPY30-
BbIC, TPAHCIIOPTHBIC, MaTepUAIIbHBIC, HHPOPMAIIH-
OHHBIC W (PMHAHCOBBIC TOTOKH. ABTOMOOWJIHLHBIC
JIOPOTH TPEACTABICHBI BAXXHBIM M HEOOXOIUMBIM
3BEHOM E€IMHOTO WHTETPAIBLHOIO IMpoliecca co3/a-
HUS ¥ YIPaBIICHUS] MaTEPUATBHBIMH TOTOKAMHU.

W3 s1emMeHTOB IOPOKHOW U TPAHCIIOPTHOM CO-
CTaBJISIONIUX c(hOpMHUPOBAHBI MOJICUCTEMBI
C JAIbHEHIINM O0bETUHEHUEM B €IHHYIO CUCTEMY
TIEPEBO3KH TPY30B IO aBTOMOOMIBHBIM JIOPOTaM,
YTO MO3BOJISIET OMPEICIIUTh U OLIEHUTh POJIb KaxK-
JIOTO DJIEMEHTa B OOCCIICUCHHUU HAJICKHOTO U (-
(heKkTUBHOTO (DYHKITMOHUPOBAHUS BCEH CUCTEMBI.

BriBoabI

1. YopaBnsis  (QyHKUMOHUPOBAaHUEM AaBTOMO-
OWJIBHBIX IOPOT € MO3ULUH JOTUCTHKH, TOSBISACT-

¢ BO3MOKHOCTBH OIPENEICHUS OCHOBHBIX Xapak-
TEPUCTUK TIpoIlecca OOCTYKHBAHUS aBTOMOOWITEL-
HOW JIOPOTOM JIOTHCTUYECKHX TPAHCIOPTHBIX TO-
TOKOB. XapakTep MX B3aWMOICWCTBHUS IO3BOJIICT
paccMaTpuBaTh aBTOMOOWIIEHYIO JTOPOTY KaK CHC-
TeMy, B KOTOPYIO Yepe3 pa3iudHbIE TMPOMEKYTKHU
BPEMEHH WJIH PETYISPHO TOCTYIAIOT TpeOOBaHUS
K 00ecleueHnto JOPOKHBIMH YCIOBHSMH OT JIBH-
KYIIUXCSA TPAHCIIOPTHBIX CPEICTB, IOJBEPraro-
IIMeCs Pa3IUYHBIM OINEpalusM OO0CITyKUBaHUS
C TOCTOSIHHOM WJM CIy4ailHOM MNpPOAOKUTEIBHO-
cthto. Takum 00pa3oMm, aBTOMOOWIIBHAS IOpoOra
paccMaTpuBaeTCs Kak ammapar oOCITyXHBaHUS,
nporecc o0ecredeHus: TOPOKHBIME yCIOBUSIMH —
KaKk TIPOIECC OOCITY>XKWBAaHUSA JIOTUCTHICCKUX
TPAHCIIOPTHBIX IMOTOKOB M K YIPABJICHUIO B3aUMO-
JIEHCTBHEM 3THX JIEMEHTOB ITPUMEHUM MaTeMaTH-
YeCKHH ammapaT CHCTEMBI MacCOBOT'O OOCITYKHBa-
HYSL.

2. B3auMOCBsI31 3JIEMEHTOB CHCTEMBI IEPEBO3-
KH TPY30B 10 aBTOMOOMIIEHOW Jopore (opMain-
3YIOTCA B BHUJIE PAacCPEIOTOYEHHOM IBYXITaIHOU
cucteMbl oOciyxuBanus. Ha mepBomM 3ramne aBTO-
MOOWIIBHAA JOpora obecreunBaeT HEOOXOIMMbIe
YCJIOBHSL JUTSI TIPOJIBIDKCHUS MaTEPHATBHBIX MOTO-
KOB, Ha BTOPOM — IPOMCXOJUT BOCCTAHOBJICHHE
YTPaYCHHBIX B MPOLECCE ABMIKEHUS Pa3IUYHOTO
poza pecypcos.

3. KaxxapIii B3 371EMEHTOB CUCTEMBI OLICHHUBACT-
csi COOCTBEHHBIMU XapaKTEPUCTUKaMHU. XapaKTe-
PUCTHKOH armapara OoOCITyXKUBAHHS SBISETCS €ro
MPOITYCKHAsT CIOCOOHOCTh. Kaxmas B3aMMOCBS3b
3JIEMEHTOB CUCTEMBI TEPEBO3KU TPY30B IO aBTO-
MOOWIJIBHON J0pore XapaKTepu3yeTrcs COOCTBEH-
HOM XapaKTepUCTHUKON IMPOITYCKHOW CITOCOOHOCTH
amnmapara o0CIyKHBaHUSI.

4. PelleHne IMOCTABICHHOW 3aJa4yd ITO3BOJIMT
MOBBICUTh I(PPEKTUBHOCTh B3aMMOCBS3EH BCEX
3JIEMEHTOB CUCTEMbI B IIOCTOSHHO M3MEHSIOIIEHCS
cpelie TPaHCIOPTHO-JIOTUCTUYECKOTO MPOCTPAHCT-
Ba 10 BHIOPAaHHOMY KPUTEPUIO — CHI)KEHHE COBO-
KYITHBIX H3IIEPKEK TI0 MPOJBIKCHHIO MaTepUaIh-
HOI'0 IIOTOKA.
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PO3BUTOK CUCTEMMH IIEPEBE3EHHA BAHTAKIB I10
ABTOMOBUIBHIN JOPO3I HA OCHOBI INTPUHIMUIIIB JIOI'ICTUKHA

Merta. YV HayKoBii poO0Ti HEOOXiTHO PO3TISIHYTH PO3BUTOK Ta AJAITAIII0 TEOPETUKO-METOAUNIHUX OCHOB YIO-
CKOHAJICHHS JIOTICTUYHHX CHCTEM JOCTaBKH BaHTaXiB aBTOMOOIIBHHUM TPaHCIIOPTOM B PaMKax HayKOBOIO 3a0e3re-
YeHHs MpolieciB (JOPMYBaHHS TPAHCIOPTHO-JIOTICTHYHOT cucTeMu Kpainu. Metoauka. Teopis ynpasninas QyHKIi-
OHYBaHHSIM CHCTEM BHMarae opmarizanii 3B's13KiB ycepeinHi cucTeMu. BukoHaHi sikicHa i KiIbKICHAa XapaKTepHc-
THKH CyTHOCT] Ta BCTAHOBJIGHO 3aKOHOMIPHOCTI B3a€EMO/IiT €JIEMEHTIB Y CHCTEMi IIepeBE3E€HHS BAaHTAXIB 110 aBTOMO-
OinbHIN 10pO3i. YTOUHEHO POJIb aBTOMOOIIBHOI JOPOTH B TPAHCHOPTHOMY 3a0e3IeueHHI Ta BIUIMB TPAHCIOPTHO-
JIOTiICTUYHOTO MPOCTOPY Ha camy Aopory B mpoiieci ii pyHkuionysanus. [Ipu nocnimkeHHi i€l TeMH BUKOPUCTaHO
CHCTEMHUI MiAX1MI, METOAN y3arajJbHEHHS Ta PalliOHAIEHOTO BUPIMICHHS MPOOJIEM, TeOpisi MACOBOTO OOCTYTOBYBaHHSI.
Pe3yabraTu. B po0oTi aBTOMOOLIEHA AOpOTa TPEICTABICHA SIK €IIEMEHT CHCTEMH MepeBE3CHHS BaHTAXIB, IO T03BO-
JIWTH MIBUIIATH ii eKOHOMIUHY €(pEeKTHBHICTD y TIOCTIHHO 3MIHHOMY CEpPEIOBHINI TPAHCHOPTHO-JIOTiCTAYHOTO MPOC-
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TOpY 32 OOpaHMUM KpUTEPiEM — 3HIDKCHHI CYKYIHHX BUTpaT 3a IPOCYBaHHA MaTepiaJbHOTO MOTOKY. Teopermko-
METOJMYHI OCHOBHU BJJOCKOHAJICHHS JIOTICTUYHHMX CHCTEM JOCTaBKHM BaHTAXiB aBTOMOOUIBHUM TPAHCIIOPTOM IIOJISTa-
I0Th B OOIPYHTYBaHHI 3aCTOCYBaHHS JIOTICTHKH SIK €()EKTHBHOIO eJleMEeHTa KepyBaHHS, L0 H03BOJISE 3HIKYBAaTH BH-
TpaTH, NOB'sI3aHI 3 IEPEBE3CHHSIM BaHTaXiB. BOHU BiIPI3HSAIOTHCS HasBHICTIO HAYKOBO OOIPYHTOBAHHX METOIIB Po3pa-
XyHKY TEPMiHiB 1 Y4eproBOCTI BUKOHAHHS JOPOXHIX POOIT, JOTICTHYHOIO IHTErPaLi€ro MiIPUEMCTB, 0 OepyTh Y4acTh
y MepeBe3eHH] BaHTaXIB, CTPYKTYPOIO Ta 00CSTOM MarepiajbHOIO Ta CYIMyTHIX HOMY IOTOKIB, a TAKOXK (OpMyBaHHAM
JIOTICTUYHOTO JIaHIfora rpocysaHHs. HaykoBa HoBH3HA. ABTOMOOIIbHA I0pOTa Npe/ICcTaBiieHa JIAHKOI0 €JMHOTO iH-
TErpajIbHOTO IPOLIECy CTBOPEHHS Ta YNPABIIIHHSA MaTepiajbHUMH MOTOKaMu. IIponoHyeTbest (JopMyBaHHS €JIEMEHTIB
JIOPOXKHBOI Ta TPAHCHOPTHOI CKJIaJ0BUX MiICKCTEM i3 iX MOJaibLINM O0'€THAHHAM B €IMHY CHUCTEMY II€PEBE3CHHS
BaHTa)XiB aBTOMOOLTFHIMH JOporamMu. B3aeMO3B'SI3KH €IEMEHTIB CHCTEMH (OPMATi3YIOThCS ¥ BUIIBIII po30CcepeiKe-
HOT JIBOETaIHO CHCTEMH MacoBOTO 00CIIyroByBaHHSA. KO)KeH i3 €JIeMEHTIB CHCTEeMH OLIHIOETHCS BJIaCHUMH XapakKTe-
puctukamu. IlpakTHuna 3HaYMMicTh. Pe3ynpraTH OOCITiZKEHb MOXYTh BHKOPUCTOBYBATHCS INpPALIBHUKAMH aBTO-
TPaHCTIOPTHUX MIATIPUEMCTB, CIY>KO IiIIPUEMCTB, SIKI BiIIIOBIIAIOTH 3a MOCTAYaHHS BUPOOHMIITBA W TPAHCIIOPTYBaH-
HS IPOAYKIIi1, TOPOKHIMH OpraHi3allisiMi ISl IPUHHATTS HAyKOBO OOTPYHTOBAHMX pillieHb MpH (HOpMyBaHHI Iporpa-
MH JOPOXKHIX poOiT i3 3abe3nedeHHs] aJbTEPHATUBHUX MOMIIMBOCTEH IS palliOHAJIBHOI OpraHi3amii IepeBe3eHb
BaHTAXIB.

Kniouosi cnosa: norictudHa cucTeMa; JOTICTUYHUHN IOTIK; CHCTEMa MacOBOTO OOCIYTOBYBaHHS; TPAHCIOPTHI
BUTpATH; JJAHOIOTH IMOCTABOK

I. M. TSARENKOVA

! Dep. «Construction and Operation of Roads», Belarusian State University of Transport, Kirova St., 34, Gomel,
Republic of Belarus, 246653, tel. +375 (29) 384 70 76, e-mail tsar_irina@mail.ru, ORCID 0000-0002-1401-7968

DEVELOPMENT OF CARGO TRANSPORTATION SYSTEM BY ROAD
ON THE BASIS OF LOGISTICS PRINCIPLES

Purpose. The article is aimed to develop and adapt the theoretical and methodological foundations for improv-
ing logistics system of cargo delivery by road transport in the framework of the scientific support of formation proc-
esses of transport-logistical system of the country. Methodology. The theory of system functioning control requires
formalization of connections within the system. The qualitative and quantitative characteristics of entity were per-
formed and the regularities of elements interaction in the system of road goods transportation were found out. The
role of the road in transport industry and the influence of transportation and logistics space on the road itself in the
process of its functioning were clarified. In the study of this topic the system approach, methods of synthesis and
rational problem solving, theory of mass service were used. Findings. The work presents the highway as an element
of the cargo transportation system that will make it possible to increase its economic efficiency in a constantly
changing environment of transportation and logistics space according to the chosen criterion, the lower total costs to
promote material flow. Theoretical-methodological bases of perfection of logistics system of cargo delivery by road
transport include substantiation for the use of logistics as an effective control element to reduce the costs associated
with goods transportation. They are distinguished by the presence of evidence-based methods for calculating the
timing and sequence of execution of road works, logistic integration involved in the carriage of goods of the enter-
prises, structure and volume of material and accompanying flows and the formation of the logistics chain of its pro-
motion. Originality. The road is represented by the link of single integral process of creation and management of
the material flows. We propose formation of sub-system of the elements of road and transportation components with
their further unification by a single road transportation system. Inter-connected elements of the system are formal-
ized in the form of dispersed two-phase system of mass service. Each element of the system is evaluated by its own
characteristics. Practical value. The practical significance of research consists in possibility of their use by employ-
ees of motor transport enterprises, service enterprises, responsible for procurement of production and transportation
of products, travel agencies to make science-based decisions in forming the program of road works and to provide
alternative opportunities for the rational organization of cargo transportation.

Keywords: logistics system; logistics flow; queuing system; transport costs; supply chains
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AOCIIKEHHSI EHEPITOOBMIHHUX ITPOLECIB IIIJT YAC
INTATHUX YMOB EKCILTYATAII PYXOMOI'O CKIALY
METPOIIOJIITEHY 3 CUCTEMAMM PEKYIIEPALII

MerTa. 3a pe3ynbpTaTaMu aHaNi3y iICHYIOYHX JOCTiKEHb YCTAHOBIICHO, 110 HA JaHWH Jac mpooiemMa i ABUIISHHS
€HeproePeKTUBHOCTI PyXOMOTO CKJIQAy METPOIIONITEHY CTa€ 0COOJIMBO aKTyallbHOIO Ta MOTpeOy€e CBOEYACHOTO BH-
pimenHs. Bigomo, 1o BHIPOBaKEHHS CHCTEM PEKYINEpaTHBHOTIO TajlbMyBaHHS Ha PyXOMOMY CKNIaii J03BOJIHTH
B 3HAaYHIH Mipi BUpIIIKTH If0 1pobiemMy. OOIpyHTOBAHO, IO OJHUM i3 KIIOYOBUX IHTaHb NPH BIPOBAKEHH] BH-
I1€3a3HaYCHUX CHUCTEM 3JIMIIAIOTHCS AOCIIKEHHS 3 e(EeKTUBHOCTI BUKOPHCTaHHS €JICKTPOEHEPTii peKyrnepaTHB-
HOTO raJbMyBaHHs. MeTa poOOTH — OLliHKa KiJIbKOCTI HA/JIMIIKOBOI €JIEKTPOCHEPTil peKynepaTUBHOTO rajJbMyBaH-
HS IIiJ] Yac MITaTHUX YMOB EKCIUTyaTallil pyXOMOI0 CKJIa/ly 3 CHCTEMaMH peKyIepanii A1 aHallizy pe3epBy €Hepros-
Oepexenns. Meroauka. BUKOPHCTOBYIOUH pe3ysbTaTh €KCHEPUMEHTAIFHUX JAOCIIKEHb €HEProOOMIHHUX IMpoIe-
CiB MiJ Yac HITAaTHUX YMOB €KCIUIyaTallii pyXOMOTO CKJaJy METPOIIOJNITeHY 3 CHCTeMaMHU peKyIeparii, a TaKox
3aCTOCOBYIOYH CTATHUCTHYHI METOAN 00pOOKH JaHWX, BU3HAUYEHO KIJIBKICHI MMOKAa3HUKHU €JIEKTPOCHEPTii, CIIOKUTOI Ha
TATY, PEKyNepoBaHOI 10 KOHTAKTHOI Mepexi Ta BHAUICHOI Ha TadbMIBHHX pe3UCTOpax (HAJIUIIKOBOI).
PesyabTaTn. 3a aHai30M Pe3y/bTaTiB JOCHTIHKEHD MiJ] Yac 3aJaHuX MITATHUX YMOB €KCIUIyaTallii pyXOMOTo CKJia-
ny MeTporoiiteHy Ha CearoummHcebko-bposapcebkiit minii KIT «KuiBcbknii METpONONiTEH» BCTAHOBJICHO HACTYIIHE!
1) BOpOBaKEHHSI CUCTEM peKyliepallii Ha pyXoMOMY CKJIaJii J03BOJIsIE HIOBEPHYTH B KOHTAaKTHY MEPEXY Ha piBHI
17,9-23,2 % enexTpoeHeprii, IO CIIOXKHUBAETHCS HA TATY; 2) ICHYIOTh Pe3epBHU IiJIBHUIIECHHS CHEProe(EeKTUBHOCTI
PYXOMOTO CKJIamy 3 CHCTeMaMM pekymepamii Ha piBHI 20,2-29,9 % enekTpoeHeprii, IO CIIOXUBAETHCS HA TATY.
HaykoBa HoBu3Ha. Briepiie o0rpyHTOBaHO, M0 HAHOLIBIT BaroMuM (aKTOPOM, SIKUH 3MIIHCHIOE BIUTMB Ha KiTBKIiCHI
MTOKAa3HHUKH eJIEeKTPOSHEPTii peKymeparii, € mpodiinp Kouii. 3apomoHOBaHO B SIKOCTI KUTBKICHOI OIIIHKH 3aCTOCOBY-
BaTH KOEQIIi€HTH, SKi OKA3YIOTh KUTBKICTh Ta Pe3epBH HEBUKOPHUCTAHOI (HAUTHIITKOBOI) enekTpoeHeprii. JicTamm
MOJTAJTBIIIOTO PO3BUTKY JOCIIKEHHS 3 BU3HAUYEHHS KIJbKICHUX TIOKAa3HUKIB €NEKTPOCHEPTii peKymepartii A aHai-
3y pe3epBiB eHeprozoepexenns. [IpakTuuna 3HaunmicTb. OTpUMaHi KUIbKICHI MOKa3HUKK HA/IIMIIKOBOI €JIEKTPO-
eHepril pexylnepaTHBHOrO TajlbMyBaHHS MOXYTh OyTH BHKOPUCTaHI IiJi Yac CTBOPEHHS HOBOTO ab0 MopaepHizauil
ICHYIOUOTO PyXOMOT'O CKJIaJy METPOIOJITEHY Y BHIAJIKYy PO3POOKH €HEproe(eKTUBHOTO TEXHIYHOTO PILICHHS IS
yTuIti3anii, 30epeeHHs Ta aKyMyJIIOBaHHS Li€l eJIeKTPOeHEePrii.

Kniouosi cnosa: pexynepaTuBHe TalIbMyBaHHS; PYXOMUI CKJIaJl METPOIIOIITEHY; CHCTEMa peKyIeparii; eHepro-
30epeXeHHS; eHePTOePEKTHBHICTh
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Beryn

MeTporoiTeH € OTHUM 3 HaHBaXIIMBIIIMX 3a-
co0iB 3a0e3neueHHss MOOUIBHOCTI HAceJIeHHs Be-
JIUKUX MICT. Y 3B’S3Ky 3 MOCTIHHHUM ITiIBUIIICHHSIM
KUTBKOCTI TPAHCIIOPTHUX 3ac00IB y MiCTax 3 Hace-
JIEHHSIM O1JTbIIe Hi’K 1 MITH YOJIOBIK TUTBKH METPO-
MOJIITEeH 3JaTHUI BUPIIUTH MpobiieMy MOOiIbHOC-
Ti HaceneHHs. OnHAaK, 3a HASBHOCTI PsIy MO3UTHB-
HUX SKOCTEH METPOIIOJNITeHYy, TaKuX sK 3abe3rie-
YeHHSI  BHCOKOi ~ MOOUIBHOCTI  TNepeBe3eHb,
€KOJIOTIUHICTh, 30€peXeHHsl apXiTeKTypH MicTa,
Ma€ Miclie i HeraTUBHUH (akTop — 3HAYHE CIIOXKH-
BaHHsI eJIeKTpoeHeprii. ToMy, MOYWHAIOYH 3 BIIPO-
BaJPKEHHSI MEPLIMX METPOIONITEHIB, BEAYThCS PO-
00TH 31 3MCHIIICHHSI BUTpAT CIEKTPOCHEprii mer-
POTIOIITEHY.

Bixg Toro, Hackinmbku e(pEKTHBHO EKCILTyaTy-
€TBCSL METPOIIOJITEH, 3alekaTh OO0CATH IepeBe-
3eHb, BUTPATH 32 CHIOXKHUTY E€IEKTPOCHEPTII0 Ta CO-
0iBapTICTh TPAHCIIOPTHHUX TOCIYT, IO TPEACTAB-
JSIIOThCA HacelleHHI0. B yMoBax 30inbIIeHHs ma-
CaKMPOIICPEBE3€Hh Ta TMOCTIMHOIO IiABUINECHHS
Tapu(iB Ha EIEKTPOCHEPrilo, 3HIKCHHS CHEPro-
CTHOXMBaHHS aHUM BHOM TPAHCIOPTY CTa€ OCO-
611BO akTyassHUM [ 16].

BupilieHHI0O HU3KH TIUTaHb 3 €HEPro30epekeH-
HS Ha MICBKOMY E€JIEKTPUYHOMY TPaHCIIOPTi, 30K-
pemMa Ha METPOMOJIiTeHi, MPUCBsIYeHI poboTn Oara-
ThOX BITUM3HSHUX Ta IHO3eMHUX BueHux [1-9, 12—
20].

3 aHani3y 3a3Ha4eHHX JOCIIHKEHb BiJJOMO, IO
OJIMH 3 e(h)eKTUBHUX 3aXOJIB 31 3HUKCHHS CIIOXKHU-
BaHHs EJEKTPOCHEprii Ha TATy — BUKOPUCTAHHS
CHCTEM PEKYIEpaTHBHOIO r'ajJbMyBaHHA Ha PyXo-
MOMY CKiafmi. 3a pe3ynpTaramMy [eSKHX JOCIHi-
mkenb [1-9, 12-20] BcTaHOBIEHO, IIO BIPOBa-
JOKEHHSI CHCTEM PeKyIepanii Ha pyXOoMOMY CKJIaji
METPONOJITeHy IO3BOJUTH cKopotHtH 1m0 40 %
eJIEKTPOCHEPrii, 10 BUTpayaeTscs Ha TATy. [IpoTe
3 aHamizy jgociimkeHb [1-9] BcTaHOBIEHO, MO
e(heKTUBHICTh BHUKOPHCTAHHS €JEKTPOCHEPTii pe-
KyIepaTuBHOI'O TaJIbMyBaHHsI 3aJIeXKHTh BiJ Oara-
ThOoX (pakTopiB. Cepel OCHOBHHX MOXKHA BUJIIITUTH
HACTYIHI: IHTEHCHBHICTH PYXY B 30HI peKymeparlii,
PEXUM PyXy IHIIUX CIOKHUBAYiB EIICKTPOCHEPTIi,
BiJICTaHb MK cTaHUiAMHU Ta Npodins Komii. Sk Ha-
CITIIOK, BUKOPHCTAHHS CIIEKTPOCHEPTii peKymepa-
THBHOTO TaJIbMyBaHHS Ma€ IMOBIpHICHHUH XapakKTep.

Jlo HemaBHLOTO Yacy PyXOMHH CKIIaI BITUM3-
HSHUX METPONOJNiTeHiB He OyB oOmagHaHuil cuc-
TeMaMM peKymepalii, sK HacliJoK, He OylI0 MOX-
JIMBOCTI TeHepallii eJIeKTpoeHeprii B KOHTaKTHY
MEpeXy 1 BOHA MOBHICTIO PO3Cil0BalIach y BUIIISAL
TEIUIOTH Ha TaJbMIBHHMX pe3ucTtopax. B ocranHi
POKH, 3 METOI0 CKOPOYEHHSI CTIO)KUBAHHS €JIEKTPO-
eHeprii Ha TATY, METPOIONIiTeHaMH YKpaiHu moc-
TYNOBO BBOAMTHECS B €KCIUIyaTalil0 HOBOCTBOpE-
HUI Ta MoJepHi30BaHWi pyxomuil cknaia. ['onos-
HUMH BiIMIHHOCTSMH JaHOTO PYXOMOI'O CKJIaay
€ BIIPOBAKCHHS eHepro3oepirarouoro oOmagHaH-
HSl Ta TEXHOJIOT1H, HacaMIepel CHCTEM peKylepa-
mii.

[Ipn BHmpoBafKEHHI CHUCTEM peKylepaunii Ha
PYXOMOMY CKJIaJi METPOIOJITEHY OIHUM 3 KIIO-
YOBUX IUTAaHb € OLIHKA KUIBKOCTI HAaUIMIIKOBOI
EJIEKTPOCHEPTil PEKyNEepaTHBHOTO TallbMyBaHHS
i 4ac HOro peaJbHUX YMOB €KCIUTyaTtawii. AKTy-
QIBHICTD BUPILICHHS JAHOTO MUTAaHHS 00yMOBIICHA
HEOOXIZHICTIO BU3HAUCHHS pPeaibHOI epeKTHBHOC-
Ti Bi 3aCTOCYBaHHS 3a3HAYE€HUX CHCTEM Ha PyXo-
MOMY CKJIaJli METPOTIONITEHY.

Crig 3a3Ha4uTH, 0 B HU3I( JOCHIHKCHb MPO-
BOJIMJIACH TaKa OIiHKA pealibHOi e(DEeKTUBHOCTI BiJ
BIIPOBA/IKEHHS CHCTEM peKylepalii Ha pyXOMOMYy
ckiani. Y poborax [7, 9] BUKOHAHO OIIIHKY MOX-
JIUBOT KUIBKOCTI 320I13JKCHOT €JICKTPOCHEPTil JJist
peasbHUX YMOB €KCIUTyaTalii pyXOMOTO CKIamy
3 peocratanM raneMyBaHHAM B KII «/lHinponer-
POBCBHKHIA METpOMOIIiTeH»; y poboTi [14] — y Moc-
KOBCBKOMY METPOIIOJIiTeHi. 3a3HaueHi JOCIiKEeH-
HS 3/T1MCHIOBAIINCS HA PyXOMOMY CKJIaJ{i METPOIIO-
JiTeHy 0e3 MOKJIMBOCTI T'eHepalii eleKTpoeHeprii
710 KOHTAaKTHOI Mepexi. 3a pe3yiabpTaTaMy LUX J0C-
JIKEHb BCTAHOBIICHO, IO B PEXKUMI PEOCTATHOTO
raabMyBaHHA yTUIi3yeTbes 15-52 % enextpoene-
prii, sika BUTpayaeThCs Ha TATY Moi3aiB. Y podoTax
[1, 3, 4, 12, 20] orinka BUKOHYBaJIach Uil PyXO-
MOTO CKJIaZy METPOIIOJIITEHY 3 BCTAHOBJICHUMH Ha
HBOMY CHCTEMaMM pekymepauii. Y 3a3HaueHHux
TOCITIKEHHSAX OITiHKA 3IiHCHIOBAIACH I PYyXO-
MOTO CKJIaJly METPOTIOJIiTeHy 0e3 ypaxyBaHHS pea-
JBHUX YMOB €KcCIUTyaTauii (3MiHM mpodinto kouii,
3aBaHTaKEHHS BaroHiB, rpadiky pyxy Tomo). 3a
pe3yiabTaTaMu aHaji3y MOCHiKeHHs [3] BCTaHOB-
JICHO, IO BIPOBAKEHHS CHCTEM peKymepauii Ha
BaroHax moneneit 81.715, 81.716 B ymoBax ix ekc-
IIyaTariii Ha OfHiH 3 JIiHIH MOCKOBCBKOTO METPO-
MOJIITEHY 3 MaKCUMAaJIbHUM 3aBaHTA)KCHHSM Baro-
HIB JIO3BOJISIE 320MAANTH B cepeaaboMy 9,4 % Bif
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BCI€l ENEeKTPOEHEprii, ska BUTPAYAETBCA HA TATY
o13/iB.

TakuM 4YuHOM, pe3yibTaTH AOCHTIHKEHb [1-9,
12-20] ne naroTh 3MOry OLIHUTH €()EeKTUBHICTH Bij
BIIPOB/KEHHSI CHCTEM peKyIepallii Ha pyXoMOMY
CKJIaZi B TIOBHOMY 00cCs31. 30Kpema, BiJICYTHI JT0C-
JJPKEHHS 3 OLIHKH e()eKTUBHOCTI 3a3HAYCHUX CH-
CTEeM A yac 3MiHM IITATHUX YMOB €KCIUTyaTarlii.
OTmxe, BUIE3a3HAYCHE MTUTAHHS 3QJIAIIAETHCS Ma-
JIOBUBYEHUM 1 aKTyaJbHUM.

Merta

OriHKa KIJBKOCTI HAJIJIHIIKOBOI €JIeKTpOCHEep-
ril peKynepaTuBHOrO TajJbMyBaHHS IiJI 4ac [ITar-
HHUX YMOB €KCIUTyaTalii pyXOMOro CKIaxy MeTpo-
MOJIITEHY 3 CHCTEMaMM peKymepalii Uil aHaizy
pe3epBiB eHEPTro30epEIKEHHSI.

MeTtoanka

HocnimkeHHss eHeprooOMiHHUX TPOLECiB BU-
KoHaHO Ha CesTommHCchKO-BpoBapceekiit minii KII
«KUIBCHKMH METPOTONITEH» IIiJ] Yac THIIOBUX
LITAaTHUX YMOB EKCIUTyaTalii pyXOMOTo CKIamy
3 CHUCTeMaMHu pekymepaiii nporsrom modu. Ilix
TUTIOBUMH IITATHUMHU YMOBaMH €KCILUTyaTarii ma-
IOTBCSl HA yBa3i HACTYIHI PEeXUMH: MaKCHMallbHE
3aBaHTAKEHHA 3 JOTPUMAHHSIM «HEIIKOBOI'O» Ta
«IiKOBOrO» TpadikiB pyXy, HOMiHAJIbHE 3aBaHTAa-
KCHHS 3 TOTPUMAHHSIM «HEIIKOBOT0» Ta IMiKOBO-
ro» rpadikiB pyxy, MiHIMalbHE 3aBaHTaKEHHS
(3alfHATI cUASYI MICI) 3 JOTPUMAHHIM «<HEMIKO-
Boro» rpadiky pyxy. Pyxomuii ckian npeacrasise
CO0OI0 T’ SAITUBAarOHHWHA MOJIEPHI30BAHUN  TIOI3]T
3 aCHHXPOHHHM TSATOBUM TPHUBOJOM, B SIKOMY TO-
JIOB-Hi BaroHH — 0€3MOTOPHI, TPOMIXHi — MOTOPHI.

JlocnipkeHHsT TPOBEINECHO 3 BUKOPUCTAHHIM
BUMIpIOBaJIbHOT CUCTEMH, 1110 BCTAHOBJICHA HA MO-
JIepHI30BaHOMY TM0131i. BuMiproBaibHa cucrema
po3pobuiena cremianicramu Il «YxkpHAIB» nns
TOCTIKEHHS €HEproOOMIHHUX TIPOIIECiB MK KOH-
TAKTHOIO MEPEKEI0 Ta IMOI30M B pEalbHUX YMO-
Bax Horo excrutyatamii. J{o ckiany BUMiproBaIbHOT
CHUCTEMH BXOZSATh: IEPCOHAJBHUH KOMII IOTEP,
aHaJoro-uu(poBUi MepeTBOpIoBay, OJIOK KOMyTa-
wii, OJIOK Y3TOMKEHHS Ta BUMIPIOBAJIbHI JTaTUUKH.
O6poOka maHWX Ha TEPCOHAIBHOMY KOMI FOTEpi
3IIHCHIOETHCS 32 JOIIOMOI'OI0 aTeCTOBAHOIO IPO-
rpamHoro 3a0e3neuenHs «EJIEKTPO» [10]. Buwmi-

pIOBaJIbHA CHCTEMa Tiepeadadae OTPUMaHHS, BilTO-
OpaxxeHHS Ta 30€PEIKEHHS JaHUX BUMIPIOBaJIbHHUX
JTATYHKIB, SIKi BCTAHOBJICHI HA JIOCIITHOMY TOT3Ii.

I'padixku HaAnpyTH KOHTAKTHOI MEPEXi Ta CTPY-
My Yy BaroHi moizga METPONONITEHY MiJl yac 37iic-
HEHHS PEKYINEpaTHBHOTO TalbMYyBaHHS 300pakeHi
Ha puc. 1. OcrmorpaMu HaIpyTryd KOHTaKTHOI Me-
pexi (Ha cTpyMoIpuiiMadi), CTpyMy Ta IIBHIKOCTI
pyXy moizzna mpu Horo exkcruryaramii 3 MaKCUMallb-
HUM 3aBaHTKEHHSIM MDK KIHIIEBUMH CTaHIIISIMH
CasTommHChKO-bpoBapebkoi miHIi 32 yMOB Jio-
TPUMaHHS «HEMIKOBOTro» rpadiky pyxy npuBeneHi
Ha puc. 2-3. AHaJIOTIYHUMHU YMHOM OYJIO OTpHMa-
HO OCIMJIOTpaMH JUIS 1HIIMX 33/IaHUX YMOB BEJICH-
HS moi3na (MakCHUMalbHE 3aBaHTaKEHHS 3 JOTpPU-
MaHHAM <IIKOBOTO» rpadika pyxy, HOMiHaJIbHE
3aBaHTAXKEHHS 3 JOTPUMAHHSIM <HEIMIKOBOTO» Ta
«ImikoBOro» TpadikiB pyxy, MiHIMaJlbHE 3aBaHTa-
JKEHHS 3 JIOTPUMAaHHSIM «HETiKOBOro» rpadiky py-
Xy.) Takox i 3a3HaU€HHWX INTATHUX YMOB €KC-
ruryaranii Oynu OTpUMaHi OCIHMJIOTPaMH HaNpyTH
Ha TAJIbMiBHUX PE3WCTOpaxX Ta CTPYMY, SIKUH PO3-
CISIHO y BUIJISIZII TETUIOTH HA TAJbMiBHHUX PE3UCTO-
pax. TakuM 4YMHOM, 3a JOTOMOTOI0 BHUMipIOBaJIb-
HOi cuctemu Oyno 3adikCcOBaHO 3 YaCTOTOK JAMC-
kperm3anii 2,5 k[’ Hanpyry Ha cTpymMomnpuiimadi
u(t), ctpym moizga B pexxuMax TATH Ta peKynepa-
THUBHOTO rajibMyBaHHs i(t); Hampyry Ha rajJbMiBHHX
pesucTopax u3g(t), cTpyM Ha TaJbMIiBHHX PE3HCTO-
pax ir(t), a Takoxk MWBHAKICTE pyxy moizaa V(t).

3a pesynbTaTaMu 0OpOOKH MacHBIB JaHHX, IO
OTpYMaHi IIiJ{ YaCc THUIIOBUX IITAaTHUX yYMOB €KC-
IUTyaTarii pyXxoMoro CKJjaay 3 CHCTEMaMHU peKyTe-
pauii BH3HAYEHI HACTYNHI MOKAa3HHUKH: CepelHi
3HAYEHHS HaNpyYTr'H KOHTAKTHOI MEpeXki B peKUMax
Tru 1 pexynepatuBHOro ranbMyBaHHSA (Ucep raru,
Uceppex); CEPENHE 3HAUEHHA CTPYMy B PEKHMAX
TATH 1013718 (Leepraru); CEPEAHE 3HAUYEHHS CTPYMY,
[0 TEHEPYETHCS TOi30M 10 KOHTAaKTHOI Mepexi
HiJ Yac PeKyIepaTHBHOTO TalbMYyBaHHA (Leep pex);
cepe/HE 3HAUYEHHS HANpyTrH Ha TajJbMiBHUX PE3UC-
Topax (Ucepr); CEPENHE 3HAUEHHS CTPYMY, IO PO3-
CIIOETBCS Y BUTJISII TEIIOTH HA TaJbMIBHHX PE3H-
CTOpax B PEKUMI PEKYINEPaTUBHOIO TabMyBaHHS
(Leepr); HaC PyXy B pexMMax TSATH Ta PEKylepaTH-
BHOT'O TaJIbMyBaHHS (trgm, thex ), @ TAKOXK CEPEIHIO
eKCIUTyaTaliiHy IBUAKICTh Ha MEPETOHI (Veep exc)-
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Puc. 1. I'padikn Hampyru KOHTAKTHOI MEpEXki Ta CTPyMy BaroHa Ioi3zia METPOTIOIITCHY
TIiJ] 9ac 3MiHCHEeHHS peKyIepaTuBHOTO TalbMyBaHHI

Fig. 1. Graphs of the contact network voltage and the train car current in the subway
when performing regenerative braking
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Puc. 2. OcmunorpaMu HaIlpyTH: @ — HAa CTPYMOIIpHMAaYi; 6 — CTpyMy T0i3/1a; 6 — Ta IBUAKOCTI PyXy
moi3/1a mijx 9ac Horo excruryaTariii Mix ctaHIisiMu «JlicoBa—AKkaneMMicTedK0o»

Fig. 2. Oscillograms of voltage: a — on current collectors; b — train current; ¢ — and the speed
of the train (in) when its operation between stations «Lisova—Akademmistechko»

doi 10.15802/stp2017/112934 © A. O. Cymum, C. O. Myxwuuyk, I1. O. Xo3s, O. O. MenbHuk, B. B. ®enopos, 2017

31



ISSN 2307-3489 (Print), ISSN 23076666 (Online)

Hayxka Ta nporpec Tpaxcrnopry. BicHuk JIHIponeTpoBcsKoro
HAL[IOHAIILHOTO YHIBEPCUTETY 3alli3HMYHOTO TpaHcmopry, 2017, Ne 5 (71)

EKCIIIYATAIISA TA PEMOHT 3ACOBIB TPAHCIIOPTY

i, A
6000

L Ll Ll

-2000+
-4000+
-6000+

H 1 | V v F t, XB

=
-

fo
-1
g

>
>

0 3 6 9 12 15 18 21 24 27 30 t, xB
86—C

Puc. 3. OcmnorpaMu: @ — HaIPYTH Ha CTPYMOIIpHMAaYi; 6 — CTpyMy T0i3/1a; 6 — Ta IIBUAKOCTI PyXy
moi3/1a mijx 9ac Horo eKcIuTyaTarlii MiX cTaHIlisIMA «AKagemmicTeako—JlicoBa»

Fig. 3. Oscillograms: a — voltage on current collectors; b — train current; ¢ — and the speed of the
train (in) when its operation between stations «Akademmistechko— Lisova»

3a BH3HAYCHUMH 3HAYCHHSAMH BEIMYUH B MPO-
1eci 00poOKKM MacHBIB TaHUX PO3pPaxOBaHO HACTY- A, = U cep.varu * Leep.rsru * Lraru (1)
IHi eHepreTUYHi MOKA3HUKHU: KibKiCTh CIIOKHTOL " 3600-1000
CJIIEKTPOCHEPTii B pekUMax TATH (Aqqry); KITBKICTh
CJIEKTPOCHEPTii, 110 T'€HEPYEThCS 10 KOHTAKTHOI
Mepexi (Ape); KUIBKICTh €IeKTPOeHeprii, 10 BUIi-

KinbKicTh €JIeKTpOCHEprii, 110 ICHEPYETHCS 10
KOHTaKTHOI MEpEKi, PO3PaxOBYEThCA 3a (POpMy-

JNSEThCA Y BUTIIAMI TEIUIOTH HA TalbMiBHHX pe3HC- 010 [5I:
Topax (4gr); koedinienT pexyneparii (Kpex); Koedi- U .7 .t
. o . . . cep.peKk ~ cep.pek “pek
IIIEHT, SIKMH TOKa3ye KiJbKiCTh HEBUKOPHCTAHOI Ak = : 2)

(mammuikoBoi) emexTpoeneprii (Kr); KoedirrieHT, 3600-1000

SAKHHA TIOKa3ye pe3epBU HEBUKOPUCTAHOI (HaJIUILI-
KOBOI) €JIEKTPOEHeprii peKynepaTUBHOIO rajlbMy- y BUNISLI TEIUIOTH Ha TaJbMIiBHHUX DE3HCTOpAx

BaHHA (kf)" (HAIUTMIIIKOBA EHEprisi), PO3paxoByeThCs 3a (op-
KinpKicTb eIeKTPOCHEpIil, 1O CHOKUBAETECE  nynoo [5, 11]:

B PEXHUMax TATU, PO3PAXOBYETHCA 3a (POPMYIIO0

KinbkicTh eneKkTpoeHeprii, Mo BUAUIIETHCS

[7, 9, 11] AR — Ucep.R ’ Icep.R : ZLpeK. (3)
3600-1 000
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KoedimieHT pexyneparii BU3Ha4a€TbCs 3a Bifl-
HOIIICHHSIM 3T¢HEPOBAHOI €JIEKTPOCHEPTii JO KOH-
TaKTHOI MEpeXi i 9ac PEKyNepaTHBHOTO Tallb-
MYBaHHS 10 CIIOKUTOI €JIEKTPOCHEPrii B peKuMi
Taru [7]:

AJCK.
Ko, =—0. 4
MR (4)

KoedimienTt, sixkuii mokaszye KiJIbKiCTb HEBHKO-
pucTaHoi (HaTUIIIKOBOI) €IEKTPOCHEPTrii MM Jac
PEKyINepaTHBHOTO TAJIbMyBaHHS BU3HAYA€THCA 3a
HACTYIHUM BiTHOLICHHSIM:

.
. .
(Avex. + AR)

KoedirtienT, skuii mokasye pe3epBru HEBUKOPH-
cTaHOi (HAUTUIIKOBOI) E€IIEKTPOSHEPril peKyrepa-
TUBHOTO TaJIbMyBaHHS:

.
Al‘}[l"l/l

KpimM Toro, misi KOXKHOTO IITATHOTO PEKUMY
eKcIuTyaTarii 1moi3la MK KIiHIICBUMH CTaHIIiISIMH
BU3HAYAIUCh MUTOMI BUTPATH EIIEKTPOSHEPTil Ha
TATY 0€3 ypaxyBaHHS Ta 3 ypaxyBaHHSIM €JIEKTPO-
eHeprii pexkymnepartii.

[IuToMi BUTpaTH eNeKTpPOEHeprii Ha TATY BHU-
3HAYarOTHCH 3a hopmystoro [5, 11]:

®)

(6)

U -1 ‘1

Cep.TAru Cep.TAru TATHA (7)

3600-m-L

TIUT

Jle m — Maca 1oi3ja; L — 1oBkuHa JUISHKH.
[luToMi BUTpaTH eNEKTPOCHEPTii Ha TIATY
3 ypaxyBaHHSM EIEKTPOEHepril pekymepamii BH-
3HAYAIOTHCA 3a (hopmyoro [5]:
U - -t

Cep.TATU Cep.TArn TATH

3600-m-L

a‘nm.pek =

cep.pex Icep.pek ’ lpel( (8)

3600-m-L

U

PesynbTarn

PesynpraTti po3paxyHkiB, BHKOHAHUX 3a BUpa-
3amu (1)—(6), HaBeneHO B Taba. 1-2.

KinbkicTh CHOXUTOI Ha TATYy, PEKyIEepOBaHOI
JI0 KOHTaKTHOI MepeXi Ta BUAUICHOI HAa TaJbMiB-
HHX pE3UCTOpaxX €JIEKTPOCHEpPTii, a TaKoX iX Bill-
HOIIICHHS Mi/T Yac 3a/IaHuX MITATHUX YMOB €KCILTY-
aTauii pyxoOMOro CKJaay METPOINOJITEeHYy A0 CHC-
TeM pekynepauii MK KiHIEBUMH cTaHLisMH «Jli-
coBa—Akanemmicteuko—JlicoBa», 300pakeHO
y BUTJISAL Aiarpam Ha puc. 4-8.

Pesynprat po3paxyHKiB MHTOMHX BHTpaT Ha
TATY JUIS IITaTHUX PEKUMIB €KCIUTyaTtallii Ioi3ia
MIpHUBEIEHO B Ta0. 3.

Tabnuuns 1

PesyabTaTn po3paxyHKiB eHepreTHYHUX NOKAa3HUKIB NPH «IMikoBOMY» rpadiky pyxy noizaa

Table 1
Calculations results of energy indices at the «peak» schedule of train movement
HowminansHe/MakcuMasbHE 3aBaHTAXKEHHS 013712
Jlocrivkysana (KinbKicTb eHeprii Ta monpasouHi koediienTi)
drrox | abiror | abreor | ke . .
JlicoBa—YepHiriBchka 12,28/14.,6 3,29/2,32 5,21/7,74 0,27/0,16 | 0,61/0,77 | 0,42/0,53
UYepniriscpka—JlapHurs 15,34/15,92 4,94/3,57 1,33/4,1 0,32/0,22 | 0,21/0,53 | 0,09/0,26
Hapuurs—JliBooepexHa 13,65/13,63 3,4/3,56 2,67/3,09 0,25/0,26 | 0,44/0,46 0,2/0,23
JliBo6epexua—Tigpornapk | 14,26/18,68 5,03/3,63 3,56/6,88 0,35/0,19 | 0,41/0,65 | 0,25/0,37
Tuoponapk—/Ixinpo 23,71/23,52 5,25/3,14 3,04/4,93 0,22/0,13 | 0,37/0,61 | 0,13/0,21
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3akinyeHusa tabauni 1

End of table 1

HowminanbHe/MaKkcHMalIbHE 3aBaHTAKEHHS 1101312
Tocimkysana (KiTbKicTh eHeprii Ta onpaouHi KoediiienTi)
dron | wbrron | wprron | b= « .

Huinpo—ApceHanbna 3,38/2,28 4,28/3,21 4,17/5,01 1,27/1,41 | 0,49/0,61 | 1,23/2,2
ApceHanbpHa—XpemaTuk 13,92/13,94 1,49/1,82 3,1/5,05 0,11/0,13 | 0,68/0,74 | 0,22/0,36
Xpemaruk—TeaTpanbHa 11,06/14,18 3,77/1,84 1,52/5,85 | 0,34/0,13 | 0,29/0,76 | 0,14/0,41
TearpanbHa—YHIBEepCUTET 11,3/13,55 2,79/2,4 0,85/3,02 0,25/0,18 | 0,23/0,45 | 0,08/0,22
VYHiBepcuteT—Bok3ansHa 9,3/14,45 2,94/0,95 0,21/5,59 0,32/0,07 | 0,07/0,85 | 0,02/0,39
Boxk3zanbna—KIII 14,4/20,53 0,88/2,1 2,1/4,38 0,06/0,1 0,7/0,68 | 0,15/0,21
KITI-ysnsBceka 15,78/18,37 3,76/4,46 0,68/2,85 | 0,24/0,24 | 0,15/0,4 | 0,04/0,16

[lynssceka—bepecreiiceka | 79,27/84,09 3,35/2,58 0,16/2,94 | 0,04/0,03 | 0,05/0,55 0/0,03
Bepecreiicbka—HuBkn 15,78/21,82 4,22/7,08 3,14/456 | 0,27/0,32 | 0,43/0,39 | 0,2/0,21
Husku—CasiTormna 13,15/9,66 2,42/2,09 0,94/1,17 | 0,18/0,22 | 0,28/0,36 | 0,07/0,12
CasarommH—KuroMupceKa 6,04/11,95 5,47/3,56 3,08/8,7 0,91/0,3 0,36/0,71 | 0,51/0,73
ﬁi‘;ﬁﬁﬁfﬁfﬁf@ 4,98/415 | 1731/289 | 3,03/0,78 | 0,26/07 | 0,7/021 | 0,61/0,19
AKAIEMMICTETKO 2422/2522 | 096/1,51 | 579/584 | 0,04/0,06 | 0,86/0,79 | 0,24/0,23

Kutomupcrka

JKuromupcbka—Casitorue | 24,14/25,92 3,44/3,17 3,61/0,85 0,14/0,12 | 0,51/0,21 | 0,15/0,03
CastromrnH—Husku 14,15/12,05 8,25/2,09 1,93/559 | 0,58/0,17 | 0,19/0,73 | 0,14/0,46
Husku—bepecreiicpka 15,5/17,85 2,68/0,78 4,33/7,89 | 0,17/0,04 | 0,62/0,91 | 0,28/0,44
Bepecreiicbka—1llynsBchka 4,69/5,72 21,15/13,08 23,2/32,28 | 451/2,29 | 0,52/0,71 | 4,95/5,64
MlyssiBepka—KIII 9,28/17,83 1,26/4,04 3,93/5,82 | 0,14/0,23 | 0,76/0,59 | 0,42/0,33
KITI-Bok3asbHa 14,85/16,2 2,69/4,0 2,32/2,35 | 0,18/0,25 | 0,46/0,37 | 0,16/0,15
Boxk3zanpHa—YHiBepcurer 8,08/10,44 1,49/3,15 0,66/0,74 0,18/0,3 | 0,31/0,19 | 0,08/0,07
VuiBepcuter-Teatpansaa | 8,18/10,39 1,53/2,44 0,82/1,53 | 0,19/0,23 | 0,35/0,39 | 0,1/0,15
TearpanpHa—XperaTuk 11,44/12,93 0,5/1,73 3,64/3,76 0,04/0,13 | 0,88/0,68 | 0,32/0,29
Xpematuk—ApceHanbHa 12,58/13,88 1,72/3,97 1,62/0,86 0,14/0,29 | 0,49/0,18 | 0,13/0,06
Apcenanbaa—/IHinpo 22,42/22,32 1,73/0,67 2,62/3,11 | 0,08/0,03 | 0,6/0,82 | 0,12/0,14
Muinpo-Tigponapk 13,1/15,91 2,33/3,49 8,88/10,2 | 0,18/0,22 | 0,79/0,75 | 0,68/0,64
Tixponapk—JliBoGepexHa 13,1/17,75 1,83/3,17 1,29/2,47 | 0,14/0,18 | 0,41/0,44 | 0,1/0,14
JliBoGepexna—lapHuris 12,45/12,83 3,84/2,58 3,37/4,52 0,31/0,2 | 0,47/0,64 | 0,27/0,35
Hapuuus—YepHiriBcpka 11,34/11,0 3,11/1,0 2,8/4,19 0,27/0,09 | 0,47/0,81 | 0,25/0,38
Yepmiriscska—JlicoBa 16,28/15,4 2,08/1,76 4,22/424 | 0,13/0,11 | 0,67/0,71 | 0,26/0,28
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Tabnuns 2

PesyabTaTn po3paxyHKiB eHepreTHYHNX NOKA3HUKIB NPH «HeMiKOBOMY» rpadiky pyxy noizga

Calculations results of energy indices at the «off-peak» schedule of train movement

Table 2

MiHimanbpHe/HOMIHATbHE/MaKCUMAIIbHE 3aBaHTaXKCHHS 01312 Ta BiAMOBIIHI KOe]ilieHTH

JocnimkyBana
1 ATSH‘HI A eK? AR:
AVITRA kBrTox KBTPTOLI kBrTrox kpe“ ke kr
JlicoBa— 0,86/2,92/ 1,98/1,84/ | 0,12/0,3/ | 0,7/0,39/ | 0,28/0,19/
UYepHiriBchka 1,1719,68/8,46 1,05 4,28 0,12 0,8 0,51
iri — 1,76/2,13/ 0,27/0,2/ 0,5/0,21/

YepHiriBcoka 6,45/10.48/11,11 1,74/0,57/ 0,27/0,05/
Hapuuus 191 2,19 0,17 0,53 0,2
JlapHums— 2,45/0,81/ | 0,63/0,42/ | 0,31/0,05/ | 0,2/0,34/ | 0,08/0,03/

JliBobepesxHa 7,89/16,44/8,98 1,85 1,64 0,21 0,47 0,18

JliBoOepexHa— 1,13/3,1/ 1,98/1,08/ 0,15/0,2/ 0,64/0,26/ | 0,27/0,07/
Tnoponapk 7,35/15,24/9.8 1,23 4,7 0,13 0,79 0,48

Ii — 0,52/1,93/ 0,11/0,02/
1AponapK 13,61/22,82/21,81 1,5/05/4,74 | 004008/ 1 0.74/0.211 1 B
Huinpo 2,01 0,09 0,7 .
Juinpo— 2,72/3,43/ 3,16/6,25/ | 0,75/0,74/ | 0,54/0,65/ | 0,87/1,35/

Apcenanpna 3,64/4,63/3,48 5,36 3,61 1,54 0,4 1,04

ApceHanpHa— 1,0/2,85/ 1,35/1,64/ 0,11/0,24/ | 0,57/0,37/ | 0,15/0,14/

Xpemarix 8,76/12,03112,77 313 176 0,25 0,36 0,14
Xpemarnk— 1,09/3,04/ 0,93/1,13/ | 0,22/0,37/ | 0,46/0,27/ | 0,19/0,14/
TearpanbHa 4,87/8,18/8,25 2,0 2,11 0,24 0,51 0,26
TearpanbHa— 1,12/2,14/ 1,13/1,07/ | 0,19/0,26/ | 0,5/0,33/ | 0,19/0,13/
VuiBepcurer 5,91/8,14/9,2 1,64 2,5 0,18 0,6 0,27

VYHiBepcuteT— 0,32/1,62/ 1,52/1,4/ 0,05/0,19/ | 0,83/0,46/ | 0,24/0,17/
Boxsanbna 6,22/8,47/9,85 1,46 2,43 0,15 0,62 0,25

1,13/0,96/ 0,2/0,23/ 0,34/0,2/ 0,1/0,06/
Boxksaneaa—KIII 10,84/16,19/16,75 | 2,2/3,8/2,54 0.13
2,2 0,15 0,46 )
1,91/2,74/ 0,75/0,67/ 0,22/0,23/ 0,28/0,2/ 0,09/0,06/
KIII-Iynsasceka 8,68/11,67/13,05 3.89 0.86 0.3 0,18 0,07
lynsBchka— 1,19/2,95/ 2,29/1,13/ 0,02/0,04/ | 0,66/0,28/ | 0,04/0,01/

Bepecreiicbka 52,39/78,21/81,31 3,64 0,65 0,04 0,15 0,01

Bepecreiichka— 1,61/3,47/ 1,58/3,69/ | 0,18/0,29/ | 0,5/0,52/ | 0,18/0,31/

Huskn 8,81/11,96/17,68 473 431 0.27 0.48 0.24
Huskn— 0,33/0,65/ 2,11/2,99/ 0.04/0.05/ | 0.86/0.82/ | 0,23/0,22/
9,07/13,61/13,69 ’ ! ’ !

CBSTOIINH 2,56 1,2 0,19 0,32 0,09
CBATOIMH— 0,69/1,05/ 5,47/8,7/ 0,13/0,13/ | 0,89/0,89/ | 1,02/1,11/

JKutomupcrka 5,34/7,83/6,25 2,28 6,41 0,36 0,74 1,03

doi 10.15802/stp2017/112934

© A. O. Cymum, C. O. Myxwuuyk, I1. O. Xo3s, O. O. Menbnuk, B. B. ®enopos, 2017

35



ISSN 2307-3489 (Print), ISSN 23076666 (Online)

Hayxka Ta nporpec Tpaxcrnopry. BicHuk JIHIponeTpoBcsKoro
HAL[IOHAIILHOTO YHIBEPCUTETY 3alli3HMYHOTO TpaHcmopry, 2017, Ne 5 (71)

EKCIUIYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

3akiHyeHHsd Tabuuni 2

End of table 2

MiHimManbHe/HOMiHaIbHE/MaKCHMalbHE 3aBaHTA)XXEHHSI 101312 Ta BiANOBIHI KoedilieHTH

JTlocikysara
B rvon | wbreox | Ko « kr
ey | vosizoaizee | US| OTRI| GEORER [ OAURSH] ABOH
AI;Izg[I:crlz)/[:A/IIi/I(;TCe:KI;O— 15.17/22,04/19,03 1,529,/;:116/ 2,012,/1,138/ 0,](.)/101,;)5/ 0,5(()3,/3()){379/ 0,](.)?(/)(;,2/
mg);;g&c;;a- 14.45/24,63/24.56 2,02{3,44/ 0%1é17 5/ 0%41(; 1 0,23/?638/ o,og,/géos/
CasaromH—HuBKM 6,31/10.48/8.47 0,12{3,41/ 4,12,/5(,363/ 0,0gy/gé52/ 0,9;/(%33/ 0,6(()3,/2{325/
y ;Z:gggbxa 11.07/11.43/13.39 3,22,/%75/ 1,9;9,/91é69/ 0'28,/3%33/ 0,35(3)/’%,31/ 0,153,/&15/
B?E[eyc;::(:c:;;— £.94/5.14/5.11 13,3(/)?91{325/ 11,;153501/ 2,si/fi13/ 0,405,/5(_))2152/ 2,31/;{,348/
lyanseokaKIT | 2 gy 000 20 1,53’/5:,),46/ 0,2{2,774/ 0,23’/%18/ 0.2/0.710.6 0’03,/3?2141/
KIMI-Boksamesa | 11,07/14,76/15,21 1’2%;193’ 0’5ff§é46’ 0’%’3’” 0%’ %’36/ O’ngfé17’
5;@3:;1:;; 6.86/5.04/8.15 1,1;3,/81(,349/ 0,7(;,/((3)%84/ 0,13/2%19/ 0,4&/2(,336/ O,t%(/)%,l/
y;;zig;ﬁz;— 5 81/8.67/7.94 1’53,/22i27/ 1,0;1,/%94/ 0,23/;)526/ 0,4(1)/,% , §9/ 0,1(5)3,/%1 1/
Teatpanbia— 6oL67/a1s | 069073 | 0370022/ | 011011/ | 035/0,23/ | 0,06/0,03/
XpelaThK 010, 718, 1,75 0,38 0,21 0,18 0,05
iﬁsgj{ﬁ; 11.05/12.76/13.63 1,2;/&94/ 1’75,/55’;44/ 0,1&/&07/ 0,5%/'%,72/ 0,1(6)3,/%19/
Ap;ﬁ’;?;‘fa‘ 15,76/22,94/23 13 151’ i’fw 1,1/1,6/3,06 0%’ %’ée‘/ 0’4§fgé35/ O’ngfé07/
JUinpo-TiApOnapK | g ozvro 6010 0 2’73?,/?5’;95/ 3,53’/17i98/ 0’23/3(’329/ 0,53/&67/ 0,33/;)5,359/
J{ifi)pgerllaaeii:a 6 71/12.6/15.07 1,381,/91(,585/ 1,2%/2,93/ 0,13/86,315/ 0,4&/%33/ 0,161,/3\%07/
mﬁfﬁﬁﬁﬁ‘fa‘ 7 32/10.44/9.96 08185/3%9 4l 2,83},/%29/ 0,15’/%13/ 0,78,/((3)\%75/ 0,33/39%)41/
q)g;:;?;;; | sounzesnie 1’43,%09/ 3,1;{;);9/ 0,181'/&109/ 0,63,/8\;’48/ 0,3%/%08/
qep;iirci;;;;m— 6 36/14.99/11.83 1’05,/35’;73/ 0,73/&99/ 0'15,/8612/ 0,45,/5(3):,)’36/ o,og,/gé,low
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Puc. 4. Burpatu eneprii:
@ — KiJIbKICTB CIIOXUTOT Ha TSTY, PEKyIepOBaHOT 10 KOHTAKTHOI MEpexi
i BUJICHOT Ha raJbMiBHHUX PE3UCTOPAX eIeKTPOCHEPTil; 6 — Ta CIiBBiIHOIICHHS, BUIIB €Hepril
iz gac «mikoBoro» rpadiky pyxy moi3zua 3 HOMiHAJBHUM 3aBAHTAKESHHIM
Fig. 4. Energy consumption:
a —amount of energy for traction, recuperated to the contact net and dissipated in braking resistors;
b — and their relation, types of energy at «peak» schedule of train movement with a nominal load
600 1 % CroanTtoi Ha Tary (Agr,) X 40 -
B . . = i PexynepoBanoi B Mepeky 10
E o I’ekynepnuanm.;m KONTAKTHOI a 35 | cnoKuTOi Ha TATY (Aper/ Agarn)
= 500 4 Mepeki (Apa) ) ) . )
i & 3 = % Buagiienoi Ha raJbMiBHHX
-] s Buginenoi Ha raabMiBHHX 5 M
= 230 PE3UCTOPAX 10 CHOKHTOI HA
e PesNCTOPax (Ar) £ ary (As/Apes)
Z 400 Z D
= 3 25 | 24,3
@ =
g it
2300 ’g 20
£200 1 Z
2
= 5
E 100 | E 51
H =0
0 - N s \ = JlicoBa- AKajeMMicTeqKo- JIico.sa-
JlicoBa- AxazemmicTeuko- Jlicosa- Axajzemmicreuko Jlicoa Axazemmicretio-
AKajieMmicredKo Jlicoa AKajieMmicTedko- Jlicosa
JlicoBa
6-b
a—a

Puc. 5. Burpatu eneprii:
a —KITbKICTh CIIOKHUTOI Ha TATY, PEKYIIEPOBAaHOI 10 KOHTAKTHOT MEepexi
i BUJIJICHOT Ha TaJIbMiBHHUX PE3UCTOPAX eNEKTPOCHEPTil; 6 — Ta CIiBBiIHOIICHHS il yac
«mikoBoro» rpadiky pyxy noizaa 3 MaKCUMaJbHUM 3aBaHTAKECHHSIM

Fig. 5. Energy consumption:
a — amount of energy for traction, recuperated to the contact net and dissipated in braking resistors;
b — and their relation at the «peak» schedule of train movement with a maximum load
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Fig. 6. Energy consumption:
a — amount of energy for traction, recuperated to the contact net and dissipated in braking resistors;
b — and their relation at the «off-peak» schedule of train movement with a minimum load
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SJIEKTPOCHEPTii; 6 — Ta iX BiAHOIICHHSI i Yac KHEmiKoBOro» rpadiky pyxy moi3aa 3 HOMiHaIbHUM 3aBaHTaXKCHHIM

Fig. 7. Energy consumption:

a — amount of energy for traction, recuperated to the contact net and dissipated in braking resistors; b — and their

relation at the «off-peak» schedule of train movement with a nominal load
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Puc. 8. BurpaTu eneprii:
a —KiUIBbKICTh CIIOXKHTOI Ha TATY, PEKyIepOBaHOl O KOHTAKTHOI MEpexi 1 BUIiIeHOT
Ha TaJbMiBHUX PE3UCTOpax EIEeKTPOSHEepril; 6 — Ta IX BiIHOLICHHS IIiJ] 4aC «HEIiKOBOT0»

rpadiky pyxy Ioi3/ia 3 MaKCUMaJIbHUM 3aBaHTa)XCHHIM

Fig. 8. Energy consumption:
a — amount of energy for traction, recuperated to the contact net and dissipated in braking resistors; b — and their
relation at the «off-peak» schedule of train movement with a maximum load

Tab6muus 3

Pe3ysbTaTi po3paxyHKiB MUTOMHUX BUTPAT HA TATY NPH «IMikoBoMY>» rpadiky pyxy moisna

Table 3
Calculations results of specific costs for traction at the «peak» schedule of train movement
3aBaHTa)XEHHS 1013/1a
HocnimkyBana HowminansHe MaxkcumanpHe
HiMHKa Ay arun.pexr Ay arun.pexy
BT ron/T'km Brroa/T'km Brroa/T'km Brrom/Tkm
JlicoBa—AKaneMMiCTEUKO 48,8 38,47 53,63 45,01
AxanemmMmicreuko—JlicoBa 43,16 32,45 41,02 32,18
JlicoBa—Akanemmicreuko—JIicoBa 45,29 34,76 48,96 40,22
Tabnuus 4
Pe3yabTaTH po3paxyHKkiB NUTOMHX BUTPAT HA TATY NPH «HemiKoBOMY» rpagdiky pyxy moizaa
Table 4
Calculations results of specific costs for traction at the «off-peak» schedule of train movement
3aBaHTa)XeHHS 1013/1a
Jlocimrysana MinimansHe Howminansue MaxkcumanabHe
Z[iﬂﬂHKa a e pe a Apur.pexs Ay Arur.pexs
Brrog/T'km BT'I"OZ-[/T'KM Brrog/T'km BTT;)/IH/T'K BTT;H/T.K BTT;H/T'K
JlicoBa—AKaneMMiCTEYKO 52,77 45,22 45,88 38,78 45,39 37,86
AxanemmMmicreuko—JlicoBa 45,64 34,82 39,69 29,76 36,21 27,07
JlicoBa—Akanemmicreuko—JIicosa 48,15 39,56 43,13 35,06 39,91 31,76
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Sk Oyno BKa3zaHO paHille, Ha KiTBKICTh CIIOXKH-
TOI Ta PEKYNEPOBAHOI CIEKTPOCHEPTii 1, BIATIOBI -
HO, Ha KOC(IIIEHTH peKymnepallii i KiIbKOCTI HEBH-
KOpUCTaHOI (HAIUIMIIKOBOI) eleKTpoeHeprii B oc-
HOBHOMY BIUIMBalOTh Taki (pakTopu 5K mpodisib

Tomy B naniii poOOTi AOAATKOBO 3/IHCHIOBABCS
aHai3 OTpPUMaHMX JAHWX JJIsl BH3HAYCHHS Haid-
OimpIn BaroMoro (pakTopy BIUIMBY Ha KUTBKICTb
eslekTpoeHeprii pekynepauii. Pesynbratu anamizy
(akTopiB, SKi BIUIMBAIOTh HAa KUIBKICTh CIIOKHTOT

KoJil, rpadik pyxy (eKciulyaraliiHa MIBUAKICTb), Ta PEKyIEPOBAHOI EJICKTPOCHEPrii 300pakeHi
BIZCTaHb MK CTaHLISIMH, 3aBaHTAXKEHICTh BaroHiB. B TaOIL. 5.

Tabnuus 5

Pe3yabTaTn anajnizy gakropis
Table 5

Results of factors
. . PR Ammn (A ext AR)! —
HocnimkyBana IiisHKa HesminHi ymoBH Brron K}i?mron Ko=(Apex T Ar)/Aryru
3MiHHa yMOBa — podisib Kol
No 1 — . - .

i . S=1035 m; VcepfmC 40 xMm/Tox; 8,47 3,01 0,36
HlBepCHieT OK3aJIbHa m=248,7 Tt — HOMiHaJIbHa 3aBaHTA- 11,97 716 0.6
Bepecreiicbka—HuBku JKEHICTD

No 2 S=902 m;
. Veep.exe=33 KM/TOI; 3,48 8,97 2,58
Juinpo—ApceHanbHa P ’
. mM=262 T — MakcuManbHa 3apanta- | 23,13 4,57 0,2
ApcenansHa— J[HInpo .
JKEHICTb
No 3 S=1640 m;
. . Veep exc=44 KM/TOL; 9,8 5,93 0,61

INaponapk—JliBoGeperkHa
. . M=262 T — MakchMaibHa 3aBanTa- | 15,07 4,66 031

JliBo6epexxna—I imponapk .

JKEHICTh
Ned e 1521 | 500 0,33
KITI-Boksanbia Veep. exc=48 KM/TOT; , , ,
. M=262 T — MaKCHMallbHA 3aBaHTa- 511 45,93 8,99
Bepecreiicbka—IIlynsBchka .
KEHICTh
Ne 5 S=1035 wm;
. Voo e =39 KM/TOIL; 11,43 5,44 0,48
Husku—bepecreiicbka P ’
. mM=248,7 T — HOMiHa/NbHA 3aBAHTAa- 8,04 2,33 0,29

Box3anbHa—YHiBepcuTeT .

KEHICTh
3MiHHa yMOBa — rpadik pyxy (eKcIuTyaraniiia IBHIKICTB)

Ne 1 S=1217 m; npodinb Kodii; 8,46 5,33 0,63

JlicoBa—YepHiriBcbka m=2621- MAKCHMAITIbHA 3apanTa- 14,6 10,06 0,69
KEHICTh

No 2 S=1115 m; npodinb Kodii; 8,98 3,49 0,39

Tapumui—JTisoGepexna | M 202 T MAKCHMAILHA 3ABANTA- | 4 4g 27 0,26
JKEHICTD

No 3 S=1640 m; ipodins KoJIil; 0.8 5,03 0,61

JliBob6epexna—Tinponapk m=2621- MAKCHMAIIbHA 3apatTa- 18,68 10,51 0,56
KEHICTD
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3akiHyeHHsa Tabuuni 5

End of table 5

S$=2230 m; podins KoJIil;

Ne 4 i 79,27 3,51 0,04
[yassoska—Bepecteiicpra | 270>/ T~ HOMIHAILHA 3aBAHTa- | 7g 59 4,29 0,05
JKEHICTh
No S S=770 m; podiip KOIii; 8,14 213 0,26
TearpanbrHa—XpeImaTuk m=262 T - MakCHMaJbHa 3aBaHTa- 12,93 5,49 0,42
JKEHICTH
3MiHHA YMOBA — BiJICTaHb MK CTaHIIIMU
Ne 1 npodiap Koi;
.. ) Veep.exc=39 KM/TOI; 11,11 4.1 0,37
Yepmiriscoka—J{apHurst P
HiBKH—CBATOMIHE M=262 T — MAKCUMaJIbHA 3aBaHTa- 13,69 3,76 0,27
JKEHICTh
3MiHHa yMOBa — BiZICTaHb Mi’K CTaHITiSIMH
No 2 podise KoTii;
JlicoBa—YepHiricbka Veep ere=38 kat/rop; 8,46 233 0,63
R M=262 T — MaKCHMaJIbHA 3aBaHTA- 8,47 6,46 0,76
JKEHICTh
No 3 podise KoTii;
1 ) i Vce 4CKC:50 KM/FOH; 15124 4118 0,27
JliroGepesxua—I impomapk P
Boxsansaa—KIII m=248,7 T — HOMiHaJIbHa 3aBaHTa- 16,19 4,76 0,29
K3 JKEHICTh
No 4 npodinp Koi;
. - Vo ep.ec=47 KM/TOT; 14,45 6,54 0,45
VYHiBepcuteT—Bok3aisHa P
KII-Boxsama M=262 T — MakCUMaJIbHa 3aBaHTa- 16,2 6,35 0,39
0K3 JKEHICTh
Ne 5 npodisb KouIii;
XpemaTMK—_Teanam,Ha Veep.ee=41 KM/TOT; 14,18 7,69 0,54
TNaprmms—Uepririacska M=262 T — MaKCUMaJIbHa 3aBaHTa- 11,00 519 0,47
PHHIL p JKEHICTh
3MiHHA YMOBa — 3aBaHTa)KEHICTh BaroHiB
Ne 1 S=1315 m; npodins KoJil; 10,48 2,7 0,26
UYepniriscpka—JlapHurs Veep.exc=38 KM/TOJT 11,11 4,1 0,37
Ne 2 S=1666 m; npodinb 12,03 4,49 0,37
ApcenasHa—X peraTuk KOMIT; Vegp =46 KM/TON 12,77 4,89 0,38
Ne 3 S$=2230 m; podins KoJIil; 16,19 476 0,29
Bok3zanbaa—KIII Veep.ee=31 KM/TOTT 16,75 4,74 0,28
No 4 . .
S=1445 m; npodins KoJil; 2,63 2,44 0,93
Axoeono Voo =39 /o 288 | 31 108
Ne 5 S=1218 m; npodine kodii; 14,99 2,72 0,18
Yepnirisceka—JlicoBa Veep.ex=41 KM/TOR 11,83 3,4 0,29
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BarowmicTs BIUIMBY TOTO 4H iHIIOTO (pakTOpy Ha
e(eKTUBHICTh MPOLIECY PEKyIepallii 3amporoHo-
BaHO MiATBEPIKYBAaTH 3a JOMOMOIOI KOehillieH-
Ta, IKUI BU3HAYAETHCS K BiTHOIICHHS 3arajbHOT
KIUJIBKOCTI €JIeKTpOeHepril pexyneparii mija Jac ra-
JIbMYBaHHSI 70 KIJIBKOCTI €JIEKTPOCHEPTii, CIIOXKH-
Toi Ha TATY. SIK KpuTepill OOpaHO PI3HULIO MiX
3a3HaueHUMH Koe(illieHTaMH 3a YMOBH, IO TpH
(dakTopH € He3MIHHUMH, a OJIH — 3MIHHUIA:

(AbCKI +AR1) _ (APCKZ * AR2)| :|k 1= K 2|- (9)
Ar;lml AmmZ | ’ ’

®dakTop BIUIUBY BBa)KA€ThCS HAMOLIBIINAM IS
Ti€i YMOBH, IIPH SIKil CIIOCTEPIra€ThbCs MaKCHMaIh-
Ha PI3HULA MIX BHILIEBKa3aHUMHU KoedillieHTaMmu,
i, HaBMaKH, (AKTOp BIUIUBY MiHIMAJIbHUHA — VIS
MiHIMaJIbHOT'O 3HAYCHHS KPUTEPIIO.

Ha puc. 9-12 300paxkeHo oTpuMaHi 3HAYEeHHS
KpUTEpIito 1151 4-X 3MIHHUX YMOB (Ha MpUKIaai 5-x
OKpPEMUX JIOCHIJIIB JIIsl KOYKHOT YMOBH).

8,66

Puc. 9. 3naueHHs KpHUTEPiIO 32 YMOBU
3MiHU POQITIO KOJTii

Fig. 9. The value of the criterion when changing
the profile of the track
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Puc. 10. 3naueHHs KpUTEPIIO 32 YMOBH 3MiHU rpadiky
PyXy (eKcruryaTamiiHol MIBUIKOCTI)

Fig. 10. The value of the criterion when changing the
schedule (operating speed)
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Puc. 11. 3nageHns KpuTepiro 3a yMOBH 3MiHU
BIJICTaHI MIJK CTAHIIISIMH

Fig. 11. The value of the criterion when changing
the distance between stations
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Puc. 12. 3nadeHHs KpUTEPIFO 32 YMOBHU 3MiHH
3aBaHTAXKEHOCTI BaroHiB

Fig. 12. The value of the criterion when changing
cars loading level

BukoHanuii ananmiz pe3ysbTaTiB JOCIHIIKEHb
JUISL 33JIaHUX INTaTHAX YMOB €KCIUTyaTawil pyxo-
MOTO CKJIaJy METPOIIONITEHY I03BOJIHB BCTAHOBH-
TH HaCTYITHE:

— MakCcHUMallbHa KUIBKICTh CIIOXKHUTOI €JIEeKTPO-
eHepril (Aqy) CIOCTEPITAETHCS HA TEPETOHI 13 3a-
TSOKHUM migiomMoM 42 %o «IIlynsaBchka—
Bepecreiicbka», MiHIManbHa — Ha TEpEeroHax
3i cmyckamu  «/lninpo—ApcenansHa» (30 %o)
ta «Kurommupceka—Axamemmicreuko» (38  %o)
(tabm. 1-2);

— HaHOINbIIY KIBKICTh PEKYNEPOBaHOI 10 KO-
HTaKTHOI Mepexi eleKTpoeHepril (Ape) Ta HamIm-
IIKOBOT efiekTpoeHeprii (4r) 3adikcOBaHO Ha Mepe-
TOHi 3 3aTsDKHUM cityckoM 42 %o «bepecreiicbka—
[lynssceka» (Tabn. 1-2);

— HaWMEHIIy KiIBKICTh PEKYIIEpPOBaHOI 0 KO-
HTaKTHOI Mepexi eneKTpoeHeprii (Apec) 3adikco-
BaHO Ha mneperoHi «HuBku—CBsTOMIMH» MiJ Yac
eKCIUTyaTalii moi3ga 3 JOTPUMAaHHAM «HEMiKOBO-
ro» rpadiky pyxy 3 MiHIMaJIbHOIO 3aBaHTaKECHICTIO
BaroHis (tabim. 1-2);

doi 10.15802/stp2017/112934

42

© A. O. Cymum, C. O. Myxwuuyk, I1. O. Xo3s, O. O. Menbnuk, B. B. ®enopos, 2017



ISSN 2307-3489 (Print), ISSN 23076666 (Online)

Hayxa ta nporpec Tpancnopty. Bicauk /IHinponeTpoBchkoro

HAL[IOHAIILHOTO YHIBEPCUTETY 3alli3HMYHOTO TpaHcmopry, 2017, Ne 5 (71)

EKCIUIYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

— MiHIMalIbHO 3a(iKCOBaHE 3HAYEHHS KIJIBKOC-
Ti HaUIMIIKOBOI enexTpoeneprii (4r) 3apeecTpo-
BaHo Ha meperoHi «lllymsBcpka—bepecTeiichka»
i 9ac eKCIuTyaTallii moizaa 3 JOTPUMAHHSM «ITi-
KOBOro» rpadiky pyXy 3 HOMIHAJbHOI 3aBaHTa-
YKEHICTIO BaroHis (Tabi. 1-2);

— MiJ Yac eKCIUTyaTallii moi3zga MiXk KiHIIEBUMHU
cranuismMu  «JlicoBa—Akagemmicreuko—JlicoBa»,
3aJIeKHO BiJl IITATHOI YMOBU PYXY, KUTBKICTh CIO-
KUTOI Ha TATY €JNEKTPOEHepril 3MIHIOETBCS B Me-
xax 328,9-579,0 kBrron, kinbkicTe pekyneposa-
HOI eJIEKTPOCHEePrii 10 KOHTAKTHOI Mepexi — y [ii-
amasoni 59,21-119,2 xBt'roxa, KiabKiCTh HaIJIHIII-
KOBOI  €NEKTPOEHeprii, 10 pO3CII0eThCS Ha
pesucTopax y BUTISAI TEIUIOTH — y MexXax
68,1-172,9 xBrron (puc. 4-8). Omxke, BrIpoBa-
JDKEHHSI CUCTEM peKyriepallii Ha pyxoMoMy CKJIaji
JI03BOJISIE TIOBEPHYTH B KOHTAKTHY MEPEKY Ha piB-
Hi 17,9-23,2 % enexkTpoeHeprii, 1110 CHOXUBAEThCS
Ha TAry (puc. 4-8), a TakoX 3aBISIKH IIUM CHCTe-
MaM 3’SBISIIOTHCS PE3CPBU CHEPro30epekeHHs 3a
paxyHOK e(heKTHBHOTO BUKOPUCTAHHS HaUTHIIKO-
BOI €JIEKTPOCHEPrii PeKylepaTHBHOTO TaJIbMyBaH-
Hs Ha piBHI 20,2-29.9 %, MO CcIOXHUBa€eThCS Ha
Tary (puc. 4-8).

— HaHOINbII pe3epBH €HEPro30epesKeHHS CIIO-
CTepIraroThCs IiJ] Yac «IMiKOBOTO» Tpadiky pyxy 3
MaKCUMAQJIbHOIO 3aBaHTA)XEHICTIO BaroHiB; Haii-
MEHIIIi — MPH <HEMiKOBOMY» Tpadiky pyxy Ta Mi-
HIMaJTbHI¥ 3aBaHTaXKEHOCTI BaroHis (puc. 4-8);

— MakcUMallbHe 3HAYeHHS MUTOMHX BHTpAT
eJIeKTpOoeHeprii Ha TAry 0e3 Ta 3 ypaxyBaHHIM
CJICKTPOCHEPrii pekyneparii 3adikcoBaHO IiJ| yac
JNOTPUMAaHHS «ITIKOBOTO» Tpadiky pyXy 3 MaKCH-
MaJIbHOIO 3aBaHTa)KEHICTIO BaroHiB; MiHIMaJIbHE —
MiJ] 9ac JTOTPUMAHHS «HEMIKOBOTo» Tpadiky pyxy
3 MakCHMaJbHOIO  3aBaHTA)XECHICTIO  BaroHiB
(tabm. 3-4);

— HaWOINbII BaroMuM (aKTOpOM, LIO BIUIMBAE
Ha KUTBKICTh CHOXKHUTOI Ta 3arajbHy KiUIbKIiCTh pe-
KyIepOBaHOi eJeKTpOeHeprii, € mpodias KOJii;
iHOn QaxkTopu (eKcIuTyaTamiiiHa MIBUIAKICTb, Bizc-
TaHb MIDX CTaHIIISIMU, 3aBAaHTAXEHICTh) € MEHII
BaroMHMH Ta MAalOTh MPAKTHYHO OJTHAKOBUI BILJIVIB
(tabm. 5, puc. 9-12);

— pI3HHIS MiX BiJHOIICHHSMH KUIBKOCTI 3ara-
JIEHOT PEKYIEepPOBaHOI 10 KITBKOCTI CIIOKHUTOI eJIe-
KTPOCHEPTii 3aIeKHO BiJ XapakTepy 3MiHu mpodi-

0 Kol 3MiHIoeThesa B Mexkax 0,19-8,66; excruny-
aTamiiHol mBHIKOCTI — y Mexax 0,01-0,16; Bimc-
TaHi MiXk craHiismMu — y mexax 0,02-0,13; 3aBan-
TaxkeHocTi — y Mexkax 0,01- 0,15 (puc. 9-12).

HaykoBa HOBU3HA Ta NPAKTU4YHA
3HAYNMICThH

Briepmie oOrpyHTOBaHO, IO HAHOINBII Baro-
MUM (GaKTOPOM, SIKHI 3/1IHCHIOE BIJIMB HA KiJIbKiC-
Hi MOKa3HUKH €JIEeKTPOEHEePrii pexymnepalii, € mpo-
¢inp xomii. JlicTamy MoJabIIoro po3BUTKY JTOCTi-
JDKEHHS 3 BU3HAYEHHS KUIBKICHUX ITIOKA3HUKIB
eJIEKTPOCHEepril peKynepalii s aHallizy pe3epBy
eHeproz0epexxeHHs. BcraHoBNeHI KiNBKIiCHI MOKa-
3HUKW HAJJTUIIKOBOI €JIEKTPOCHEPrii peKyrneparu-
BHOTO TaJbMyBaHHS MOXYTh OyTH BHKOPHCTaHi
MiJ 9Yac CTBOPEHHS HOBOro ab0 MojepHizamii ic-
HYIOYOTO PYXOMOTO CKJIaay METPOIOJITeHYy, MpH
PO3po0II eHeProeheKTUBHOIO TEXHIYHOrO pilllcH-
HS JUIS yTHITi3aiii, 30epeeHHs] Ta aKyMyJTFOBaHHS
1€l eneKTpoeHeprii.

BucHoBxku

Amnani3 pe3ynbTaTiB PO3paxyHKOBO-
eKCHEPUMEHTAIBHUX AOCIIIKEHb i Yac 3aJaHuX
TUTIOBUX YMOB €KCIUTyaTalii pPyXOMOTO CKJIady
METpPOIOJITCHY M KiHIICBUMHU cCTaHIisMu CBs-
TOLIMHCHKO-bpoBapchKkoi NiHil MoKa3aB HACTyIHE:

— BNPOB3/DKEHHS CHUCTEM peKymepamii Ha
PYXOMOMY CKJIaJli I03BOJISIE OBEPHYTH B KOHTAaK-
THY Mepexy Ha piBHi 17,9-23,2 % enekrpoeneprii,
110 CIIOKUBAEThCS HA TATY (puc. 5-8);

— ICHYIOTh PE3epBH IiJBHIICHHS eHeproedek-
THBHOCTI PYXOMOTO CKJIaJy METPOIIOIIITEHY 3 CHC-
TeMaMHu peKyneparii 3a paxyHOK e(eKTHBHOTO
BUKOPUCTAHHS HAJUIMIIKOBOI eJIeKTpOeHeprii pe-
KyIepaTuBHOIO TajbMyBaHHS Ha piBHi 20,2—
29,9 %, 0 CHOXKUBAETHCS HA TATY (puc. 5-8);

— HalOinbI BaroMuM (akTOpOM, SIKMH 3.iiic-
HIOE BIUJIMB HA KiNBbKICTh CIIOKUTOI, pEKYIIEPOBAHOT
10 KOHTaKTHOI MeEpeXi, a TaKOoX HaIJIAITKOBOI
eIIeKTPOeHeprii, € mpodiak Kouii (puc. 9-12).

[Nopanemi mocmifxeHHsT HEOOXiTHO 30cepenu-
TH Ha PO3poOIi eHeproe(PeKTUBHOTO TEXHIYHOTO
pimeHHs s yTHmi3alii, 30epe’keHHS Ta aKyMy-
JIIOBaHHS HaJUIMIIKOBOI €NeKTPOeHeprii peKymnepa-
TUBHOTO TaJIbMYyBaHHSI.
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NCCIEAOBAHUA DJOHEPT'OOBMEHHBIX ITPOIIECCOB I1PH
IITATHBIX YCJIOBUAX IKCIIVIYATAIIUA ITOABHUKHOI'O
COCTABA METPOIIOJIMTEHA C CUCTEMAMM PEKYIIEPALIUN

Hean. [To pe3ynpTatam aHann3a CyHIECTBYIOIIMX MCCIIEIOBAHUI YCTaHOBJICHO, YTO B JJAHHOE BpeMsl Ipodiema
MOBBILIEHUsT 3HEProd(P(EKTUBHOCTH MOABMKHOI'O COCTaBa METPOIIOJIMTEHA CTAHOBHUTCS OCOOEHHO aKTyaJIbHOM
n TpeOyeT CBOEBPEMEHHOI'o pelleHus. V3BeCTHO, 4TO BHEAPEHUE CHCTEM PEKYIEepPaTUBHOTO TOPMOXKEHHS Ha MO-
JIBIDKHOM COCTaBe II03BOJIMT B 3HAYUTEIBHOW Mepe pelnTh 3Ty npobiemy. OG0CHOBaHO, YTO OJHUM M3 KIIOYEBBIX
BOIIPOCOB NIPH BHEAPESHUH BBINICOO03HAYEHHBIX CHCTEM OCTAIOTCS MCCIEJOBAaHMSA 1O 3(PPEKTUBHOCTH HCIIOJIB30Ba-
HUSI 9JIEKTPOSHEPTUH PEKYIIEPATUBHOTO TOPMOXKeHHs. Llenb paboThl — OLEHKAa KOMUYECTBA M30BITOYHON 3IIEKTPO-
SHEPTHH PEKYNEPATHBHOTO TOPMOXKEHHMS MPU INTATHBIX YCIOBUSX SKCILUTyaTallUH HOABHXHOTO COCTaBa C CHCTEMa-
MU pEKyNepayy Ui aHalu3a pe3epsa sHeprocoepekenus. Meroauka. Vcronb3yst pe3ynbTaTel 3KCIIEPUMEHTAb-
HBIX HCCIEIOBAaHWN 3HEProOOMEHHBIX MPOLECCOB NMPH IUTATHBIX YCIOBUSX AKCIUTyaTalldd IOABM)KHOTO COCTaBa
METPOIOJINTEHA C CHCTEMaMH PEKyNepaluH, a TAKXKe NPUMEHSAS CTaTUCTUYECKHE METOAbl 00paOOTKM HaHHBIX,
OIIpe/ieIeHbl KOJINYECTBEHHbIE NIOKA3aTeIN JIEKTPOIHEPTUH, TOTPEOIIIeMOil Ha TATY, PeKylnepupyeMol B KOHTaKT-
HYIO CeThb U BBIJICNAEMON Ha TOPMO3HBIX pe3ucropax (u30bITouHOil). Pesyabrarsl. Ilo pesynbraTaM aHanmsa uc-
CIIeJIOBaHUI NpHU 3aJaHHBIX INTATHBIX YCIOBMAX JKCIUTyaTallMM MOJBM)KHOTO COCTaBa MeETpornojuTeHa Ha CBsTo-
mrHcKo-bpoBapcekoit muann KIT «KueBckuii MeTpomnmoIuTeH» yCTaHOBIEHO Clenyroliee: 1) BHEPEHNUEe CUCTEM pe-
Kylepayy Ha NOABHKHOM COCTaBe MO3BOJISET BO3BPAaTHTh B KOHTAKTHYIO ceTh Ha ypoBHe 17,9-23.2 % smekTpo-
SHEPTHH, TOTPeOIIeMOil Ha TATY; 2) CYIIECTBYIOT DPE3€PBBHI IOBBIMCHUS 3HEProd(p(EeKTHBHOCTH ITOIBHKHOTO
COCTaBa C CHCTeMaMu pekyrnepanun Ha yposre 20,2-29,9 % snexTposHepru, norpebisemoit Ha Tsary. Hayunas
HOBHM3HA. BriepBbie 060cHOBaHO, yTO Hanbosee BECOMbIM (PAKTOPOM, KOTOPBIH BIMSAET Ha KOJMYECTBEHHBIE ITOKA-
3aTeJH ICKTPOIHEPTUH PEKYIIEPAINH, SBIsieTCs Tpoduib myTH. [IpennoxkeHo B KadyecTBE KOINYECTBEHHOH OILIEHKH
UCTIONb30BaTh KO (HUINEHTHI, KOTOPhIE MOKA3bIBAIOT KOJMYECTBO M PE3EPBBI HEHCIOIb30BAaHHON (M30BITOYHOM)
anekTposHeprud. [lomydwin panpHelnee pa3BUTHE HCCIEIOBAHMS 110 ONPE/ICIICHUIO KOJINYECTBEHHBIX MOKa3aTe-
JIe ANIEKTPO’HEPTUH PEeKyIepalluyl Ui aHaJIu3a pe3epBoB sHeprocoepexxeHus. IlpakTuyeckas 3HaunMocTh. [1o-
JydeHHBIE KOJIMYECTBEHHBIE TI0KA3aTENIN H30BITOYHO 3JIEKTPOIHEPTHH PEKYIIEPATUBHOTO TOPMOXKEHHSI MOTYT OBITh
HCTIONB30BaHBI PU CO3JJaHUH HOBOTO MJIM MOJEPHU3AIINH CYIIECTBYIOMIETO MOABIKHOTO COCTaBa METPOIIOIUTEHA B

doi 10.15802/stp2017/112934 © A. O. Cynum, C. O. Myxuuayk, I1. O. Xo3st, O. O. Menbuuk, B. B. ®enopos, 2017

45



ISSN 2307-3489 (Print), ISSN 23076666 (Online)

Hayxka Ta nporpec Tpaxcrnopry. BicHuk JIHIponeTpoBcsKoro
HAL[IOHAIILHOTO YHIBEPCUTETY 3alli3HMYHOTO TpaHcmopry, 2017, Ne 5 (71)

EKCIUIYATAIIS TA PEMOHT 3ACOBIB TPAHCIIOPTY

ciydae pa3paboTKu HEProdhHEKTUBHOTO TEXHHUYCCKOTO PEIICHUS [T YTHIN3AINY, COXPAHCHUS U aKKyMYJIAPOBa-
HUS 3TOU DIIEKTPOIHEPTUH.

Kniouegvie cnosa: pexynepaTuBHOE TOPMOKEHHUE; MIOJABUKHOM COCTAB METPOIOJIMTEHA; CUCTEMa PEKyIepallvu;
sHeprocoOepexxenne; Y3HeprodhHEKTHBHOCTD
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STUDY ON ENERGY EXCHANGE PROCESSES IN NORMAL
OPERATION OF METRO ROLLING STOCK WITH REGENERATIVE
BRAKING SYSTEMS

Purpose. The analysis of the existing studies showed that the increasing of energy efficiency of metro rolling
stock becomes especially important and requires timely solutions. It is known that the implementation of regenera-
tive braking systems on rolling stock will allow significantly solving this problem. It was proved that one of the key
issues regarding the introduction of the above-mentioned systems is research on efficient use of electric energy of
regenerative braking. The purpose of the work is to evaluate the amount of excessive electric power of regenerative
braking under normal operation conditions of the rolling stock with regenerative braking systems for the analysis of
the energy saving reserves. Methodology. Quantifiable values of electrical energy consumed for traction, returned
to the contact line and dissipated in braking resistors (excessive energy) are determined using results of experimental
studies of energy exchange processes under normal operating conditions of metro rolling stock with regenerative
systems. Statistical methods of data processing were applied as well. Findings. Results of the studies analysis of
metro rolling stock operation under specified conditions in Sviatoshinsko-Brovarskaia line of KP «Kyiv Metro sys-
tem» stipulate the following: 1) introduction of regenerative braking systems into the rolling stock allows to return
about 17.9-23.2% of electrical energy consumed for traction to the contact line; 2) there are reserves for improving
of energy efficiency of rolling stock with regenerative systems at the level of 20.2-29.9 % of electrical energy con-
sumed for traction. Originality. For the first time, it is proved that the most significant factor that influences the
quantifiable values of the electrical energy regeneration is a track profile. It is suggested to use coefficients which
indicate the amount and reserves of unused (excessive) electrical energy for quantitative evaluation. Studies on de-
termination of the quantifiable values of electricity recovery for analysis of energy saving reserve showed prospects
for further development. Practical value. The obtained qualified values of excessive electric energy of regenerative
braking can be applicable to construction of new or upgrading of the existing metro rolling stock provided that
energy efficient technical solution for the utilization, preservation and storage of such electrical energy is developed.

Key words: regenerative braking; metro rolling stock; regenerative system; energy saving, energy efficiency
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HIABUINEHHA ECEKTUBHOCTI POBOTH EJEKTPOIIPUBOAY
MNOCTIMHOI'O CTPYMY HA OCHOBI BUKOPUCTAHHS
CYHNEPKOHJIEHCATOPHUX HAKOIIMYYBAUIB EJIEKTPOEHEPTII

Merta. Y HaykoBiii poOOTI HEOOXIHO MpOaHANI3yBaTH PO3IIUPEHHS Aiala3oHy HaBaHTAXKEHHs Ta 3IHCHEHHS
pexynepatuBHoro ransMyBasHs (PI') eslekTpuaHOTro IprBOAYy MOCTIHHOTO CTPYMY IUISIXOM 3aCTOCYBaHHS CYHEpKO-
H/ICHCAaTOPHUX HAKONMYyBadiB esiekTpoeHeprii. Meroauka. s po3B’si3aHHS MOCTaBJICHOT 337adi BUKOPHCTOBY-
IOThCS METOIHM TEOPil eIEKTPONPHUBOLLY, IMIYJIbCHOI €IEKTPOTEXHIKM Ta METOIMKA PO3PAXYHKY MEPEXiTHUX EIEeKT-
POMAarHiTHHUX TPOIECIB Y JIHIHHUX eNEeKTPUYHUX KOJIaX TMPH HAsfBHOCTI B HHUX CYIEPKOHICHCATOPIB.
PesyabTaTn. 3aiiicHeHO CyTTEBe 30UIBIIEHHS KOPCTKOCTI MEXaHIYHOI Ta eeKTPOMEXaHIYHOI XapaKTePUCTHK JIBHU-
T'YHIB TIOCHTiJOBHOTO 30y/KEHHS, IO JTa€ MOXKJIMBICTh BUKOPHUCTAHHS €JIEKTPONPHUBOLY HOCTIHHOTO CTPyMy IpH
HaBaHTAXXCHHI, 3HAYHO MeHIIOMY, Hix 15-20 % Bix HoOMiHaNBHOTO. BUKOHAHO YHCENBHI PO3paxyHKH Tpolecy il
CYINEpKOH/ICHCATOPHOT'0 HAKOMUYyBaya eJIEKTPOSHEPTii NpU pi3KOMY 3MEHIIICHHI HAaBaHTaKEHHS TATOBOTO EJIEKTPO-
JIBUTYHA €JIEKTPOBO3a MocTiiHOro crpymy. OOrpyHTOBaHO MOXIHBICTH Pl enekTponpuBoay MOCTIHHOTO CTpyMy
3 IBUTYHOM IIOCIIiIOBHOTO 30y UKeHHS. BUKOHAaHO po3B’si3aHHS PiBHSHB ITPOLIECY 3apsUKEHHS i PO3PSIKEHHS Cy-
MEpKOH/ICHCATOPHOT0 HakomuuyBada B pexxumi PI'. JlocipkeHO BIUIMB BENWYHMHH €MHOCTI Ha XapakTep MiATpH-
MaHHS B 4aci CTpyMy 30y/KEHHsI €IEKTPOJIBUTYHA B PeXHUMi MaJIUX HaBaHTakeHb. HaykoBa HoBH3HA. Po3pobiieHo
TEOPETHYHI MiAXOH MO0 MEPETBOPCHHS M SKHX (MEXaHIYHHUX Ta CIEKTPOMEXaHIYHUX) XapaKTePUCTHK Y JKOPCTKI
€JIEKTPOJBUTYHIB OCTIHHOTO CTPYMY HOCIIZOBHOTO 30y/DkeHHS. Briepine 3anpornoHoBaHO i 0OTpYHTOBaHO HOBHH,
KoMOiHOBaHMH, MeTox PI nBuryHiB mocnigoBHOTO 30ymKkeHHA. [lomanpmmii po3BUTOK OTPUMAI METOAN OIIHKH
mapamMeTpiB 0JI0Ka €MHICHOTO HaKONMHMYyBada 3 ypaxyBaHHSAM KpHUTEpiiB HamiifHOI mapanenbHoi poOOTH CyNnepKOH-
JICHCaTOpPiB 13 00MOTKOIO 30y/KeHHA enekTpoaBuryHa. [IpakTuyHa 3HaYMMicTh. 3arponOHOBaHE Ta OOTPYHTOBA-
HE aBTOpaMH TEPETBOPECHHS M’SKHUX XapaKTEPUCTUK y JKOPCTKi JA03BOJISIE BUKOPHCTOBYBATH 3arajlbHOIPOMHCIIOBI
€JIEKTPOINIPHUBOJIY 3 JBUTYHAMH ITOCITIJOBHOTO 30Y/PKEHHS i NPU MaJIUX HABAaHTA)KEHHSX, & B TATOBUX €JIEKTPOIPH-
BOJIaX — 3HU3WUTH IHTCHCHBHICTh OYKCYBaHHS KOJIICHHX Iap €JICKTPOPYXOMOIro CKianay. Po3pobiieHa MeTomuka
PO3B’sI3aHHS MEPEXiIHUX PIBHSIHD JIa€ MOXJIMBICTh BpaxyBaTH BHIAJAKOBHH XapakTep 3MiHM HAlpyrd Ha JBHUTYHI
B PEeXHMMax 3aps/PKCHHS Ta PO3PSDKEHHS CYTIepPKOHICHCATOPHOTO HAaKONMYyBada. 3alpOIIOHOBAHNH KOMOIHOBaHUH
metox PI' poOute MoxiBuM 3ailicHeHHs PI' i mpu Manux IIBHAKOCTSAX OOEpTaHHS SKOPS €NEKTPOABHUIYHA, TUM
CaMFM I ABHUIIYIOYH eHEProeEKTUBHICTh SKCIUTyaTallil eJIeKTPOIIPHBOIIB IEOTO THILY.

Kniouosi crosa: enexTpoIrpuBOJ; HAKOIMUYBay; PEKyIepallis; CyHepKOHAEHCATOP; XapaKTepHCTHKA EJIEKTPO-
JIBUTYHA; CTPYM; IIPOIIEC; EIEeKTPOCHEPTist
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Beryn

3aBIsgKM M’SIKOCTI MEXaHIYHOI co(M )i €JIEKT-

pomexaniuHOi ®(/, ) XapaKTEPHUCTHK, a TAKOK Be-

JIUKUM MyCKOBOMY 1 MEPEBAHTAKHOMY MOMECHTAM,
JBUTYHU TIOCTIHOTO CTpyMy 3 IOCJIIOBHUM 30Y-
JUKEHHSAM OTpUMalM IIHpPOKe 3acTocyBaHHA [4, 9].
30KkpeMa iX BUKOPHCTOBYIOTH B €ICKTPOIPHBOIAX
MiTHOMHO-TPAHCTIOPTHIUX MEXaHI3MiB, TaIlepoBO-
BUPOOHWYMX MAalIMHAX, HENEPEepBHUX IPHBOJIAX
BaJIKiB METaNypTiHHUX MPOKATHUX CTaHiB, B MeXa-
HIYHUX KapyCelIbHUX CTaHKaX, B poOOTax, MaHIITy-
JSTOpaxX, KOMIPECOpax, MOBITPOJYBHUX 1 OypOBHX
YCTAHOBKAaX, a TaKOXX B EJIEKTPONPHUBOAAX 3aji3-
HUYHOTO MaricTpalbHOTO, MPOMHUCIOBOTO 1 MiCh-
KOro ejexkTpoTpaHcnopty. I B Toil ke 4ac, sxpas
M’SIKICTh XapaKTEpUCTHK 3a3HAYEHUX ENEKTPOJIBHU-
TYHIB 00yMOBIIOE X CYTTEBI HEIOJNIKH, a caMe,
B €IICKTPONPHUBO/IAX 3araIbHOBHPOOHMUNX MEXaHi-
3MIB JBUTYHHM TOCIIIOBHOTO 30Y/DKEHHS HEMOXK-
JIMBO BUKOPUCTOBYBATH NPU HABAHTAXKEHHSIX HUX-
ye 15—-20 % Big HOMiHaNBHOTO. Lle 0OyMoBIIeHE

1110, m(lﬂ)

i o(M ) , IPY MaJINX HaBaHTa)KEHHSX, KOJIH CTPYM

THM, 3FiZ[H0 XaPAKTCPUCTHUK

axopsa [ i obeproBuil MOMEHT M OnM3bKi 10 Hy-

751, KyTOBa IIBUIKICT ( OOEpTaHHsA sIKOpS HE0O-
MEXXEHO 301IBITYETHCS 1 B PEKUMI XOIIOCTOTO X0y
cTae B 5—6 pasiB Oinblile HOMiHANBHOTO 3HAYEH-
Hs. Take 30UTbIIEHHS (® HEMPHUITYCTHME 32 YMOB
MIITHOCTI KOJIGKTOpA 1 OaHAaxXIiB, 110 YKPIIUIFOIOThH
00MOTKy sikops. Ilo-apyre, ik BiZomMo, B IBUTYHaX
MTOCITIIOBHOTO 30yKEHHS HE MOXKe OyTH peai3o-
BaHO pEKyNepaTUBHE TalbMYyBaHHS BHACITIJIOK iX
eJIEKTPUYHOI HecTiikocTi. HapemTi, B TpaHcOpT-
HHUX EJIEKTPOIPHBO/AX EJIEKTPOPYXOMOTO CKIAITy
(B eleKTpoBO3ax, eIeKTPOIoi3iax, MOTOp-BaroHax
METPOIOJITEHY, TpaMBasx) M’ SKICTh XapaKTepuc-
THK JIBUTYHIB SIBJISIETHCS MPUYUHOIO PO3HOCHOTO
OyKCyBaHHS KOJIIC PYXOMOTO CKJIamy, IUIS HEIo-
MYIIEHHS SKOro Tpeba MaTH JKOPCTKI XapaKTepuc-
TUKH JIBUTYHA.

Tomy mami, B miif pobOTI po3B’s3aTh IIi 3amadi
MPOTIOHYETHCS 32 JOMOMOTOI0 3aCTOCYBAHHS CY-
NEPKOHJICHCATOPHUX HAKOMHMYYBaviB eJNEKTPOCHe-
prii [1, 13, 16, 19].

Merta

PosmmpenHss [niama3oHy HaBaHTaKEHHS Ta
3aificHeHHsT pekynepaTtuBHoro ransmyBaHHs (PI)
CJICKTPUYHOTO MPUBOIY MOCTIHHOTO CTPYMy ILLIS-
XOM 3aCTOCYBaHHS CYNEpPKOHAEHCATOPHHX HAKoO-
MUYyBaviB €JIEKTPOCHEPril.

MeTtoauka

TeopeTu4Hi neperyMoBH NePeTBOPEHHSA
M’IKHX XapaKTePHCTUK B KOPCTKI

Ax Bimomo [4, 9] M’AKUMH E€ICKTpOMEXaHi4-
HOIO 1 MEXaHIYHOIO XapaKTePUCTUKaMU BOJIOIIOTh
JIBUTYHHU TIOCIIIZIOBHOTO 30Y/XKEHHS, & KOPCTKUMH
— JIBUTYHH He3alexXHOro 30ymxkenHs. s
PO3B’sA3aHHsI 33/1a4i IEPETBOPEHHS TEPIIUX Xapak-
TEPUCTHUK y APYTi OTPUMAEMO IX aHATITHYHI BHpa-
3M.

3rigHo 2-ro 3akoHy Kipxroda maemo (puc.1):

U,=E,+R_I €))

w0
a 3a 3akoHoM Dapajes:

E, =cdo, )
1 3riIHO 3aK0HY AMmmepa:

M =c,®I,. 3)

Toni, BpaxoBytoun Bupasu (1) — (3), 3araibHi
BHpa3W XapaKTePUCTUK I 000X THIIIB ABUTYHIB
OyayTb MaTH BUIJIAL

— enekTpoMexaHiuna (7, ):

U,=cPo+R I ;

B 510

Uy R, @

_“m _ 'm

- )
c® 0’
— MmexaniuHa ©(M ) :

®= UM RJ-IB

B B 2
c® cc, D

)

V Bupazax (1) — (5) i Ha puc. 1: U ,— Hanpyra
’KUBJIEHHA Mepexi; [, I,— cTpyM sikops Ta 0OMo-
TkH 30ymkenns (O3); R, =r, +7,— cymMapHuil ak-
TUBHUII Omip KoJa IBUTYHA; C,, €, — KOHCTPYKTHU-

BHI KOe(iIliEHTH ABUTYHA; ® — KyTOBa IIBUIKICThH
obepranus skops; @ — MarHiTHUH MOTIK ABUTYHA.
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Puc. 1. [IpuHIIMTIIOBa CXeMa JBUTYHA TOCTIIHOTO
CTPYyMY TOCITiJOBHOTO 30y IKECHHS

Fig. 1. Schematic circuit of the DC series motor

[Ipu BpaxyBaHHI XapaKTEPUCTHKH HaMarHidy-
BaHHS (13(13) JIBUT'YHA TIOCJIIIOBHOTO 30Y/KEHHS
piBasiHHS  (4) 1 (5) 3MmiHIOIOTBCA. [lokaxkemo e,
CKOPHCTABIINCHh KyCKOBO-JIHIHHOIO alpOKCHMAIli-
€10 KpUBOiL (1)(]3) (puc. 2). Ha niniiiHi#t ainsHIi
0-1, I.=1 <1

KOJIH ow 2
®(1,)=kel, i TOni enexkTpoMexaHiuHa Xapakre-

MaeEMO mo

pUCTHUKA HpI/IfIMC BUTIJIAA:

R
- T A g ()
Cek<1313 Cede 13
ne A=—2-,B=—2"-, a MexaHi4YHa XapaKTepHC-
cek(D cek(D
THKa Oy[e:
UM RHB

(7

- B M.
cekd)ls Cech(D 13

I3 (6) Ta (7) BumuBae, Mo NpU MaTUX HaBaH-
TaxxkeHHIX ([, </, puC. 2) XapaKTepUCTHKHU

HOM ?
MaloTh PIBHSHHA TirnepOosiyHoro Buay (puc. 3),
TOOTO SIBIISIOTHCS M’ SIKUMH.

-
/

Puc. 2. XapakTeTHCTHKA 3aJI€KHOCTI MArHITHOTO TIOTO-
ky @ Bix cTpymy 30ymxeHHs [,

Fig. 2. Characteristics of dependence of the magnetic
flux @ on the excitation current /,

Ha ginsaui vHacuuenns 1-2 (puc. 2) MarHiTHUi
nmotik ® =const i Toxi piBHsHHA (4) 1 (5) nepe-
TBOPIOIOTHCS B JIIHIHHO-CIIaar01i;

o(l,)=G-0I, ()
o(M)=G-FM, ©9)

ne G, O, F —nocriiixi.

I3 mopiBusHHA BHpasiB (6) 1 (8), a Takox (7)
1 (9) BuIUIMBaE, 1O ISl IEPETBOPEHHST M’ AKHX (Ti-
nepOOoIIIYHOTO XapaKTepy) XapaKTEPUCTHK B KOpPC-
TKI HOTPiOHO MIATPUMYBATU CTPYyM 30y KeHHS [,
HE «I03BOJISITH» HOMY 3MEHIIYBaTHCS. 3a HAIOO
OYMKOIO, L€ MOJJIMBO 3[IIHCHIOBATH PpO3PSAOM
eMHICHOro HakonuuyBadya C_, yBIMKHEHOTO Iapa-
JeabHO 00MOTILI 30ykeHHs (puc. 4, 1e 7, — BHY-
TpimHii omip emHocTi). [Ipn upomy B ycraseHomy
pexnMi (koHTakTOp K13aMKHEHO) POOOTH ENeKT-
ponpuBona, konu I, 1 /, He 3MIHIOIOTHCS, HAKOIH-
4qyBad 3apsAKEHO J0 Hampyrd Ha oOMoTui 30y-
mxenHs (I, =1,, ockimeku I =0). Ilpu 3men-
IIeHHI HaBaHTaxeHHs (/[ ,M ) 4acToTa ® pi3Ko
30inbmryeThes (puc.3) i 3rigHo (2) BiANOBIAHO 3poO-
CTa€ MpOTH-€.p.C. AKOps E 1 TOMY 3HMKY€EThCS
cTpyM [, (sxuil nopiBHIo€e cTpymoBi /, ). Hampyra
Ha oOMOTLI 30y/KeHHs cTae MeHle Hanpyru U,

Ha HaKOMUYyBadi, B Pe3yJIbTaTi OCTaHHIN MOYHHAE
po3pspkatrcs depe3 O3 i THM caMUM TIATPUMYE
1., mo i 3abe3neuye 30UIbIIEHHS JKOPCTKOCTI Xa-

PaKTEPUCTHUK co(lﬂ), co(M)
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@ A

-

I . M

2?

Puc. 3. MexaHiuHa 1 eeKTpOMeXaHiYHA
XapaKTepPUCTUKH ABUTYHA HOCTIITHOTO CTpyMy
MTOCTIiTIOBHOTO 30YIKEHHS

Fig. 3. Mechanical and electromechanical
characteristics of the DC series motor

B cxemi puc. 4 MOXIUBO Ipyrwid BapiaHT:
B yCTaJlecHOMY pekuMi KoHTakTop K1 BUMKHYTO,
a K2 — yBimKkHeHeHO 1 HakonuuyBau C_ 3apsiKa-
€Tbcsl B pexxumi pekynepanii. [Ipu morpebi K2
BUMHKAEThCd, K1 BMUKAEThCS ¥ THM CaMUM 3I1M-
CHIOETBCS po3psiy C, Ha OOMOTKY 30y AKEHHS.

VY mopanpmiomy 3ajava monsArae 'y BHOopi He-
o0xinHoi BenmuuuHU e€MHOCTi C,  HaKomMYyBaua,
10 BUKOHYETHCS 32 TAaKUX YMOB (puc. 4).

Po3psan HakomuuyBaua 3IiHCHIOETBCS B TIEpeXi-
nHoMy pexxumi B komi C, —7, — L., a 11e 03HayJae,
0 TIPH TIEBHUX 3HAYCHHSAX IMapaMeTpiB €JIEMEHTIB
KOJIa MOXKJIMBI: anepiofMYHui, IrpaHUYHUNA UM Tie-
plognunuii pexxumu po3psay. Tomy mepiioro ymo-
BOIO € Te, IO PO3PST MOBUHEH MPOTIKATH B amepi-
OJTMYHOMY YU TPAaHUYHOMY pekuMi. Toai eMHICTB
BUOMPAETHCA 38 YMOBH, IO CyMapHHUI aKTUBHHUM
omip xona, T00T0 (7. +1r,), mOBHHEH OyTH Gliblie

KPUTUYHOTO OIOpPY PO3PAOHOro Koma [6], s

3

puc. 4 pisHoro 2 , 3BIJIKU IIyKaHE 3HAYCHHS

€MHOCTI:

(10)

K2

Puc. 4. [IpuHIMIIOBa CXeMa JBUTYHA IOCTIIHOTO CTpPY-
My IIOCITiTOBHOTO 30YPKEHHS 3 BBIMKHYTHM
€MHICHMM HaKOIN4yBayeM

Fig. 4. Schematic circuit of the DC series motor with
enabled storage unit

TpusanicTs nepexiaxoro npouecy 7, po3psny
C, uepe3 O3 noBuHHA OyTH HE MEHIIIE TPUBATIOCTI
TEpMiHy 4acy tr‘l‘;in poOOTH IBUTYHA €JIEKTPOIpU-

BOJly ITPU MaJIOMy HaBaHTa)KEHHI:

min
T, >,

(11

3 inmoro 6oky, sk Bigomo [6], T, = (4...5)1 ,

JIe T — CTaja 4yacy po3pAIHOro KoJjia; OTPUMAEMO 11
METOJIOM BXiTHOTO omopy [6].

BXximHnif KOMIUTEKCHHIA OITip PO3PSIAHOTO KOja
(puc.4) 3anuIneThes K

Z(jo)=(re+r)+joL, + (12)

. 2

K

3BiZ[KI/I XapPaKTCPUCTUYHC piBHHHHiI Ma€ BUTTIA

(rc+r3)+pL3+L=O, (13)
pC,
PO3B’sI3aHHS Ta€ KOPEeHi
+ + ’ 1
e trn e trn
=— + ———. (14
Pa="0 2L, LC, (19
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. 1 . .
OCKUIBKH T =|— , a4 B 3a/1a4l IBa KOPCHs, TOAL,
p

srigno (11), maemo:

t:f;ax _ 4...5 (15)
2
Rkl + | e +r, ] 1
2L, B 2L, L.C,

Tperst ymoBa Bu3HaueHHs C_ IOBHHHa OyTH

BUKOHaHa y BHWIIQAKYy, KOJIM MEpeKeBa Hampyra
xuBjieHHs U, sBise co00r0 BUIIAJKOBUH (cTOXAC-

TUYHHUN) TpOIleC i THM CaMUM MOKIMBHHA pEXHUM
pe3oHaHcy Ha neBHii yactoti. | Tomy ymoBa moss-
rac B HEJOMYIICHHI B CHJIOBOMY KOJi puc. 4 pe-
JKUMY PE30HAHCY HalpyT, 1[0 MOXJIMBO, KOJH, SIK
BiIoMO [9], B KOJi CIIOCTEpIraeThecsl PiBHICTh HYJIIO
PEaKTUBHOI CKIJIAJIOBOI BXiTHOTO OIIOPY:

im| Z,, (jo)]=0,

TOOTO, U1 KOoJla prc.4 MaEMO yMOBY:

[Ipu nepemMuKaHHSX, 3B’SI3aHUX 3 IEPEXOAOM
BiJl poOOYOT0 peXUMY JI0 TaJbMIBHOTO peKyIepa-
TUBHOTO, MarHiTHI cuctemMu TE]] po3maruiuyors-
cs 10 3aJIMIIKOBOI 1HAYKIi, mo ckiagae 2—3 %
BiJl HOMiHAJIbHOI. | TOMYy Ha MOYaTKy peXHMY pe-
kynepauii B oomoti sikops TEJL inayKyeThCs He-
BEJIMKa 3aJMIIKOBA €.P.C., 5IKa He B 3M031 CTBOPUTH
HEOOXITHUI 3a BENMYMHOIO 3apsSAHUN  CTPYM.
B 3B’s13Ky 3 UM 1 BIICYTHICTIO HE3aJIE)KHOTO 30Y-
mxenHs TEJ] (puc. 5) mepexin TEJl mo pexumy
TTOBHOITIHHOI peKyTmeparii 3aiHCHIOETECS HE MUT-
TEBO, a Yepe3 MPOTIKAHHS TaK 3BAHOI IMOYATKOBOL
cTanii, M KO PO3yMi€ThCs Tepion camo30y-
mxenHs TEJl 3 oqHOYacHUM TMOBITBHUM 3POCTaH-
HSM €.p.C. 1 CTpyMy SIKOps, OJTHAK IIe TPH BiICYyT-
HOCTI Tpolecy mepeaadi peKylnepaTHBHOI ENeKT-
poeHeprii B eMHICHUN HaKOIMYyBaY.

K1

L,

| 1 S N L
(rg +.]0‘)L3) Ic —J C ; r :l - N vD2
Im| 7, + joL, + ~—-1=0.(16) ' ! |
7’3 + ]”C + ‘](DLS _‘](Dic'K | L Vi
R,

®Dopmynu (10), (15), (16) i € Bupazamu Bubopy
BenmunHN C, HAKOIMYyBaya.

TeopeTn4Hi nepexyMoBH iMIyJ1bCHOI
pexynepamii

PexymneparuBae rampmyBanHs (PI') moximBo
3aCTOCOBYBAaTH B MiJHOMHO-TPAHCIOPTHUX YycCTa-
HOBKax, MPUBO/IaX KapyCelbHUX BEPCTATIB 1 B CHC-
TeMax eNeKTPUYHOro TpaHcmopTy. B aBurynax
3 HOCHIJOBHUM 30Y/DKEHHSM 1€ MOXXJIMBO JIMIIE
NPY HAKOIMYEHHI ENEKTPOCHEPrii He B JKUBIAUY
€JIIEKTPOMEPEXKY, a B HE3AJIESKHUH HAKONMHYyBad,
30KpeMa, B €eMHICHUH (iCTOTHO, IPU YMOBI BiZliMK-
HEHHs JIBUTYHA BiJ Mepexi). Posrmsaemo meit pe-
UM Ha MpuKIaai cxemu puc. 5. [Ipu mpomy BBa-
Kaemo 1o eMHicTh C, OyJI0 3apsKEeHO [0 HEBe-

mukoi Hampyru U, Big 0OMOTKM 30yIKEHHS

B HEPEKYNEePaTUBHOMY PEXKUMI NPH YBIMKHEHOMY
koHTakTopi K1 (puc. 4).

'/E N |,
( ) LE,
)

3

hd

\
|
E
)

r *
K2
\.
1w | \ﬂ\“ "
—

R,

P -

Puc. 5. Cxema BBIMKHEHHsI €EMHICHOTO HAKOMMYyBaya i
IMITYJIBCHOTO TTePETBOPIOBAaYA

Fig. 5. Schematic circuit of the DC series motor with
enabled storage unit

Jlis 3miicCHEHHST TIPOIecy caMO30Y/DKeHHS BU-
KOHY€EThCSl peBepcyBaHHS oOMOTKH sikops TE]]
1 BMHKA€EThCS IMITyIbCHUHN peryisarop 11 (koHTak-
topu K1 i K2 Ha puc. 5 BUMKHEHi), THM caMUM
CTBOPIOETHCSI KOJIO CaMO30ymKeHHs1 2 —3 —4 — 5 —
VD2 — 2 nns mpoTiKaHHA CTPyMY 4epe3 OOMOTKY
30ymkenHss TEJ]. Omnak moku mo (Ha Mmoyartky)
3apsIHUM CTpyM N0 IBOMY KOJI HE MpOTIKae,
OCKIJIbKH, mo-miepiie, eMHicTh C, HakomM4YyBada

(BHACITIIOK HEBEJINKOI 3AJIMIITKOBO1 €HEPTii, eHeprii
«MepTBOrO» 00’eMy [2]) Mae MOYATKOBY HAmpyTy
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Uqy, AKa IEepeBUILY€E CyMapHy IOYaTKOBY («3a-
JMUIKOBY») €.p.c. E , sKOps ABUTYHA, i, MO-ApYTe,
KaToJ HaIBIPOBITHAKOBOTO Aioma VD2 wmae mo-
TEeHLian «+», crBopeHuit emuicTio C, , 1 TOMy BiH
3aKpUTUH. Y 3B’A3KYy 3 LKUM Jalli 3aCTOCOBYETHCS
(dhopcyBaHHS (3MEHIIICHHS TEPMIiHY Yacy) IPOIECY
camo30ymkenHs TEJl nwisixom Horo migmarHivy-
BaHHA BiJ emHocTi C, HakomnumdyBaya. J[jis mporo
BMUKAIOThCA KOHTakTOop K2 Ta iMmynbcHHIA pery-
nstop 11 (puc.5). B pe3ynbTaTi CTBOPIOETHCS KOJIO
1-2-3-4-K2-R,-6-IPH-r.—- C -1 -
ro.— C.— 1, (Ipu 11boMy pe3ucTop R|; micis camo-
30yKeHHSI BUMHUKAETHCS). PIBHSIHHS IIHOTO PEXH-
My Ma€ BUTJISIIL:

dzuc+£duc+ 1 "
d* L, dt  L.C, °

(1)=E, (1),

ne Ry =rg+R, +r+r,; Ly=L, +L +L, .

(17

B miii dasi emHicTh po3psKaeThCs, a e.p.c.
akops E, 301IbLIyeTbCA 33 PaXyHOK IPOTIKAHHS
PO3PSAHOTO CTPYMY IO OOMOTII 30y KEHHS, TOO-
TO BHACIIOK TWiAMarHiuyBaHHsa. [IpoTikaHHS
CTpyMy IIO IIbOMY KoJIi, a oTke i mo O3 TE/L, dop-
cye migmarHiayBanHs TE/l, mo obymoBitoe 3poc-
TaHHA MOYAaTKOBOI €.p.C. (ExO) TEH. Ocranus

crae Ginbuioro, Hik Ugy(E,y>Uc,), mion VD2

BIJIKPHUBAETHCS 1 MO paHilie 3i0paHoMy Koy 2—3—
4 -5—-VD2 -2 (xony cam030y>KeHHS) IOYHHAE
npotikatu raapMmiBHUE cTpyMm TE]Jl, sikmii 3poctae
Mo Mipi MiACWICHHS HaMarHidyBaHHS CHCTEMH
TEJ 3rigHO piBHIHHS:

Rzi(t)+LZ%=Er(t), (18)

Er
Te+ R, +r +,

(18)
exp(—ij. B pesynbrari E, 3poctae
T

TpH [TOYaTKOBii ymoBi i(0)=

Po3B’sa30k

i()=2l)

r,+r,

piBHHHHH Mae BUTJIA

JI0 MaKCUMAaJIBHOTO 3Ha4deHHS ( E, ). Micns 1po-

sA.max
ro MOoYaTKOBY crafiro PI', cTanito caM030yHKEeHHS,
MOYKHA BBA)KaTH 3aKiHUEHOIO.

Jami nepepuau 11 (puc. 5) BUMHKAETbCA i TIO-
nepenHe koo 2 —3 —4 — 5 — VD2 — 2 ctpymy ra-
JIbMYBaHHA (aje e He 3apsiIHOr0) MepepuBaETh-

csa. | Temep rampMiBHMI CTpyM Mia Hi€0 €.p.C.
E MOYNHAE MPOTIKATH YXKE 110 HOBOMY KOITY

A.max
5-VvD2-2-1-C,—r.—1PH-6-VD3 -3 -4 -
5. leii ranpMiBHUI peKylnepaTHBHHUN CTPyM 1 3a-
psikae eMHicTh C, HaKONUYyBaya.

VY mopanbIoMy mponec 3apsiKaHHS 3A1HCHIO-
€ThCSI B 3aJIEKHOCTI Bijl BETMYMHU MIBUAKOCTI, Ha-
NPUKJIaJ, OITyCKaHHS BaHTAXYy €JIEKTPOIIPUBOIOM.

11100 B 30HI BiJi BUCOKHX JIO CEPEIHIX IIBHIKO-
cTel e.p.c. siKops (E,I =c,® V) HE MepeBullyBajia
nmorrycTuMoi Hampyru Ha kosnektopi TEJl motpi6-
HO, 1100 OCTaHHIN IpaIfioBaB Ha JIHINHIN TUIHITI
KpPHBOi HaMarHiuyBaHHS ce®(13)(pnc. 2), ToMmy
notik @ Tpeba perymosaru. [lo-apyre, npu 3HU-
JKeHHI MIBUAKOCTI MIATPUMKY Ha 3aJaHOMY piBHI
BenuuuHM E, . Tex Tpeba 3iilicHIOBaTH pery-

(30inBILICHHSM) c,D.
OcranHe B 3a3HayeHid BHILIE 30HI MIBHIKOCTEH
perymoBanHa 30ymkenHs TEJ] BuUKOHyeThCcsS 3a
JIOTIOMOT'O0 IMITYJILCHOTO PETYIATOpa 30YHKCHHS
IP3 ctpymy i1 Tomy E, =const=E Opnnouac-

s.max °

JIFOBAHHAM BCIIMYHMHHU

HO, HiATPUMKA TalbMiBHOTO 3apsiIHOTO CTPyMYy
3/IACHIOETBCS BUBOIOM OIOPY pe3ucTopa R, iM-

nyinscHUM perynstopom IPH (puc. 5). PiBHsHHS
peXKUMY LIbOTO eTaly TaKe:

uc () +Ri(t)+ R, (1)i(1)+

di
Ly—=FE_ ., 19
+ > dt s.max ( )
auepes uc (1):
dz”c + RZ + RJIH (t) duC +
dr’ Ly dt
+ U (t) =E, .. (20)

LyC

B 30HI cepenHix i HU3BKHUX MIBHIKOCTEH 3apsi-
JOKAHHS TIOYMHAETHCS TIPU BUXOAI MarHiTHOI CHC-
temu TEJ] Ha XapakTepUCTHKY OBHOTO MarHiTHO-
ro mousis (Ha IUIAHII HACHYEHHS XapaKTEPHCTHKH
ce®(13)) (puc. 2). Ockinbku Ha IHA  JTUTSHIT
c,® ~const, iMmynscHuit perymarop I3P He nie
1 TOMy HOTO BUMHKAIOTh, a TAIbMiBHUIA CTPYM IiJ-
TPUMY€ThCS Ha piBHI ycTaBku perymnsaropom [PH
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LUISIXOM TOAAJBIIOr0 BHBOAY OIOPY PE3UCTOPA
R, . Ilpy 1poMy B IOYATKOBHUI TEPMiH €TaIy €M-

HICTh CK HaKoIMn4YyBa4da 3apsAKa€TbCs IOBHUM

CTPYMOM CHJIOBOI'O KOJIa JIOTH, IIOKH e.p.c. £, 1m0

3MEHIIYEThCS, HE YPIBHOBAKUTH 3pPOCTAIOUYy Ha-
[pyry HakoIp4dyBaya 3 ypaxXyBaHHSIM CIlaly Ha-
npyru Ha Ry cunosoro koma TEJI. Ilpu takii

YMOBI Iofainsine 3apsykadHs C,. IOBHUM TajbMi-

BHUM CTPYMOM CHIIOBOTO KOJIa YK€ HE MOXe OyTH
3abesrneuene. [lomanbiie 3apspKaHHS MOBHHHO
3MIACHIOBATUCS IUISIXOM IMITYJIbCHOI —Tiepemadi
eHeprii yepe3 IHAYKTHBHI €IEMEHTH CHIIOBOTO KO-
na. Iy 1poro HeoOXiHO 3a/JaTH IMIYJIbCHUN Tie-
ploguuHHull peXUM POOOTH IMITYyJIBCHOTO PeryJisi-
topa II, mounHatoun 3 MIHIMAJILHOTO 3HAYCHHS
KoeQillieHTa 3alIOBHEHHS HOTO IMITYJIBCHOTO ITUK-
ny. [lepepuBau (immynbcHUiA perynstop) I1 koport-
KOYaCHO BMHKA€ETHCSA ¥ TUM CAMHUM 3aKOPOYYE CH-
moBe koyo TEJ] mo xomy 2 —3 -4 —-5—- VD2 — 2.
3a 1eil TepMiH Yacy NpH MPOTiKaHHI 3pOCTAIOYOTO
TallbMiBHOTO CTPYMY B iHIYKTHBHOCTSIX CHJIOBOTO
kona TEJ] HakommmuyeTbest eHepris. Uepes meskuit
yac perynsatop [1 BUMHKA€EThCS 1 ralbMiBHHIA 3apsi-
IHUAN CTPYM TPOTIKAE M Jiero E 1 HaKoIHm4e-

HOI B IHAYKTHBHOCTSX EIIEKTPOCHEPTii M0 KOy
(puc.5):3-4-5-VD2-2-1-C,— r,—IPH-6 -
VD3 — 3. Hanpyra na emHocti C, 3pocrtae, a ra-
JbMIBHUH CTpyM I (t) 3MEHIIY€ETHCSI 10 IIEBHOTO

3HaueHHs. [Ipu HacTymHOMY BMHKaHHI peryisropa
IT (puc. 5) TE]] 3HOBY nepexoIuTh B PEKUM K.3.,

3HOBY i(t) 30iNBIIYETBCSA, @ TPU BUMHUKaHHI

IT — 3MeHIIyeThCS 1 Jalli MPOLEC MOBTOPIOETHCS.
B kBasiycraneHoMy pexnMi poOOTH CXeMH pHUC. 5
mepeMuKaHHsa peryisaropa Il MaroTh cTaOimbHMIA
KOJIMBAJILHUIA Xapaktep 3 dwactororo Bix 30 1o
600 T'n. Ognak npu oMy Tpeba BpaxoBYBaTH,
10 B MPOTIECi TAIbMYBaHHS IBUAKICTH 0OCPTaHHS
saxopsi TE]] 3MeHIIyeThCA, B pe3ybTaTi 3HIKYETh-
sl TeHepaTopHa €.p.c. ABUryHa. Tomy JuIs miaTpu-
MaHHS 33/IaHUX MEX CTPpyMy, L0 HEOOXiTHO s
HiATpUMaHHS TalbMIBHOTO cTpyMy ([, =const),

NOTpiOHO: a) B TEPMiH 3aMKHEHOTO CTaHy peryJis-
topa Il 3MeHIIyBaTH KOEQillieHT IMITyITLCHOTO 3a-

i

MOBHEHHS Y :F; 0) B TepMiH BUMKHYTOTO CTaHY

I1 3MeHmIyBaTH IMITyJIsCHUM peryistopoMm IPH
BEJIMYHHY JIOJATKOBOIO O1opy R, .

Bubip Tuny KoHIeHCATOPHOT 0
HAKOMHAYYyBaya

Iness BUKOpPHCTaHHS HAKOIMYYBadiB EJIEKTPO-
eHeprii B pi3HUX CHCTEMax i MPUCTPOSX HE € HO-
BOIO 1 He 3anepeuyeTbes . CTOCOBHO €JIEKTPUYHOTO
MPUBOJY, TO HAWOUTBII JOKJIAIHI JTOCIIIKEHHS
BUKOHAHO JIJISl CUCTEM EJIEKTPUYHOTO TPAHCIIOPTY,
0co0JIMBO AT MICBKOTO TpPaHCIOPTY (TpamBaiB
i Tponeiidycis) [2, 3, 5, 7, 8, 10-12, 14, 15, 17, 21].
s cucreM 3araibHONPOMMCIIOBOTO €JIEKTPOIpPHU-
BoAy IyOsiKarii pe3yabTaTiB IOCIiHPKEHb aBTOpaM
HeBiomi. B icHyroumx poOoTax po3risaaloThCs
3aCTOCYBaHHS yCTAaHOBOK, I'OJIOBHUM YHHOM, Ha
OCHOB1 IHAYKTHBHHX, EJIEKTPOXiMIYHUX, HaIliB-
MPOBITHUKOBUX IHIYKTHMBHHUX Ta €MHICHUX HAaKO-
nuayBaviB. [Ipy 1ipoMy OUTBIICTE JOCTITHUKIB, Y
TOMY YHCII i1 3aKOPAOHHUX, pOOUTH BUCHOBOK, IIIO
HAWOUTBII JIOIIBHO 3aCTOCYBaHHS €MHICHHMX Ha-
KOMUYyBaviB i 000B’A3KOBO Ha 0a3i CynepKOH/ICH-
caropiB (abo iHaKIIe: YILTPAKOHICHCATOPIB, KOH-
JICHCATOPIB HAJBHCOKOI €HEProEMHOCTI, KOHJICH-
caropiB nojBiiiHoro enextpuaHoro mapy (KITEL)
Ta IHIII).

Ile 0OyMOBIIEHO THM, IO CYNEPKOHACHCATOPHI
HaKOIMM4YyBadi BOJOJIIOTh BUCOKOIO MUTOMOIO TIO-

TyxHicTio, mopaaky 10* —10° kB1/kr , pu Haxo-
MUYIyBaHil MUTOMIHN €JIeKTPOCHEePTil
4550 kJx/kr i Tepminy wacy 3apsamy mo 30c¢,
Brucokuii (88—-90%) K.K.I., XapakTepu3yIOTHCS

MaJMM BHYTPIIIIHIM OITOPOM, IO JTO3BOJISE TOCATa-
TH TUTOMOI MOTYXHOCTI IMITyJIbCHOTO PO3PSIY JO

100 BT/ cM’ . Moayai KITELL BUTPHMYIOTH Hampy-

TY B COTHI BOJIbT 1 BEJIMUWHY CTPyMYy B JEKiJbKa
kioammep. CyTnepkoHACHCATOPH HE MalOTh Hera-
THUBHOT €KOJIOTIYHOT 1Iii 1 BUOYyX00e3meuHi.

HocnimxeHHsMU Ta po3poOKkamu B cdepi cy-
MMePKOHACHCATOPIB 3aliMarOThCs Oinbire 50 Kom-
MaHii B pi3HUX KpaiHax, 3 HUX OiNbIIa YacTHHA
KOMITaHill 3aliMaeTbcs pO3pOOKOI0 1 BUTOTOBJICH-
M ManorabaputHux KIIEIL, npusznaueHnx mns
BUKODUCTAHHS B MAJONOTYKHUX €JIEKTPUIHUX
cXeMmax Jiisl MOPTATUBHUX Ta MOOYTOBUX €IEKTPO-
HHUX npuctpois [1, 18-20].

Haiiinpmm  BHUCOKI XapaKTEPHCTHKH  CEPEIl
KIIEII B cotHi THCsY dapal Ha eIeMeHT JOCTYITHI
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kommanisM Maxwell (CILIA), Matsuchita Electric
Industrial (Snowist), SAFT (®panuis), EPCOS
(I"'epmanisi, miaAroToBKa BUpOOHUITBA 3a JIEH31€10
Maxwell), YUNASKO (Ykpaina), NessCap (FOx-
Ha Kopes), sumyckators KIIEII 3 opranigamm
eJNIEKTPOITOM 1 pociiicbki kommaHii OCMA,
OKOH/, 2JITOH, ELIT, y sxux KIIEIL mae Boa-
HUU CKJIaJ eIEKTPOITITY.

Pe3yabTaTi Ta aHaJi3M YMCeJbHUX
po3paxyHKiB

PosrissreMo BuGip 00Ky CynepKOHAESHCATOPIiB
1 mpoliec oro Aii mpy pi3KOMY 3MEHIICHHI HAaBaH-
TaXEHHs (YU B pexuMi OyKCyBaHHS KOJIICHOI ma-
pH, 9M TpU pi3Kiil 3MiHI HAMPYTH) TATOBOTO JBH-
ryHa tuny EJ[141V1 enextpoBo3a JIE1, mo Mmae
napamerpu: [, =565 A, r,=0,0190m,
L,=49-10"TH.

3rigHo ymoBu (10), HeoOXimHa €MHICTH OJIOKY
CYNEepKOHICHCATOPIB ISl OJHOTO IBUTYHa Oyne:
C,=5430.

Buxonsun i3 3HaueHb EMHOCTI, MacH i 00’eMy
HaWOUTHIII TIOMIMPEHUX THIIB CYNEPKOHIIEHCATO-
piB, a TaKOX BiAJAarOYu MeEpeBary BiTYH3HSIHOMY
BUPOOHUKY, BHKOPHCTAEMO CYNEPKOHIEHCATOPH
tuny E-cells (Bupobnuxk YUNASKO, VYkpaina),
SIKi MAIOTh TaKi TEXHIYHI XapaKTePUCTHUKU:
enekTpuyHa eMHicTb — C,, =480 @ ;

— HomiHanbHa Hanpyra— U =2,7B;
— MaKCHUMAaIIbHUH CTPYM PO3psny:
npu AT =15°C—-165A;
npu AT =40°C-270A;
— MakCHUMallbHu# cTpyM K.3. — 2700 A ;
— noBxuHa — h=214MM;
— mupuHa — [ =131mm g
— ToBIIMHA — d =17 MM ;
— Maca (Bara) — M =0,07 kr;
— 06’eMm — V,, =0,00013 M ;
— MaKCHUMAaJIbHUI
0,17-107 Om;
— poboua Temneparypa — T =—40°C...+60°C ;
— mocriitHa yacy — 1=0,6*0,1c;

BHYTpIIIHIA ~ omip  —

KiIBKIiCTh IUKJIIB «3apsay-po3psaay» — >10° .
B HOMiHamBEHOMY pexuMi poOOTH JBUTYHA Ha-
mpyra Ha oOMOTII 30YKSHHS CKIIaIae:

U, =rl,, =0019-565=10,74B .

3

Tomi musa 3a0e3nmedyeHHs HEOOXimMHOI MakCcHMa-
JILHOI Hampyru OJOK KOHJICHCATOPIB MOBUHEH Ma-
TH TaKy KiJBKICTh ITOCIIJOBHO 3’€THAHUX EJICMEH-
TiB — CyTIepKOHIEHCATOPIB:

10,74
n=——=
2,7

4 mr

A, BpaxOBYIOUH JIONYCTUME 3HAYCHHS CTPYMY,
OTPUMAEMO KUIBKICTh IMapaJieIbHO YBIMKHEHHMX
CYIIEPKOH/ICHCATOPIB:

Tonai po3paxyHKOBa €MHICTh OJIOKa HAKOIUYY-
Baua CKJaje:
C 480

C,=— m=—-"2=2400.
n 4

a BHYTPIIIHIN OTIip:

R,  0,00017
n=

e =

+4=0,00034 Om .
m

1 3arajbHUi 00’ €M:
V.=13-10"-8=1,04-10" m’.

Ockinbku 7. <<7,, TO I y HOJAJIBIIUX PO3pa-
XYHKaX HEXTYEMO.

Po3paxyemo mepeximHy Hampyry U (t) Ha
OJo1li CYNIEpPKOHAEHCATOPIB 1 CTPYM PO3PAIKEHHS
3TigHO puc. 4.

3rimno cxemm puc. 4 3 mapaMeTpamu
C . =543®d, r,=0,0190m i L, =0,0049THi 3a
Brpa3oM (14), KOpeHi XapaKTepUCTHYHOTO PiBHSIH-
HSl JIOpIBHIOIOTH: p, =p, =p=-1,94 ¢, srizHo
SKOTO LITyKaHa MepexifHa U, (t) MoXe OyTH 3arH-

caHa y By [6]:
uc (1) =(4, + 4Ayt)e”" . 1)

BusnHaunMo mocTiiiHi iHTerpyBaHHS 4, 1 A4,,

JUTSL YO0 Bi3bMEMO TOXiaHy Bixg (21):
uc ()= A,e”" + (A4 + 4t)pe?” . (22)

3amumemo (21) i (22) mis MOMEHTY KOMYyTallii
t=0:
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Uc (O) = Als
uc' (0)= A, + 4 p.

(23)
(24)

Jo xomyTanii cynepkoHIEHCAaTOPHUH HAKOIH-
gyBad OyB 3apsmkeHuii g0 U TOOTO,

uc(0)=U,#0, a depes 0OMOTKy 30yKCHHS

MPOTiKaB CTPYyM HaBaHTAKCHHS, TOOTO,
ic(0)=i,(0)=1,.
. o du.
Sk Bizomo, cTpyM B eMHoCTi: i (t)= —
ic(0) 1
10670, 1, (0)=-—2=-0
¢ ( ) CK CK

Toni cucrema piBHsHB (23) — (24) npuiimMe BU-
IS

U,=4, (25)
1
C—°=A2 + A4 p. (26)

K
BusnauuBmm 13 (25) 1 (26) nocriitni 4, Ta 4,
1 macTaBuBIH iX B (21), oTpuMaeMo:

1,
uc(t)=|U, + FO— opltle”,  (27)

K

. . d
ZC(;):lg(t):cK%:

:[zo(npr)—%r}‘”. (28)

3a Bupazom (28) Oys10 BUKOHAHO YHCENbHI PO3-
PaxXyHKH MEPEXiJHOTO PO3PSIHOTO CTPyMY, IO
MpOTiKae depe3 0OMOTKY 30yIKEHHS NMPH PI3HUX
(1, =0;56,5113 A)

1 U,=U, =10,74 B ; pe3ynpTaTil IpeCTaBICHO HA

CTYHNCHAX  HaBaHTAKCHHSA

puc.6. I3 1pOro pucyHka BUILIMBAE, IO TPH CIaJi
HaBaHTaxeHHs 1o 0% (xpusa 1), 10% (kpuBa 2)
1 20% (xpuBa 3) Bin I, =565A cTpym 30y-
JOKEHHSI MATPUMYETBCS Ha TOCTaTHHOMY DiBHI Ha
npots3i 2 cekyHn. SIKIIo 3a BUPOOHWYNMH YMOBa-
MU IIOTO HEJOCTAaTHBO, TOJAI MOMIIMBO Tependa-
YUTH pyry CTYIiHb po3psny
3 QHAJOTIYHMM CYIEPKOHJICHCATOPHM HAKOIIHNTY-
BaveM.

500 +

‘,V

o

0.5

1.0 1.8 20

Puc.6. PesynpraT unceTbHUK PO3paxyHKIB
NIEPEXiJHOTO PO3PSAHOTO CTPYMY, IO IIPOTIKAE Yepe3
00MOTKY 30yIKSHHS TIPH Pi3HUX CTYIICHIX
HaBaHTAXEHHS y rpadiuHOMY BUIIISIL

Fig. 6. Results of the numerous calculations of the
transient discharge current flowing through the excita-
tion winding at different load levels in a graphical form

HaykoBa HOBM3HA Ta NPAKTUYHA
3HAYUMICTh

Po3pobieHo TeopeTHdHI MAX0aHd MIOI0 Tepe-
TBOPEHHSI M SIKUX MEXaHIYHOI Ta elIeKTpoMeXaHiu-
HOi XapaKTepUCTUK B JKOPCTKI ENEKTPOJIBUTYHIB
MOCTIHHOTO CTPYMY TIOCIIJOBHOTO 30Y/IKCHHSI.
Brniepmre 3ampomoHoBaHO 1 OOTPYHTOBAaHO HOBUH,
KOMOiHOBaHU#, MeToJ1 PI" IBUTYHIB MOCIIiJOBHOTO
30ymkeHHs. [loganbmii pO3BUTOK OTpUMATH Me-
TOJIM OIIIHKU MapaMeTpiB OJ0Ka €eMHICHOTO HaKo-
nUYyBaya 3 ypaxyBaHHSIM KpHUTEpiiB HaailiHOI ma-
pasnienbHOi poOOTH CyNEepKOHAEHCATOpiB 3 00MOT-
KO0 30yIKCHHS €JIeKTPOJBUTYHA.

3anpornoHoBaHe 1 00IPYHTOBaHE MEPETBOPCHHS
M’SIKMX XapaKTePUCTUK B )KOPCTKi O3BOJISIE BUKO-
PHCTOBYBaTH 3araJlbHOIIPOMHMCIIOBI €JIEKTPOIpU-
BOAM 3 JBUTYHAMH TIOCIIJOBHOTO 30VIKCHHS
1 IpYM MaJuX HaBaHTAKEHHSIX, 4 B TATOBUX EJIEKT-
POIPHBOJAX — 3HU3UTH IHTEHCUBHICTH OYKCYBaHHS
KOJIICHUX Tap eJIEKTPOPYXOMOro ckianay. Po3po6-
JIeHa METOAMKA PO3B’s3yBaHHS PIBHSIHB IMEpexil-
HUX J1a€ MOJMJIMBICTh BpaxyBaTH BUIAJIKOBHH Xa-
paKTep 3MiHM HAIPyTW Ha JBUTYHI B PeXHUMax 3a-
PSLIKEHHS 1 PO3PAIDKEHHSI CYIIEPKOHIEHCAaTOPHOTO
HaKoMM4YyBaya. 3amponoHOBaHUH KOMOIHOBaHUI
meton PI' pobute moxmmBuM 3mificHioBaTH PI°
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1 IpM MaJTUX MBHIKOCTSX OOEPTAHHS SIKOPS €IIEK-
TPOABUTYHA W TUM CaMHM JO3BOJISIE MiJBUIIATH
eHeproepeKTUBHICTh EeKCIUTyaTalii elIeKTponpu-
BOJIIiB IIHOTO THITY.

BucHoBku

1. M’KicTh MEXaHIYHOT Ta eNeKTPOMEXaHIqHOT
XapaKTePUCTUK IBUTYHIB MOCTIMHOro CTpymy HO-
CIIOBHOTO 30YKEHHS 00YMOBITIOE PSIT HETOMIKIB
iX poOOTH B €JICKTPOIPUBO/II.

2.IlepeTBOpeHHsI M’SIKUX XapaKTEPUCTUK IBH-
TyYHa B JKOPCTKI MOXIIMBO IIJISIXOM PO3PSIHKEHHS
NpY MaJiX HABAaHTAXCHHSIX €MHICHOTO HAKOMUYY-
Baya eJIEKTpOeHeprii uepe3 OOMOTKYy 30y KEHHs
JBUTYHA.

3. Po3paxyHOK HEOOXigHOI BEJIMYMHH E€MHOCTI
HaKOIMMYyBaya MOBHHEH 3IiHCHIOBATHCSA 32 TPHOX
YMOB, TOJIOBHOIO i3 SIKHX € Ta, 100 NpU LbOMY
CITOCTEpIraBcs arepioguIHUN YW TPAaHWUIHUN pe-

4. BUKOpUCTaHHS €MHICHOTO HaKONHYyBaya
pOOHTH MOXXJIMBHM 3MIMCHIOBAaTH pEKylepaTuBHE
raJbMyBaHHS ABHTYHA IOCTIIOBHOTO 30yKEHHS
3 3aCTOCYBaHHSIM pPEXHMY IMITyJIbCHOI Tepenadi
eHeprii Mmpu MalnuxX IIBHIKOCTSIX OOEpTIB SKOPS
JBUTYHA.

5. B sKocTi éMHICHOTO HaKOTIMYyBaya MOMUTEHO
BUKOPUCTOBYBaTH CYIEPKOHCHCATOPHUI HAaKO-
NUYyBay, OCKIIBKMA BiH BOJIO/i€ BUCOKOK IHTO-
MOIO MOTY>KHICTIO, BEIMKUM TEPMIiHOM dYacy 30e-
PEeKEHHS €Heprii, po3paxoBaHUN HA BEJIHMKY KiJb-
KICTh 3apsiTHO-PO3PSIHHUX IMKIIIB, Ma€ BHCOKHUIM
K.K.J., XapaKTepU3YETbCS MAIUM BHYTPILIHIM OTO-
poM, Horo MOIyJli BUTPUMYIOTH HANpyTy B COTHI
BOJIBT 1 BEJIMYMHY CTPYMY B JICKIIIbKa KiIOaMIIep.

6. Buxoasun i3 3HAaYeHbL €MHOCTI, MacH Ta
00’eMy IOLIIBHO BUKOPUCTOBYBATH CyIEPKOHAEH-
catropu Tuny E-cells (Bupoonmk YUNASKO,
Vkpaina) abo tumy BCAP (BupoOHuk Maxwell,

SKUM PO3PSIIKEHHS.

10.

11.

12.

13.

CLIA).
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HOBBIINEHUE DOO®EKTUBHOCTU PABOTHI JIEKTPOIIPUBO/JIA
IHOCTOAHHOI'O TOKA HA OCHOBE UCIIOJIb30BAHUMSI
CYHNEPKOHAEHCATOPHBIX HAKOIIUTEJIEA DJIEKTPOOHEPI'MHN

Heanb. B HayuHoli paboTe HEOOXOIUMO MPOAHAIU3UPOBATH PACIIMPEHUE JHalla30Ha HAarpy3Kd M OCYILECTBIIe-
HUS pekymepaTuBHoro topmoxenus (PT) anexrpudyeckoro npuBoaa MOCTOSHHOTO TOKa IMyTEM IMPUMEHEHHUs CyImep-
KOHJICHCAaTOPHBIX HaKONUTEJIeH aieKTposHepruu. Metoauka. J{ist pereHns MoCcTaBICHHON 3a/1aui UCTIONIB3YIOTCS
METOJIbl TEOPHUHU JICKTPOIIPHUBO/IA, UMITYJILCHOM 3JIEKTPOTEXHUKH M METOJIMKA pacueTa MepexoJHbIX dJIEKTpoMar-
HUTHBIX TIPOIIECCOB B JIMHEHHBIX OJJIEKTPHYECKMX LEMSIX NP HAIWIMA B HUX CYIEPKOHICHCATOPOB.
Pe3yabTarsl. OcymecTBICHO CYNIECTBEHHOE YBEIMUCHUE )KECTKOCTH MEXaHHUYECKOH M 3JIEKTPOMEXaHNIECKON Xa-
PaKTEepUCTHK JIBUTATENIEH MOCIEA0BATEIIEHOTO BO30YXKICHNS, YTO Ta€T BO3MOXKHOCTh HCITOJIB30BAHHMS JIEKTPOIIPH-
BOJIa IIOCTOSIHHOTO TOKa IIPH HAarpy3ke, 3HAUYUTENbHO MeHblIeH, yeM 15-20 % ot HoMuHanbpHOW. BeImomHeHs! ync-
JICHHBIC PacueThl MPoIlecca ACHCTBHSA CYIIEPKOHCHCATOPHOTO HAKOMUTENS 3IEKTPOSHEPTUH NPHU PE3KOM YMEHBbIIIE-
HHUH Harpy3KH TSTOBOTO JIEKTPOJBHUTATEINIsl 3JIEKTPOBO3a MOCTOSIHHOTO ToKa. O00CcHOBaHAa BO3MOXKHOCTH PT anexk-
TPOINPHBO/IA TIOCTOSIHHOT'O TOKA C JIBUTATEJIeM I10CIIeI0BAaTEIbHOI0 BO30Y K /IeH s BBINOMHEHO peleHe ypaBHeHUH
MpoIecca 3apsIKi U pa3psKy CYNEpKOHIEHCATOPHOro HakonuTesns B pexxume PT. UccinenoBano BiMsHUE BEIUYU-
HbI EMKOCTHU Ha XapaKTEp MOAJACPKAHUA BO BPEMCHU TOKa BO36y)KI[eHI/I$[ QJICKTPOABUTATEIIAA B PCIKHUME MaJIbIX Ha-
rpy3ok. Hayuynasi HoBu3Ha. PazpaboTaHbl TeopeTHYeCcKHEe NOAXOIBI 10 MPeoOpa3oBaHNI0 MATKHX (MEXaHHYECKHX
M DJIEKTPOMEXaHNUYECKHMX) XapaKTEPUCTHK B JKECTKHE 3JIEKTPOJABUTATENIel MOCTOSHHOTO TOKA ITOCIIEI0BATEIEHOTO
B030y>K/1eHHs. BriepBble mpezsioxkeH 1 000CHOBaH HOBBIM, KOMOMHMpOBaHHBIH Meton PT nBurartenei mociemosa-
TeJILHOTO BO30ykneHus. [lanpHeiinee pa3BUTHE MOTYYMIA METOABI OLCHKH IapaMeTpoB OJIOKa €eMKOCTHOTO HAaKO-
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MUTENS C Y4€TOM KPUTEPHEB HAJEKHOW MapasieabHOH pabOThl CyNEepKOHIIECHCATOPOB C OOMOTKOM BO30YXICHUS
anekTpoasuraressi. IlpakTndeckas 3HauuMMocTb. IIpemiokeHHOE n 000CHOBAaHHOE aBTOpPAaMH IpeoOpa3oBaHHE
MSTKHX XapaKTEPUCTHK B )KECTKHE MO3BOJISIET UCIOJIB30BATh OOIIETPOMBIIITIEHHBIE 3JIEKTPOIPHBO/BI C IBUTaTENsA-
MU TI0CJIEIOBATEIbHOTO BO30YXKIEHHUS U MPH MaNbIX Harpy3kax, a B TSTOBBIX JIEKTPONPUBOJAX — CHU3UTh UHTEH-
CHBHOCTb OYKCOBaHHS KOJIECHBIX Iap 3JIEKTPOIOABMIKHOTO cocTaBa. PaspaboTaHHas METOIMKA PELICHHS TIEPEXO/I-
HBIX YPaBHEHHUH JaeT BO3MOXHOCTh yU€CTh CIy4aiHBIN XapaKTep W3MEHEHHs HalpsDKeHUS Ha ABUraTesie B PEeXKH-
Max 3apsIKU U Pa3psIKu CYNEpKOHEHCATOPHOTO HakonuTels. [Ipe/uroskeHHbIii KOMOMHUPOBAHHBIN METOJI JAeIaeT
BO3MOXHBIM ocyiecTBieHue PT 1 npu ManbIx CKOPOCTAX BpallleHHs SKOPS IEKTPOJABUraTeNs, TEM CaMbIM MOBbI-
11ast 3Heprod3(hHeKTUBHOCTD IKCILTyaTaIMU 3JIEKTPOIPHBOIOB ATOTO THIIA.

Knrouegvie cnosa: »nekTponpuBo; HAKONMUTENb; PEKyHepalys; CyIepKOHICHCATOP; XapaKTePUCTUKA IIIEKTPO-
JIBUTATEIISA; TOK; MPOLECC; DIEKTPOIHEPT U
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ENHANCING THE OPERATIONAL EFFICIENCY OF DIRECT
CURRENT DRIVE BASED ON USE OF SUPERCONDENSER POWER
STORAGE UNITS

Purpose. The scientific work is intended to analyse the expansion of the load range and the implementation of
regeneration braking (RB) of the direct current drive by using the supercondenser power storage units.
Methodology. To solve the problem, we use the methods of the electric drive theory, impulse electronics and the
method of calculation of transient electromagnetic processes in linear electric circuits in the presence of super-
condensers therein. Findings. The stiffness of the mechanical and electromechanical characteristics of a series mo-
tor is significantly increased, which makes it possible to use a DC drive under load, much smaller than 15...20% of
the nominal one. Numerical calculations of the operation process of the supercondenser power storage unit were
fulfilled with a sharp decrease in the load of a traction electric motor of a direct current electric locomotive. The
possibility of RB of the direct current drive with the series motor is substantiated. The equations of the process of
charging and discharging of super-condenser storage unit in RB mode are solved. The authors examined the effect
of capacitance on the nature of maintaining the excitation current of an electric motor in the mode of small loads.
Originality. The paper developed theoretical approaches for the transformation of soft (mechanical and electrome-
chanical) characteristics into hard ones of DC series motors. For the first time a new, combined method of the series
motor RB is proposed and substantiated. Further development obtained the methods for evaluating the storage unit
parameters, taking into account the criteria for reliable parallel operation of super-condensers with an electric motor
field. Practical value. The proposed and substantiated transformation of soft characteristics into stiff ones allows us
to use general-purpose electric drives with series motors and at low loads, and in traction electric drives - to reduce
the intensity of electric stock wheel slipping. The developed method of solving transitional equations makes it pos-
sible to take into account the random nature of the voltage change on the motor in super-condenser drive charge and
discharge modes. The proposed combined method makes it possible to carry out RB at low speeds of the motor ar-
mature as well, and thus to increase energy efficiency of operation of electric drives of this type.

Key words: electric drive; storage unit; regeneration; super-condenser; characteristic of the electric motor;
current; process; power
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CONSIDERATION OF AERODYNAMIC IMPACT IN SETTING
THE MAXIMUM PERMISSIBLE SPEEDS OF HIGH-SPEED TRAIN

Purpose. Studies of the effect of aerodynamic pressure on the maximum permissible speeds of a high-speed
train on the existing railway infrastructure. Methodology. The study of the magnitude and direction of the
aerodynamic pressure, its effect on the maximum speeds of a high-speed train was carried out on a train model
composed of axisymmetric bodies with conical forms of head and tail parts. Findings. Determined the values of the
aerodynamic pressure at different distances from the train are, when the high-speed train moves at a speed of
200 km/h or more. The maximum speeds of a high-speed train are determined taking into account the state of the
infrastructure of the existing railway, ensuring the safe operation of a high-speed railway. Originality. Theoretical
studies of aerodynamic pressure from secondary air currents formed during the movement of high-speed trains are
performed on a model of a train composed of identical axisymmetric bodies with conical forms of head and tail
moving in a compressible medium. The results of the research allow the regularity of the change in aerodynamic
pressure during the movement of a high-speed train. Practical value. The obtained results allow to establish:
1) the maximum permissible speeds of a high-speed train taking into account the technical condition of permanent
devices and structures of the existing railway infrastructure; 2) technical parameters of individual objects and
structural elements of the infrastructure of high-speed iron subjected to the effect of aerodynamic pressure for
a given maximum speed of high-speed trains.

Keywords: railway transport; high-speed train movement; aerodynamics; aerodynamic pressure; railway
infrastructure; maximum speeds; technical parameters

Conducted the experimental and theoretical
research directed carried out are aimed at obtaining
information on the speed, direction of the
secondary air currents and aerodynamic pressure
arising from the movement of high-speed trains;
assessment of their impact on the railway
infrastructure facilities, surrounding nature, as well
as on people; Security and comfort to passengers
[1-4]. According to the results of experimental
studies, determined the dependences of the
aerodynamic drag on the speed [5]; the interaction
of a moving high-speed train with objects located
along the railway, including trains moving along
a parallel path [3, 4, 6-8]; the physics of the
formation of aerodynamic flows in separate parts

Introduction

Half a century of experience in the operation of
high-speed railroads, the results of numerous
theoretical and experimental studies have shown
that with an increase in speed, the character of the
aerodynamic field around a moving high-speed
train, the magnitude and vector of air currents
change dramatically. The resulting air flows have
a negative impact on the environment, worsening
the safe functioning of the system «high-speed
railway — the environment (or surrounding
objects)».

The study of air flows generated by trains at
high speeds is an urgent task of ensuring safety on

high-speed railways.

of a moving high-speed train [5, 9].
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Theoretical studies performed on the model of
a high-speed train as an axisymmetric body made it
possible to establish the magnitude and velocity
vector of secondary air currents, as well as
aerodynamic effects on railway infrastructure
objects and people [10].

Providing traffic safety for trains and
passengers; uninterrupted operation of the entire
infrastructure of high-speed railway is the main
condition for the organization of high-speed and
high-speed passenger train traffic. A high degree of
security is usually provided at all stages of creating
a high-speed highway, i.e. is laid during the design,
is provided during construction and is implemented
in the course of operation of the infrastructure of
high-speed railways. This task is relevant in the
design of high-speed train traffic on existing
railways, which were designed for the maximum
speed of passenger trains of 120—-160 km/h.

Since, on existing lines, high-speed traffic is
possible after a large-scale reconstruction and
modernization of permanent facilities and
structures of the existing infrastructure, when
designing a high-speed traffic organization using
the existing railway infrastructure, the maximum
permissible speeds for a high-speed train for each
facility should be set separately taking into account
their technical condition.

Purpose

To ensure the safe operation of a high-speed
railway, it 1is necessary to consider the
aerodynamic impact on people and railway
infrastructure objects as one of the main safety
criteria for high-speed passenger train traffic, since
a train moving at high speed exerts aerodynamic
impact on each i-th object by the P, ;value.

In this case, the technical state of the
i -th object allows him to perceive the impact with
the maximum permissible value of P, without

reducing the safety level of movement high-speed
trains.

In connection with the foregoing, in order to
ensure the safe operation of a high-speed railway

on all sites or structural elements of the
infrastructure of the existing path, the condition
Pmaxi SPperi' (1)

Since, according to Bernoulli’s law, the
aerodynamic pressure varies directly in proportion
to the speed of the air flow V, created by the

movement of a high-speed train, let us consider the
theoretical aspects of establishing the value of the
maximum train speed ensuring the fulfillment of
condition (1).

Methodology

The aerodynamic impact, strength and
directivity of pressure on an object depend on the
maximum speed and duration of the air flow, the
spatial location, availability and proximity of the
railway infrastructure objects relative to a moving
high-speed train.

For each i-th object (or its structural element)
of the infrastructure of the existing railway, it is
possible to compute a design scheme of the effect
of aerodynamic pressure on it (Fig. 1). In all
calculation cases, for a known distance B from
a moving high-speed train to an object and the
maximum permissible impact that a given P

peri
object can perceive, it is necessary to determine the
speed of the high-speed train V7, and hence the

1

airflow rate V. that satisfies condition (1).

Thus, the task of determining the aerodynamic
impact on object i is reduced to determining the
speed of the secondary airflow V), directly at

the i-th object when the high-speed train moves at
aspeed V,,

axi *

As the development of earlier studies [10] the
distribution of the air flow and the determination of
its velocity along a moving high-speed train, we
investigate on a model of a train consisting of a
locomotive and 2n wagons. Locomotive and
wagons are presented as an axisymmetric body
with streamlined forms of the head and tail parts
moving in a compressible (acoustic) medium [10].

To simplify the calculations, we assume that
the locomotive and all wagons in the cross section
have the same shape, i.e. Consist of a circular
cylinder with the same shape of the head and tail in
the form of cones (Fig. 2).

The axisymmetric wave equation of the
aerodynamic field near a high-speed train
consisting of a locomotive and 2rn wagons is
solved both for a train consisting of one single
wagon [8].
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Fig. 1. Calculation schemes for the location of high-speed train and facilities:
a — «train-man-object»; b — «train-passenger on the platform-object»;
¢ — «train-passenger on the platform-train»

Fig. 2. Scheme of a high-speed train with a locomotive and 2n wagons

In the given case, we consider the function
f(z) for each wagons can be represented in the

form f,(z), where the index i indicates the

ordinal number of the wagons from the center of
the train ( j =0 corresponds to the number of the

middle car), the index j on the geometric shape of
the part of the wagons. If we assume that the
wagon consists of three geometric parts, i.e. Head,
cylindrical, tail parts, then j=1,2,3 (j=1
corresponds to the cylindrical part, j=2 the tail
part, j =3 the head part).

The propagation of an acoustic wave in the air
medium can be represented by the equation (2)
with the boundary conditions (3) and (5) [10]. The
condition that the component along the velocity
axis of the medium on the boundary of the half-
space be zero, in contrast to equation (4) [11],
takes the following form

%:O at y=—h—R- f(2). 2

To find the solution of the equation, the method
of sources was used [11]. Considering the function
o(r,z) satisfying (2), the boundary conditions (3),

(5) [9] and (2), the solution in [10] can be
represented in the form

(2n+1)L

1 J‘ q(&)dg .
A _onni(E—2)” +air?

Where ¢(z) — is the power of the source

distributed over the surface of the moving body
within 0<r < f;(z), -(2n+1)L<z <(2n+1)L.

For an axisymmetric body from formula (3) to
[12], it can be asserted that
do_, a() @
or 2nr
Since the problem is symmetrical with respect
to the axis 0z, a high-speed train consists of a
locomotive and 2n wagons, the equation of the

surface of the body r=f,(z), as well as the

power of the source from each car g(z) and its

components can be recorded separately.
For the cylindrical part of the car:

¢, = 3)

at r—0.

at 2nL— Ly <z<2nL+L, and

2nL+ L)) <z<—(2nL-L,) fu=R q=0.
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For the head and tail parts of the wagon located
up to the middle of the train:

at 2nL+Ly<z<(2n+1)L

for =Yol@n+ 1)L -2z] q =2V fy2:

and —-2n+1)L<z<—-(2nL+ L))

Sz =Yol@n+ DL+ 2]

For the head and tail parts of the wagon located
behind the middle of the train:
at 2n+1)L<z<(2n+1)L+L,

q= 27TV0Y§fn,2 .

fis=Yolz=Qn+1D)L]  q=-2mv¥e fos5

v Yz n | Qi+)L
(Pl i _%{Zl: J.

(Qi+1)L

Qi+1)L—-¢

(z+ ?;)2 +a’r?

i=0| 2iL+L,

£—(Q2i-1)L

and —H@2n+1)L+ Lj[<z<-2n+1)L

s ==1ol@n+ 1L+ 2] q=-210Y0 /5
For example, for a wagon i=1 and its part

j=2 as: 2L+Ly<z<3L; f,=7,3L-2);

q= _ZnVoYéflr

Taking into account the symmetry of the
problem with respect to the variable z, the power
of the source from each car and its components
q(z), equation (3) can be represented in the

following form

- M&,H
2iL+L, (Z—E,)+a2r2

2iL-1L,

£—(2i-1)L

2| n | 2iL-Ly
v,
P
2 i=1| (2i-1)L

We introduce a new variable r, =7, (x, y,z)

expressed by the formula

ry =2+ 2h+ 2R+ )P . (6)

And consider the total potential presented in the
form

¢, =, (r,2) + @ [7;(x.,2),2) . (7

The function ¢, (x,y,z) satisfies the boundary
condition (2), and the function
¢, =@y[r;(x.y,2),z] satisfies equations (4) only for

Yo=0. Assuming 7y, a small parameter and

S ="YoSoy the function

setting

(2i+1)L

Qi+1)L-¢

o | [
___0 —
Por = 2 Z 2 2 2 dg I
i=0 | 2it+r, A(Z+E) +aA’F 2L+L,

(z+8&) +a’r?

E—(2i-1)L

] o

Ur, =1/ % +[27,/y,(2) + 2h+ 2R+ T, we can
of this

@z =€) +a’r?

expand in powers
1 1

I

b X 200 Sy (2) + 204 )T

1,2 g

h Ul

parameter as

where 7 =\/x2 +(2h+2R+y)* .

If we substitute expression (8) into (5), then
formula (7) takes the form

@, =Yo[ 0o, (7, 2) + 0y, (1,2) + Y@, +-1,  (9)

where

2i+1)L-¢ d&} N

(z-&)+a’r’

2iL-1I,

v | 2L,
o > I

i=1| (2i-1)L

(z+&) +a’r’

w_md% 10

ety (z =€) +a’r?

doi 10.15802/stp2017/113192

64

© S. T. Djabbarov, 2017



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKOro
HAaI[lOHAIBHOTO YHIBEPCHTETY 3aJIi3HUYHOr0 Tpancmopty, 2017, Ne 5 (71)

3AJIIBHMYHA KOJIIA
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In the sum of potentials (9), the first The components of the velocity vector of air
approximation is a function ¢, that satisfies particles can be determined by the following
equation (6) [10] and boundary condition (2). formulas

S0, 20, & 00y(15) 3 —{z{ Mdéwdq}

ox o ax o ax 2 |G| ,0, @R+l T (z-E) ol
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The absolute speed of the air flow constitute by
the system of high-speed train cars when it moves
at a steady speed at an arbitrary point M (X, y, z)
can be defined as

v= Vi v+ (15)

The airflow pressure can be determined from
formula

0
Ap = _po_q) = povo[

0,(r.2) , 09,(1,2) ]. (16)
Y oz .

1974

Findings

As an example, the establishment of the
maximum permissible speed of a high-speed train
for a protected rail crossing is considered.

In this case, the most vulnerable object to the
effect of aerodynamic pressure is the duty guard on

the guarded crossing. In the calculations it is
assumed that a high-speed train consists of a
locomotive and four wagons, i.e. n=2, the length
of the locomotive and wagons L =25m, the total

length of the train L, =125m, R=2m,

po=1.2kg/m’, the speed of the train v, is

assumed to be 160, 200, 250, 350, 400 km/h. For
visual study of the influence between wagons
space on the magnitude of aerodynamic pressure,
space was artificially created.

Based on the results of the calculations, graphs
are constructed of the change in the aerodynamic
pressure of the air flow during the passage of
a high-speed train at a speed of 200 km/h along the
duty room of the guard on the guarded crossing

(Fig. 3).
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Fig. 3. Graphs of the change in aerodynamic airflow pressure versus time:
a — with closed and b — open between wagon spaces

Analysis of the graphs shows that in both cases
the negative pressure is greater than the positive
one. The reliability of these calculations is
confirmed by the results of previous experiments
in the US, Russia, Sweden. The effect between the
wagons space on the magnitude of the negative
(suction) aerodynamic pressure is clearly visible in
the graph shown in Fig. 3, b. On the railways of
individual states, the movement of dual high-speed
trains is practiced. With sufficient streamlining of
the head and tail wagons, in places the pairing of
trains produces a negative aerodynamic pressure,
the value of which considerably exceeds the value
of the excess pressure. Similar graphs can be
constructed for other velocities and distances.

Thus, it can be argued that in order to ensure
the safe operation of the railway infrastructure, it is
necessary to take into account the aerodynamic
flows and pressures in their independence.

Using the results of calculations, it is also
possible to construct a curve for the dependence of
the magnitude of aerodynamic pressure on the
speed of trains and the distance to the considered
point Pn.x (Fig. 4), similarly to Fig. 3 [7]. Using
these dependencies, you can set the maximum
permissible speed of a high-speed train along an
object. Suppose that in the considered calculation
case the permissible value of the aerodynamic
impact on the moving attendant is known, which
according to the sanitary norms should not exceed
100 PA. In this case, the distance on which the
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office space is located is regulated by the C
dimension in accordance with GOST 9238 and
should be at least 2.45 m from the track axis. Using
the curve P.x shown in Fig. 4, one can find the
intersection point of the lines corresponding to the

aerodynamic pressure of 100 PA and a distance of
2.45 m, i.e. Train speed.

Thus, when a high-speed train moves at
a maximum speed of 150 km/h, the corresponding
condition (1) will be satisfied by the value of this
point, i.e. safety of the shift attendant.
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Fig. 4. The curves of the dependence of aerodynamic pressure on the speed
of trains (V) and the distance to the object (B)

Originality and practical value

Theoretical studies of aerodynamic pressure
from secondary air currents formed during the
movement of high-speed trains are performed on
a model of a train composed of identical
axisymmetric bodies with conical forms of head
and tail moving in a compressible medium. The
results of the research allow us to establish the
patterns of variation in aerodynamic pressure
during the movement of a high-speed train.

Conclusions

The obtained results allow to establish:

— the maximum permissible speed of a high-
speed train, taking into account the technical
condition of permanent devices and structures of
the existing railway infrastructure;

— technical parameters of individual objects
and structural elements of high-speed iron
infrastructure  subjected to the effect of
aerodynamic pressure for a given maximum speed
of high-speed trains.

The proposed method can be used in the
practice of designing high-speed train traffic both
on existing and newly constructed railways.
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YUYET ABPOJJUHAMUYECKOI'O BO3JIEMCTBUSI IIPU
YCTAHOBJEHUU MAKCUMAJBHO-JIOITYCTUMBIX CKOPOCTEN
ABU/KEHUSA BBICOKOCKOPOCTHOI'O ITIOE3 1A

Hean. B paborte mnpennosaraercsi MPOBECTH MCCIENOBAHUS BIMSHUS a’pOJMHAMHUYECKOTO JaBJICHUS Ha
MaKCUMAJIbHO-IOITY CTUMbBIE CKOPOCTH JBHKECHHS BBICOKOCKOPOCTHOTO 1T0€3/1a 10 CYLIEeCTBYIOLIEH HHPPACTPYKType
Kene3Hoi goporu. Meroauka. VccienoBaHne BeNMYMHBI W HANPABICHUS a3pPONMHAMUYECKOTO JABJICHHS, €ro
BIIMSIHAE Ha MaKCHMAaJIbHBIE CKOPOCTH BBICOKOCKOPOCTHOTO IO€371a MPOBEACHO Ha MOJENH 10€3/a, COCTABICHHOTO
U3 OCECHMMETPHYHBIX TeJl ¢ KOHHYECKHMH (OpMaMH TOJOBHBIX M XBOCTOBBIX 4yacTeil. Pe3yabTaThl. OnpeneneHsl
3HAYCHUs adPOJMHAMHYECKOIO [JaBICHHMSA Ha DAjIMYHOM pACCTOSHMM OT T1O0€3[a IpU  JBHKEHUH
BBICOKOCKOPOCTHOT'O IMoe3/1a o ckopocThio 200 kM/4 1 OoJiee. Y CTaHOBICHBI MaKCUMAIIbHBIC CKOPOCTH JBIIKCHHS
BBICOKOCKOPOCTHOT'O 10€3/1a C YU4ETOM COCTOSTHHSI OOBEKTOB MH(PPACTPYKTYPHI CYIIECTBYIOIIEH JKEIEe3HON JI0POTH,
4TO obecrieunBaer Oe3omacHoe (yHKIIMOHHPOBaHKE BBICOKOCKOPOCTHOM KeJIe3HOU JIOPOTH.
Hayuynasi HoBu3Ha. TeopeTnueckne HCCIIEOBaHUS a’3pPOAMHAMUYECKOTO IABJICHHUS OT BTOPHYHBIX BO3IYIIHBIX
MOTOKOB,  00pa3yeMbIX MpU  JBIKCHHH  BBICOKOCKOPOCTHBIX  IO€310B,  BBIIOJHEHBI HAa  MOJEIH
10e371a, COCTaBJIICHHOTO M3 OJWHAKOBBIX OCECHMMETPHYHBIX Tl C KOHMYECKUMH (OPMaMH TOJIOBHBIX
M XBOCTOBBIX 4YacTe, ABHXKYIIETrocs B CKMMaeMOW cpene. Pe3ynbTaThl MCCIENOBaHUH MO3BOJSIOT YCTAaHOBHTh
3aKOHOMEPHOCTH HM3MCHEHHUS a’pOANHAMHYECKOTO JABJICHMS TpPU JBIDKCHHHM BBICOKOCKOPOCTHOTO MOE3Ja.
IIpakTHyeckas 3HAYMMOCTb. [loNydeHHBIC PE3yJbTaThl MO3BOJSIIOT YCTAHOBHUTH: 1) MaKCHMabHO-AOITYCTHMBIC
CKOPOCTH BBICOKOCKOPOCTHOT'O I0€3/1a ¢ yYETOM TEXHHYECKOT'O COCTOSHHMS MOCTOSHHBIX YCTPOMCTB M COOPY)KEHUH
cymiecTBylomel HHGPACTPYKTYpPHl JKEIE3HBIX JOpOTr; 2) TEXHWYECKHE I1apaMeTphl OTHENbHBIX OOBEKTOB
U KOHCTPYKLHOHHBIX 3JIEMEHTOB HH(PACTPYKTYPHl BBICOKOCKOPOCTHBIX JKEJIE3HBIX JOPOT, II0JBEPraroluXcCs
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BO3JECHCTBUIO a’POJMHAMMYECKOTO [JaBJICHHUsS IpPU 33JaHHOM 3HAUEHUM MAaKCHUMAaJbHON CKOpPOCTH JIBIKEHUS
BBICOKOCKOPOCTHBIX IO€3/10B.

Kniouegvie cnoea: ene3HONOPOKHBII TPAaHCIOPT; BBICOKOCKOPOCTHOE IBIKEHHE II0E3]0B; a3pOAMHAMUKA;
a’pOJIMHAMHUYECKOE JIaBJICHHE; WH(]pacTpyKTypa >KeJe3HOW JOpOTrd; MaKCHMAJIbHBIE CKOPOCTH; TEXHHYECKHE
apameTpsl

C. T. JUKABBAPOB"

"Kac. «ByXiBHHIITBO 3a7Ti3HHI, KOs Ta KOTIiiTHE TOCOAAPCTBOY, TAIKEHTCHKHUIT IHCTHTYT iHKCHEPIB 3aTi3HHYHOTO
TpaHCHOPTY, Byl Anuinxomkaesa, 1, Tamkenr, Y30ekucran, 100167, Ten. +99 (890) 185 29 34, en. nomra _saidhon @inbox.ru,
ORCID 0000-0002-3798-407X

BPAXYBAHHSA AEPOINHAMIYHOI'O BIIVIUBY ITPH
BCTAHOBJIEHHI MAKCUMAJIbHO-IIEPEIBAYEHUX
MBUJIKOCTEH PYXY BUCOKOIIBUAKICHOTI'O IOTATY

Merta. Y poboti nependadaeTsCs MPOBECTH AOCIHTIIKEHHS BIUTUBY aepPOIMHAMIYHOTO THCKY Ha MaKCHMAITbHO-
JOMyCTAMI  IIBHAKOCTI PyXy BHCOKOIIBHAKICHOIO TOI3Ay MO ICHYIOYil iHQpacTpyKTypi 3ai3HHUIN.
Metonuka. JlOCIHiDKeHHS BEIMYMHHM Ta HAIpPAMKY AepOAMHAMIYHOIO THCKY, HOro BIUIMBY HAa MAaKCHMaJbHi
IIBUIKOCTI BHUCOKOLIBHIKICHOTO MOi3y NPOBEACHO Ha MOENI IMoi3/la, CKIaAEHOr0 3 OCECUMETPUYHHUX TUI i3
KOHIYHUMH (POpMaMH TOJIOBHHX 1 XBOCTOBHX 4acTHH. Pe3yibTaTi. Bu3HaueHO 3HaUeHHS aepOIUHAMIYHOTO THCKY
Ha pI3HIA BiJCTaHi BiJ MOI3Aa NMpH pyci BHCOKOMIBHIKICHOTO Noi3aa 31 mBuikicTio 200 xm/rox i Oinblie.
BcraHoBneHO MakCHMalbHI IIBHJIKOCTI PyXy BHCOKOUIBHIKICHOTO TOI3ZIa 3 ypaxyBaHHSIM CTaHy 0O’ €KTiB
iHpPacTPYKTypH iCHYI0YOI 3ali3HMI, 1m0 3a0be3neyye Oe3rneuHe (QyHKIIOHYBaHHS BHCOKOIIBHJIKICHOT 3aJi3HHMII.
HaykoBa HoBm3Ha. TeopeTW4Hi JOCHI/DKEHHS aepoAMHAMIYHOIO THCKY BiJI BTOPMHHHX IOBITPSHHX IOTOKIB,
YTBOPCHUX TPU Pyci BUCOKOIMIBHIKICHMX IIOI37[iB, BUKOHAHI Ha MOJEIN TOi3[a, CKIAJeHOTO 3 OJHAKOBHX
OCECUMETPHYHUX TiNl i3 KOHIYHMMH (DOPMaMHU TOJIOBHHMX i XBOCTOBHX YAacTHH, IO PYXa€ThCS B CTHCKYBAaHOMY
cepeloBHILI. Pe3ynpraTé NOCHIIKEHb J03BOJISIOTH YCTQHOBHUTH 3aKOHOMIPHOCTI 3MIHM aepOJMHAMIYHOTO THCKY
MpH pyci BUCOKOMBHIKICHOTO Toi3na. IIpakTuyna 3HaunMicTb. OTpuMaHi pe3ynbTaTd T03BOJSIOTH BCTAHOBUTH:
1) MakCHMMaIbHO-IOIYCTUMI MIBUAKOCTI BHCOKOUIBUAKICHOTO MM0{3/1a 3 YpaxyBaHHSAM TEXHIYHOTO CTaHY IOCTIHHUX
NPUCTPOIB 1 CHOpyA ICHYHOUOi 1HQPACTPYKTYpH 3ali3HHIb; 2) TEXHI4HI MapaMeTpu OKpeMHX OO0’€KTIB Ta
KOHCTPYKLIHHUX  €JIEMEHTIB IH(QPACTPYKTYpPU BHCOKOIUBUJIKICHMX 3ali3HHUIb, [0 IIJJAIOThCS  BIUIMBY
AepOJMHAMIYHOTO THUCKY IPH 33/1aHOMY 3HaYeHHI MaKCUMaJIbHOT IBHJIKOCTI PyXy BUCOKOIIBH/IKICHUX MOI3/IB.

Kniouosi cnosa: 3ami3HWYHAN TpPaHCIOPT; BUCOKOIIBHAKICHUHA PyX TOI3ZiB; aepoJMHaMIKa; acpOoAWHAMIYHUHA
TUCK; THPPACTPYKTYpa 3aTi3HMIII; MAKCUMAJIbHI IIBHIKOCTI; TEXHIYHI TApaMEeTPH
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INFLUENCE OF STRUCTURAL PARAMETERS OF LOW-CARBON
STEEL ON ELECTRIC ARC BURNING

Purpose. The article is aimed to evaluate the influence of structural parameters of low-carbon steel on arcing
process. Methodology. The values of the micro- and substructure characteristics of the electrode wire metal were
changed by varying the parameters of heat treatment and cold deformation by drawing. The degree of plastic defor-
mation was obtained by drawing blanks from different initial diameter to final dimension of 1 mm. The thermal
treatment was carried out in electric chamber furnace of the SNOL-1,6.2,5.1/11-1Z type. The temperature was meas-
ured by chromel-alumel thermocouple and the electromotive force was determined using the DC potentiometer. In
order to obtain the substructure of different dispersion degree the steel (after quenching from temperatures and tem-
pering at 650°C for 1 hour) was subjected to cold drawing to reduction 17 — 80%. To form structure with different
ferrite grain size the steel after drawing was annealed at 680°C for 1 hour. The microstructure was examined under
a light and electron transmission microscope UEMV-100K at the accelerating voltage 100 kV. The grain and sub-
grain sizes were evaluated using the methodologies of quantitative metallography. A welding converter of the
PSG-500 type was used to study the arc welding process of direct and reverse polarities. Findings. The experimen-
tally detected value of the welding current, which depends on the degree of deformation during wire drawing, under
conditions of stable arc burning of direct polarity is about an order of magnitude lower than the calculated value.
Similar difference was found for the arc of reverse polarity: the experimental value of the welding current is
5-6 times less than the calculated value. Dependence analysis shows that, regardless of the polarity of the welding
arc, a good enough agreement between the calculated and experimental values of the welding current is limited to
deformations of 60%. For deformation degrees of more than 60%, the differences are explained by qualitative
changes in the dislocation cell structure. Originality. In the conditions of stable arcing of different polarity for the
electrode of low-carbon steel, an extreme dependence of welding current on the degree of cold plastic deformation
was observed. Practical value. Influence of ferrite grain size of electrode wire on the value of welding current is
much greater than that from substructure presence.

Keywords: structure; welding electric current; polarity; welding arc stability; cold plastic deformation;
cell; ferrite

maintaining the optimal ratio between the rate of
Introduction the electrode metal melting and its feeding into
reaction zone, conditions of metal transfer through
the interelectrode space [8, 15-17, 19, 20], etc.
Taking into account that metal transfer between the

In conditions of electric arc welding the process
of arcing is sensitive to the influence of a certain
number of factors [7, 11, 12, 18]. They include
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electrodes is carried out in the form of a gas-
droplet mixture, the very process of liquid metal
droplet formation at the end of the electrode, its
size and shape should to some extent influence the
technological characteristics of electric arc weld-
ing. Analysis of the conditions for formation of
liquid metal droplet indicates existence of certain
relationship between the surface tension of metal
and gravitational component [9]. Taking into ac-
count possible dependence of the surface tension
forces on the structural state of electrode metal, the
size of structural elements may have certain influ-
ence on the conditions of formation and burning of
electric arc.

Purpose

The article is aimed to evaluate the influence of
structural parameters of low-carbon steel on arcing
process.

Material and methodology of study

A wire of 1 mm diameter of low-carbon steel
with a carbon content of 0.2% was used as a mate-
rial for electrode. The values of the micro- and
substructure characteristics of the electrode wire
metal were varied by varying the parameters of
heat treatment and cold deformation by drawing.
The values of the micro- and substructure charac-
teristics of the electrode wire metal were changed
by varying the parameters of heat treatment and
cold deformation by drawing. The degree of plastic
deformation was obtained by drawing blanks from
different initial diameter to final dimension of
1 mm. Thermal treatment was carried out in elec-
tric chamber furnace of the SNOL-1,6.2,5.1/11-1Z
type. To prevent the formation of oxide film on the
metal surface, the samples were placed in quartz
glass ampoules with preliminary deairing to the
level of forvacuum. The temperature was measured
by chromel-alumel thermocouple and the electro-
motive force was determined using the DC poten-
tiometer. In order to obtain the substructure of dif-
ferent dispersion degree the steel after quenching
from temperatures Ac, and tempering at 650°C for

1 hour was subjected to cold drawing to reduction
17-80%. To form structure with different ferrite
grain size the steel after drawing was annealed at
680°C for 1 hour. The microstructure was exam-

ined under a light and electron transmission micro-
scope UEMV-100K at the accelerating voltage
100 kV. The grain and subgrain sizes were evalu-
ated using the methodologies of quantitative metal-
lography [5]. A welding converter of the
PSG-500 type was used to study the arc welding
process of direct and reverse polarities. The weld-
ing current value was estimated as the average of
10 measurements.

Findings

Analysis of the results of investigations [7-9]
indicates that when metal is melting, the surface
tension forces form a drop at the end of the elec-
trode. The moment of droplet detachment corre-
sponds to the condition that the gravitational com-
ponent exceeds the surface tension force. Taking
into account that as the molten metal temperature
rises, the surface tension force decreases, the weld-
ing current increase should lead to the dispersion
of the emerging droplets. Condition of balance be-
tween the hydrostatic pressure from pinch effect
and the surface tension (o) makes it possible to
estimate the critical value of welding current

((I, =B~Jo-d , where B — is a constant equal to

32.7 A/dynes™’, d — the electrode diameter) upon
the detachment of liquid metal droplet [9]. Substi-
tuting the constant B and o of molten metal
(1220 dynes/cm [9]) in the ratio for /, the value

I, for low-carbon steel should be about 3604,
which is confirmed by the data [8, 9]. The experi-
mentally observed value of the welding current
(;) on the degree of deformation during wire
drawing (€) under conditions of stable arcing of
direct polarity, is approximately an order of magni-
tude lower than the calculated value (Fig. 1).
A similar difference was found for the arc of
reverse polarity: /; less than the calculated one in

5-6 times.
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Fig. 1. Influence of the plastic deformation degree by
drawing on the welding current value ( /, ):

1 — reverse polarity arc; 2 — direct polarity arc

The extreme nature of I, dependence on €, is
apparently due to the peculiarities of the substruc-
tural metallic structure. Considering the nature of
dependence for /,, one can formally assume that

either the value B depends on the chemical compo-
sition or structure of the steel, or o should be re-
placed by another characteristic. To explain the
correlation ratio /; on € (Fig. 1), it was made an

attempt to replace o by the metal surface tension
coefficient in the solid state. Taking into account
the presence of volume fraction of ferrite in the
investigated steel around 97-98%, the ferrite sur-
face tension coefficient (G, ) can be taken as o.

Using the experimental data [2] and the transfor-
mations carried out [14], for a cold-deformed state

one can write:
2
op =G0 ()

where G — ferrite shear modulus

(0.82 dynes/cmz), b — Burgers vector 2,3-10°sm
[1], D - size of dislocation cell.

Refinement of the dislocation cell structure
obeys a proportional dependence on the degree of
cold plastic deformation.

Taking into account that 20-30% of reduction
is enough to start the formation of dislocation
cellular structure of various degrees of perfection
(Fig. 2), determination of the dependence of D on
€ made it possible to calculate the welding current
value (7).

As a ratio the dependence for [/, after an

appropriate substitution of ¢ for 6, was used:

I,=B-Jo.d )

A joint analysis of absolute values 7,and I,

(Fig. 3) for direct polarity arc indicates a fairly
good correlation only up to 60%reduction. For de-
formation degrees of more than 60%, the observed
differences can only be explained by qualitative
changes in the dislocation cell structure.

Indeed, at reductions more than 60-70% in car-
bon steels the processes of perfecting the formed
dislocation cells start to develop.

At high degrees of plastic deformation, a pro-
gressive increase in the dislocation density is
accompanied by intensive cleansing of the cell
body from unbound dislocations, changes in the
form of cells, decrease in thickness of sub-
boundaries, and so on. [1, 4, 13]. All this, appar-
ently leads to violation of the ratio for o, and is

inherited by calculations /,,. The results obtained

for reverse polarity arc are similar to the data for
direct polarity arc.

Fig. 2. Structure of steel 20 after martensite quenching,
tempering at 650 °C, cold drawing
on 17 (a) and 30 % (b)
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With constant sub-structural parameters of
cold-deformed steel, for the arc of direct and re-
verse polarity, the nature of relationships 7, = f'(¢)

(Fig. 1) indicates possible change in the coefficient
B depending on the arc polarity. Taking into ac-
count existence of certain difficulties in burning an
arc of reverse polarity, a change of value B can be
fully justified. Indeed, when the polarity reverses,
the conditions for stable arc burning should be-
come more complicated [7, 8]. The evaluation
showed that in order to increase the degree of co-
incidence between the calculated and experimental
values of the welding current, for the reverse polar-
ity arc, the value B should be about twice as large
as for the direct polarity arc. The result of electric
current calculating for the reverse polarity arc with

respect to relation (2) (will be denoted as 1) is
shown in the Fig. 3.

LA
) /A{( I
\ 1
50 -
% e
ﬁ L]
40 =
3.
¥ Mﬂ
20
0 20 40 60 80 £,%

Fig. 3. The influence of deformation degree by drawing
the steel 20 on the welding current when burning the arc
of direct (3, 4) and reverse (1, 2) polarity:

2, 4 — current curves [, obtained experimentally;

1, 3—curves of currents, 7, and 1, respectively calculated
according to the relation (2)

Dependence analysis shows that, regardless of
the welding arc polarity, a good enough agreement
between the calculated and experimental values of
the welding current is limited to deformations of
60%. For large reductions, the degree of mismatch
is proportional to the level of welding current val-
ues. For the direct polarity arc, when the welding
current level is 20-35, the deviation of calculated
values (7,) from I, is 12-14%. For the reverse

polarity arc at [, = 45-57 A, the value of differ-

ence between I, and I reaches 20%. Results of
the study indicate the existence of a certain influ-

ence of substructural metallic structure of the elec-
trode metal on the welding arc burning processes.
The observed dependence of the electric current
value when burning the arc of different polarity is
sufficiently well explained by the parameters of the
substructure of cold-deformed low-carbon steel
before the appearance of qualitative changes in the
internal structure of metal.

In order to explain the nature of the observed
welding current dependence on the substructure
parameters of cold-drawn metal, investigations
were carried out on the influence of ferrite grain
boundaries of with large disorientation angles (d, -

is the ferrite grain size after annealing the cold-
drawn metal). Such necessity is due to differences
in the degree of accumulation and distribution of
crystal structure defects from the reduction value
when drawing and after development of recrystal-
lization processes when annealing. Taking into
account the inverse proportional relationship be-
tween the ferrite subgrain size (D) on the reduction
degree when drawing [6] and the observed correla-
tion relationship 7, = f(e) (Fig. 3), it can be as-

sumed that to describe the dependence I, = f(d)
the relationship of the following type can be used:

I=A+k-D", 3)

where 4, k and n — are the constants.
Results of the construction /,on (d,) 03 ,

where d,— ferrite grain size of the steel are shown

in the Fig. 4.
The analysis of the ratios indicates a fairly good
correlation when using the dependence:

I =1, +kd;*, “4)

where I, — is the welding current at d, —> o0, k —is

the angle coefficient.

In general, it should be noted that regardless of
the type of interface, increase in their total length is
accompanied by increase in the welding current
value. Taking into account qualitative differences
in the distribution nature of crystal structure de-
fects during the formation of grain boundaries with
large disorientation angles and sub-grains as a re-
sult of cold drawing [4, 6], the existence of sepa-
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rate dependences for d, and D is completely justi-
fied.
L.A

”*
50 Xj /‘—’
4014~ >
I /
30 —
20 A
/ 2

103~
O =05

0 20 10 60"

Fig. 4. Influence of the grain sizes (1)
and the ferrite subgrain (2) of steel 20 on the
welding current when burning the arc
of reverse polarity

Analysis of the absolute values of the parame-
ters of equation (4) indicates that the influence of
the presence of ferrite grain boundaries with large
disorientation angles (7,=30 A, k = 2 A/mm"’) in
the steel structure is much greater than the influ-
ence of the subgrain structure (/,= 8 A, k =

0,75 A/mm"*). On the other hand, the electric re-
sistance value for the ferrite structure of low-

carbon steels is proportional to the accumulated
defect density of the crystal structure [3] and in-
versely proportional to the ferrite grain size [10],
can to some extent exert its influence on the proc-
ess of welding arc burning through the surface ten-
sion of the metal.

Conclusions

1. In the conditions of stable burning of the arc
of different polarity for the low-carbon steel elec-
trode, the extreme dependence of the welding cur-
rent on the degree of cold plastic deformation was
observed.

2. Influence of the ferrite grain size of the elec-
trode wire on the welding current value is much
greater than the effect of the substructure presence.
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BILIUB CTPYKTYPHUX MAPAMETPIB HU3bKOBYTJIELIEBOI CTAJII
HA IT'OPIHHS EJIEKTPUYHOI 1YT'U

Mera. B crarti nepenbdavaeTscs 3p0OUTH OIIHKY BIDIMBY CTPYKTYPHHUX ITapaMeTpiB HU3BKOBYTIIEIIEBOI CTaNli Ha
TIpoIIeC TOPiHHS eNeKTpuyHOi ayru. MeTtoanka. 3HaueHHSI MIKpO- i CyOCTPYKTYPHHX XapaKTEPUCTHK METay eJeK-
TPOIHOTO IPOTY 3MiHIOBAJIH, BapilOI0UM MapaMeTpaMH TEePMIiYHOI 0OpOOKH Ta XOJOAHOI AedopMarllii BOJOUiHHSM.
Cryninp miacTuyHol AedopMariii OTpUMYBaJIM BOJIOYIHHSM 3arOTOBOK PI3HOTO BUXIJHOIO JiaMeTpa Ha KiHIeBUI
po3mip 1 mm. TepMmiuny 00poOKy 3aiiicHIOBamM B enektpuuHiilt kamepHii neui tuny CHOJI-1,6.2,5.1/11-3. Temmne-
parypy BHMIpIOBAIM TEPMOIIAPOIO XPOMEITb-aIIOMEITb 13 BU3HAYEHHSM €JIEKTPOPYIIIHHOT CHITU 32 MOTEHIIOMETPOM
MOCTIHHOTO CTpyMy. JliIst OTpHMaHHs CyOCTPYKTYpH Pi3HOI AMCIIEPCHOCTI cTallb (TicJisl 3arapTyBaHHs i BiJIITyCKaH-
Hs Temriepatypu 10 650 °C npotsirom | ronuHM) miAgaBany XoJOAHOMY BOJIOYiHHIO Ha oOTHCK 10 17-80 %. [dns
(hopMyBaHHS CTPYKTYPH 3 PI3HHM pO3MipOM 3epHa EepHUTy CTaJIb IIiCIs BOJIOYIHHS MijgnaBanacs Bianary npu 680 C
npotsiroM 1 romuan. MIKpOCTPYKTYpY IOCITIPKYBAIX MiJl CBITJIOBUM €JIEKTPOHHUM IIPOCBITYACTHM MiKPOCKOIIOM
YEMB-100K npu npuckoprorodiit Harpy3si 100 kB. Po3wmip 3epHa i cy03epHa omiHIOBaIM 3 BUKOPUCTAHHSIM METO-
UK KimbKicHOi MeTanorpadii. st mocimimkeHs mporecy TOpiHHS 3BapIOBANBHOI IYTH MPSIMOI Ta 3BOPOTHOT MOIISIP-
HOCTEl BHKOPHCTOBYBAIX 3BaproBalibHUN meperBopioBad tumy 11CT-500. Pe3yabpTaTn. ExcriepuMeHTanbHO BUSB-
JICHEe 3HAYCHHS 3BapIOBAJHLHOTO CTPYMY, IO 3aJISKUTH Bil CTYIEHS AedopMmallii MpU BOJOYiHHI APOTY, B YMOBAx
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CTabIIBHOTO TOPIHHS JYTH MPSIMOT MOJIIPHOCTI MPUOIU3HO HA MOPSIIOK HUXKYE PO3PAXYHKOBOT BETMYMHH. AHAJIOTI-
YHY BIJIMIHHICTH BHSIBJICHO ¥ JJISI OYr'M 3BOPOTHOI MOJIAPHOCTI: €KCIEpHUMEHTalbHA BEIWYMHA 3BaplOBaIbHOTO
CTpYMY MEHIIIE PO3PaxyHKOBOI y 5—6 pa3iB. AHai3 3aJIe)KHOCTEH CBITUNTb, 110 HE3aJIEKHO BiJl MOJISIPHOCTI 3Bapio-
BaJIbHOI IyTH, MOCHTh TapHHIl 30ir MK PO3PaxXyHKOBHMH Ta CKCIICPHMCHTAIbHHUMH 3HAYCHHSAMHU 3BapIOBAIbHOTO
cTpyMy ooMexyeThes aedopmartisimu 10 60 %. st cryneniB aedopmartii Oinbie 60 % BiIMIHHOCTI HOSCHIOIOTHCS
SAKICHUMHU 3MIHAMH B JTUCJIOKallilHIi KoMipuacTiii ctpykTypi. HaykoBa HoBH3HA. B ymoBax cTabijbHOrO ropiHHS
JyTU pi3HOT HOJIAPHOCTI IUIs €IEKTPOAa 3 HU3BKOBYIJICIICBOI CTalli BUSBICHA SKCTPEMalbHa 3aJISKHICTh 3BaprOBa-
JBHOTO CTPYMY BiJl CTYIEHS XOJOAHOI muiacTuuHol nedopmaii. IpakTuyna 3HayumicTs. Brumme po3mipy 3epHa
(bepuTy eNeKTPOAHOrO APOTY Ha BEIMYHHY 3BAPIOBANBFHOTO CTPYMY 3HAYHO IEPEBHUINYE ePEKT BiJ MPHUCYTHOCTI
CyOCTPYKTYpH.

Knrouosi crosa: cTpykTypa; 3BaproBajbHUN €ICKTPHYHUI CTPYM; IOJSIPHICTB; CTaOIIbHICTh 3BAPIOBABHOL Iy-
T'M; XOJIOJHA IIacTHYHA AedopMaltist; Komipka; heput
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BJIUSAHUE CTPYKTYPHBIX IAPAMETPOB HU3KOYTIJEPOJIUCTOM
CTAJIN HA TOPEHHUE 2JIEKTPUYECKOU AYT'N

Lean. B crarse mpexamonaraercs caenarhk OLUEHKY BIMSHUS CTPYKTYPHBIX NTApaMETPOB HU3KOYTIIEPOIUCTON CTa-
JIM Ha TIPOLIECC TOPEHHMS DIIEKTPHUYECKOH nyru. MeTtoauka. 3HauYeHUs] MUKPO- U CYOCTPYKTYPHBIX XapaKTEpUCTUK
MeTajia 3JIeKTPOIHON MPOBOJIOKH M3MEHSJIM, BapbuUpys IapaMeTpaMu TEPMHUYECKOW 0OpaOOTKH M XOJOJHOU Je-
(opmarim BosoueHneM. CTeneHb IIaCTHYECKO nedopMaluy NoTydalid BOJIOYCHUEM 3arOTOBOK PAa3sHOTO MCXO-
HOTO JMaMeTpa Ha KOHEeUHBIH pazmep 1 Mm. Tepmuueckyto 00pabOTKy OCYLIECTBIISUIN B 3JIEKTPUIECKONH KaMepHOH
nean tuma CHOJI-1,6.2,5.1/11-U3. TemmepaTypy H3MEpsUTd TepMOIApOH XpOMENb-allloMellb C OIpelelIeHUeM
JEKTPOABIDKYIIEH CHIIBI IO TIOTEHIIMOMETPY MTOCTOSHHOTO TOKa. [Iyist mosmydeHnst cyOCTpyKTyphbl pa3HOi Anucmepc-
HOCTH CTaJib (TIOCIIe 3aKaJKK U OTITycka TemmepaTypsl 1o 650 °C B Teuenne | daca) moaBepraiu XOJIOOHOMY BOJIO-
yeHuto Ha oOxatue 10 17-80 %. nst popMUpOBaHKS CTPYKTYPBI C pa3HBIM pa3MepoM 3epHa (eppHTa cTaib nocie
BOJIOUEHHs mozaBepraiack oTkury npu 680 °C B teuenue 1 gaca. MUKpOCTPYKTYpYy HCCIEIOBAIM O] CBETOBBIM
ANIEKTPOHHBIM IpocBeYUBarOmUM MHUKpockornoM YOMB-100K mpu yckopsromem nHampspkennn 100 xB. Pazmep
3epHa M cy03epHa OIEHUBAJIM C UCIIOJIb30BAaHHEM METOAMK KOJMUYECTBEHHOW Metamtorpaduu. ns muccnenoBaHuit
npoliecca TOPEeHHs CBApOYHOM JyrH NPsIMOW M 00paTHOM MOJIIPHOCTEH MCIONB30BAlI CBAPOYHBIH NpeoOpa3oBarelb
tuna [ICI'-500. Pe3yabTaThl. DKCIIEpUMEHTAIBHO 00HAPYKEHHOE 3HAYEHUE CBAPOYHOTO TOKA, 3aBHCAIIECTO OT CTE-
neHu Ae(opMaliy pH BOJIOYEHUH TIPOBOJIOKH, B YCIOBHAX CTAOMIIBHOTO TOPEHHUS AyTH NPSMOM TOJISIPHOCTH TIPH-
MEpHO Ha MOPSIOK HIDKE pacyeTHON BEJMYHMHBL. AHAIOTHYHOE pa3inune OOHapyXEeHO W AJsl IyrH oOpaTHOH mo-
JSIPHOCTHU: SKCIIEPUMEHTANIbHASI BEJIMYMHA CBAPOYHOTO TOKA MEHBIIIE pacyeTHOl B 5—6 pa3. AHanu3 3aBHCUMOCTEH
CBHJICTENIBCTBYET, YTO HE3aBUCHMO OT MOJISAPHOCTH CBApPOYHOHM IYTH, JAOCTATOYHO XOPOIIEE COBMAACHHE MEXKIY
pacyeTHBIMH M KCHEPHMEHTAIBHBIMY 3HAYEHUSIMH CBAapOYHOTO TOKA orpaHw4mBaeTcs aedopmanusamu 10 60 %.
Hnsa creneneit nepopmanuu 6onee 60 % pazmudaus OOBIACHSIIOTCS KaueCTBEHHBIMHA M3MEHEHUSIMH B IHICIIOKAIIMOH-
HOHW suenctoil ctpykrype. Hayunasi HoBU3HA. B ycioBHsSX CTaOMIBHOIO TOPEHHS IYTH Pa3UuyHON HOJSPHOCTH
UL DIIEKTPOJa M3 HU3KOYIJICPOAUCTON cTain oOHapys>KeHa SKCTpeMalibHas 3aBUCHMOCTb CBAPOYHOI'O TOKa OT CTe-
MEeHU XOJIOJHOM miacthueckoil nedopmanuu. IlpakTudeckasi 3HauuMocTh. BnusHue pasmepa 3epHa deppura
QJIEKTPOJHOM MPOBOJIOKH HA BEJMYMHY CBAPOYHOI'O TOKA 3HAYUTEIHHO NMpeBbINIaeT 3()(EKT OT MPHUCYTCTBUS CYO-
CTPYKTYPBHI.

Kiouesvie cnosa: CTpyKTypa; CBApOYHBIN AJIEKTPHUYCCKHIA TOK; MOJSIPHOCTh; CTAOMJIBHOCTH CBApOYHON IYTH;
XOJIoIHas IUIacTuuecKas aeopmanst; ssueiika; hpeppur

doi 10.15802/stp2017/110134 © 1. O. Vakulenko, S. O. Plitchenko, N. G. Murashova, 2017

77



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpascrnopty. BicHuk J[HIIPOIETPOBCHKOTO
HaI[iOHAIBHOTO YHIBEpPCHTETY 3ali3HHYHOr0 TpaHcnopty, 2017, Ne 5 (71)

MATEPIAJIO3HABCTBO
REFERENCES
1. Babich, V. K., Gul, Y. P., & Dolzhenkov, 1. Y. (1972). Deformatsionnoye stareniye stali. Moscow: Metallur-
giya.
2. Baranov, A. A. (1969). O nachalnykh stadiyakh sferoidizatsii tsementita v stali. Russian Metallurgy, 3, 104-
107.

3. Bernshteyn, M. L. (1977). Struktura deformirovannykh metallov. Moscow: Metallurgiya.

4.  Vakulenko, I. A., & Bolshakov V. L. (2008). Morfologiya struktury i deformatsionnoye uprochneniye stali.
Dnipropetrovsk: Makovetskyi.

5. Vakulenko, I. O. (2010). Strukturnyi analiz v materialoznavstvi. Dnipropetrovsk: Makovetskyi.

6.  Gridnev, V. N, Gavrilyuk, V. G., & Meshkov, Y. Y. (1974). Prochnost i plastichnost kholodnodeformirovan-
nykh staley. Kyiv: Naukova dumka.

7. Yerokhin, A. A. (1973). Osnovy svarki plavleniyem. Moscow: Mashinostroeniye.

8. Kryukovskiy, N. N. (1978). Ruchnaya dugovaya svarka plavyashchimsya elektrodom. In Svarka v mashinos-
troyenii [Guide] (Vol. 1) (pp. 144-163). Moscow: Mashinostroeniye.

9.  Petrov, A. A. (1978). Svarka v zashchitnykh gazakh. In Svarka v mashinostroyenii [Guide] (Vol. 1) (pp. 196-
258). Moscow: Mashinostroeniye.

10. Shultse, G. (1971). Metallofizika. Moscow: Mir.

11. Ravichandran, M., Sabarirajan, N., Sathish, T., & Saravanan, S. (2016). Effect of Welding Parameters on Me-
chanical Properties of Plasma Transferred Arc Welded SS 202 Plates. Applied Mechanics & Materials, 852,
324-330. doi:10.4028/www.scientific.net/amm.852.324

12. Holt, D. L. (1970). Dislocation Cell Formation in Metals. Journal of Applied Physics, 41 (8), 3197-3201.
doi:10.1063/1.1659399

13.  Vakulenko, I. O., Plitchenko, S. O., Nadezhdin, Y. L., & Kirienko, Y. D. (2017). Influence of substructure
strengthening of low carbon steel on the arcing process. Proceedings of the 9th International Conference
Young Scientists Welding and related Technologies, May 23-26, 2017, Kyiv, 117-121. Kyiv: PWI NASU.

14. Wendelstorf, J., Simon, G., Decker, 1., & Wohlfahrt, H. (1997). Investigation of cathode spot behavior of at-
mospheric argon arcs by mathematical modeling. Proceedings of the 12th International Conference on Gas
Discharges and Their Applications, Sth-12th September, 1997, Greifswald (pp. 62-65). Germany: University
of Greifswald.

15. Li, K., Wu, Z., Zhu, Y., & Liu, C. (2017). Metal transfer in submerged arc welding. Journal of Materials Pro-
cessing Technology, 244,314-319. doi:10.1016/j.jmatprotec.2017.02.004

16. Tanaka, M., Yamamoto, K., Tashiro, S., Nakata, K., Ushio, M., Yamazaki, K., & Lowke, J. J. (2008). Metal
Vapour Behaviour in Gas Tungsten Arc Thermal Plasma during Welding. Welding in the World, 52 (11-12),
82-88. d0i:10.1007/bf03266686

17. Murphy, A. B. (2015). A Perspective on Arc Welding Research: The Importance of the Arc, Unresolved Ques-
tions and Future Directions. Plasma Chemistry and Plasma Processing, 35 (3), 471-489. do0i:10.1007/s11090-
015-9620-2

18. Nestor, O. H. (1962). Heat intensity and current density distributions at the anode of high current, inert gas
arcs. Journal of Applied Physics, 33 (5), 1638-1648. doi:10.1063/1.1728803

19. Hertel, M., Spille-Kohoff, A., Fiissel, U., & Schnick, M. (2013). Numerical simulation of droplet detachment
in pulsed gas—metal arc welding including the influence of metal vapour. Journal of Physics D: Applied Phys-
ics, 46 (2), 224003. doi:10.1088/0022-3727/46/22/224003

20. Shirvan, A. J., Choquet, L., Nilsson, H. (2014). Modelling of electrode-arc coupling in electric arc welding.
Proceedings of the 6th Intern. Swedish Production Symposium, September 16-18 2014, Géteborg. Swedish,
Gothenburg: Swedish Production Academy.

Associate  Prof. O. A. Chaykovskiy, Candidate of Science (Engineering) (Ukraine);
Prof. V. A. Zabludovskiy, D. Sc. (Tech.), (Ukraine) recommended this article to be published

Received: June 08, 2017
Accessed: Sept. 14, 2017

doi 10.15802/stp2017/110134 © 1. O. Vakulenko, S. O. Plitchenko, N. G. Murashova, 2017

78



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayka Ta nporpec tpancropry. Bicuuk J[HinponeTpoBcbKoro
HaL[lOHAJILHOTO YHIBEPCHUTETY 3aJli3HUYHOro Tpancnopty, 2017, Ne 5 (71)

IIPOMUCJIOBUI TPAHCIIOPT

YK 621.181

A. A. PEJIbKOY", 11. A. PEJIbKO?

"Kag. «TennorasocuabeHue, BEHTHISIMS U HCTIONB30BAHUE TEILIOBBIX BTOPHUHBIX SHEPIOPECYPCOBY, XaphKOBCKHit
HaIMOHAIEHBIA YHIBEPCUTET CTPOUTENHCTBA M apXUTEKTYpHI, yi. Cymckas, 40, XapokoB, Ykpauna, 61002,

ten. +38 (057) 700 16 40, »n. moura andrey.ua-mail@ukr.net, ORCID 0000-0003-2331-7273

Z"Kad. «IKCILTyaTarus ra30BbIX I TEILIOBBIX CHCTEM», XapbKOBCKHH HAMOHAILHBIA YHHBEPCUTET TOPOICKOTO X035iCTBa
umend A. H. Bekerosa, yi1. Mapiana Baxanosa, 17, Xapbkos, Ykpauna, 61002, tex. +38 (050) 400 77 99,

211 moura germes_s2006@ukr.net, ORCID 0000-0002-9863-4487

NHTEHCUHOUKAIUA TEIINIOOBMEHA
B BBICOKOTEMIIEPATYPHOM KHUIIAIIEM CJIOE

Leas. /lannast paborta HanpaBiieHa Ha 3KCIIEPUMEHTAIBHOE UCCIIEJOBAaHHUE TEIUIOOOMEHA B BHICOKOTEMIIEpATyp-
HOM KHIISIILIEM CJIO€ ¢ KPYITHBIMHM YaCTHI[AMU Ul TOTO, YTOOBI 00ECHEYHUTh BBHINOJHEHUE HKOJIOTHYECKUX TpeboBa-
HHUH K cucTeMaM TerjiocHaOkeHusi. Meroauka. s perieHus MMOCTaBJICHHOW 3ajiauMl pa3paboTaHa dKCIIEPUMEH-
TaJIbHasl YCTaHOBKA, 00ECIeYnBaIOIIas MPOBEJICHNE UCCIEJOBAaHUI NPU TEMIIEpaType KUIISIIETo CII0sl ¥ MyJIbCUPY-
tomiero kumsimero ciost B auanazone 800—1 000 °C. TemnepaTypa KHISIIETO ClIOsi 00ecreYrBallach IyTeM CXKHIa-
HUSI TIPUPOJHOTO Ta3a M JPEBECHBIX OTXOAOB. B KadecTBe Marepumana CiIos HCIOIb30BAINCH IECOK M IMIAMOT
¢ pazmepom gacturl ot 1,0 1o 5,0 Mmm. KoaddunmeHT TemnooTnaun ot cios K MOBEPXHOCTH, IOTPYKEHHOH B CIIOH,
U IJIOTHOCTH TEIUIOBOTO MOTOKA U3MEPSUINCH KAJTOPHMMETPHUECKUM METOJIOM IIPH CTaIlOHApHOM pexwume. Mccie-
JOBAJIHCH TJIAAKHUE U TIOTIEPEYHO OpeOpeHHbIe TPYOBI ¢ pa3nuIHOIl BBICOTOH U marom pedep. ONBITE B BEICOKOTEM-
MIepaTypHOM ITyJILCHPYIOIIEM KHITAIIEM CJIO€ MPOBOAWINCH TIPH MyJIbCUPYIOLIEM CXKUTAaHUM IIPUPOIHOTO Ta3a Inbo
B [IOJPELICTOYHOM KaMepe, B KOTOPYIO Pa3AelbHO MIOAABAINCh IPUPOIHBIA ra3 U Bo3ayX. HYacToTra mynbcalui ro-
peHus obecreynBanach CHCTEMOW aBTOMAaTUKU. YacToTa BCIBIIIKK peryaupoBaiachk B auanasone ot 0,14 mo 5 '
Pesyabrarsl. [IpencraBneHsl pe3ynbTaThl (U3MUECKOTO MOJCIUPOBAaHHS OLEHKH KOA(PQUIMEHTOB TEIUIOOTIauu
IJIAJIKUX U OpeOpEeHHBIX TPYO B KHILAIIEM CJIO€ KPYITHBIX YaCTHIL TPU CKUT'AHUH JIPEBECHBIX OTXOJIOB M razoo0pas-
Horo TorutuBa. [lokazaHo, 4To KO3 GHUIMEHT TEIJIOOTaud C MOBHIIICHUEM TeMIIepaTyphl BO3pacTacT B 2—2,5 pasa,
U B cJIoe ¢ AuaMeTpom yacTtuil 2,5-5 mm coctasisier 300-350 BT/(M2 K), 4To 3HaUnTENHHO BHILIE, YEM IS CIIOEBBIX
TOTIOK. Pe3ynbTaTel ONBITOB MPEACTaBICHB! B BUAE OOOOIIEHHOW 3aBHCHMOCTH, YYUTBHIBAIOIIEH OUAaMETP YACTHIL
1 3HaueHne ko3ddunmenrta opedpenns. TemmooTnaua opedpeHHbIX TpyO Ha 15-20 % HIKe, 4eM rmagkux TpyO, HO
IUIOTHOCTH TEIUIOBOTO TTOTOKA, OTHECEHHAsI K IUIOMAn opeOpeHHol TpyOsl, pasHa 0,12-0,20 MBT/MZ, YTO BBIIIE,
geM Jura rnankux tpyo. [Ipu mymscupyromet mogade TommuBa ¢ yactoToi 1-2 ['m koaddumeHT TerniooTaqu Bo3-
pacraet ot 10-15 % mo 25-30 %. Ilpu gacrore mynbcarwmii ot 2 10 5 'l KO3QPHUIHEHT TETIO00TAaYN H3MEHAETCS
ot 510 1o 570 Br/(M%/K). Ilpn nanpHeiimeM yBeINGCHHH YaCTOThI MyIbCAIii Kod(hGHUIHEHT TEIOO0TAAYH YMCHbB-
mraercst ¥ cocrasnaer 515-520 BT/(MZ/K). IToxa3aHo CyIIecTBEHHOE BIUSHUE CKBAXXHOCTH Mynbcanuii ot 0,8 no 0,3:
ko3 dunrenT remnooraayn yBennunsaercs Ha 30-35 %. OnHako, Ipu 3TOM HAOJIIOAAETCs HEYCTONUMBBIN PEeXUM
TOPEHHsI ra30BO3/1yLIHOM CMECH M BBIOPOC YaCTHIl MaTepualia u3 cios. Pe3ysibTaThl ONBITOB NPE/ICTABICHBI B BUJIE
0006menHol 3aBucuMocTH. Hay4uHasi HOBH3HA. ABTOpaMHy NPE/ICTABIIECHBI BIIEPBBIC MOIYyYEHHBIE OIBITHBIC JIaH-
HblE 3HAYEeHHH KOI((HUIMEHTOB TEIUIOOTIAYM OPEOPEHHBIX TPYO B KHUILIIIEM CJIO€ M ITYJIbCHUPYIOLIEM KHITAIIEM
ClI0€ KPYMHBIX YacTHLl Ipu Temneparype cios 800-1100 °C. IpakTuyeckasi 3HAYUMOCTb. [TosiyueHHbIE B paboTe
pE3yJIbTaThl MO3BOJIAIOT pa3padaThIBaTh TOMOYHBIE YCTPONHCTBA ¢ HU3KOTEMIIEPATYPHBIM KHUIIALIMM CJIOEM ITyTEM
MOTPY)XKEHUSI B CIOW OpeOpeHHBIX TPyOUaTHIX MOBepXHOCTEeH. OTBITHBIE NaHHBIE O0OOIIEHBI W TPEICTABICHEI
B KPUTEPHAIBGHOM BHJE, YAOOHOM /I IPAKTHIECKOTO HCIIOIb30BaHM.

Kntouesvie crosa: TemnooOMeH; KHUIAIIUN CJIO0H; OpeOpPEHHBIE MOBEPXHOCTH; MYJIBCUPYIOMINH KUIISIIUAN CIIOM;
TETUIO0TAAYa; KPUTEPHAIbHbIE YPAaBHEHUS
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Beenenue

Pemenne npobieMbl 3HEPTOCcOESPEIKEHHUS U TI0-
BhIICHHS 3QPEKTUBHOCTH UCIIONb30BaHHS TOILIU-
Ba BO3MOXXHO IIyT€M IPUMEHEHUS TEXHOJIOTUU
COKUT'aHUS TOIUIMBA PA3IMYHOIO BUJA B HU3KOTEM-
nepatypaoM kumsmiem cioe (HKC). Ilpumenenue
texnonorun HKC obecnieunBaercsi pazmemieHueM
MTOBEPXHOCTH HarpeBa B Kuriimiem cioe. OmHaxo,
pa3MelleHHe B KHIALIEM CJIOE MOBEPXHOCTEH
Harpesa Ijsl OTBOJA TEIJIOTHI ciios TpeOyeT Io-
CTOBEPHBIX OIBITHBIX JAHHBIX O 3HAYEHUSIX TEIlI0-
OTJauM TTAKUX M opeOpeHHbIX TpyO. B 310it CcBiI-
31 npobsieMa 3QPEeKTUBHOCTH TeTI000MeHa opeo-
PEHHBIX MTOBEPXHOCTEH B KUIISAIIEM CJIO€ KPYITHBIX
YacTHUI[ OCTaeTcs B 4YHCIE 0CO00 aKTyabHBIX.
B nocnennee BpeMs B YKpauHe BOIIpocaM WHTEH-
cUpUKALMU TEIIooOMeHa M CXKHMIaHHs TOILTUBA
yaemsieTcsl HeJIO0CTaToOYyHO BHHMMaHuA. CKuraHue
TBEPJOrO TOIUIMBA BEAETCS B CIOEBBIX, HEIOCTA-
TOYHO 3((HEKTUBHBIX TONKAaX. TEXHOJOTHS CXKUTa-
HUS HHU3KOCOPTHOTO TOIUIMBA B KHIISAIIEM CJIOE,
MOJy4HBIIas IMHUPOKoe pa3Butue B 80-¢ TOoIbI
MPOILJIOTO CTOJICTHS, HE MOIYyYMiIa IPAKTUIECKOTO
MPOAOIDKCHUS. AHANM3 JUTEPAaTypHBIX HCTOYHU-
KOB TIOKa3aJ, 4YTO ONBITHBIE JJAHHBIE IO TEMJIO0T-
Jave MONepevHO-OpeOpPeHHBIX TPYO MpPaKTHYECKH
OTCYTCTBYIOT.

Heanb

Hannas pabora HampaBlieHa Ha SKCIEPUMCEH-
TaJIBHOE HCCJIEJOBAaHUE TEIMIOOOMEHa B BBICOKO-
TEMIEPaTypHOM KHIIAIIEM CJI0€ KPYHHBIX YacTHIL
Uil oOecrieueHHs BBITIOJIHEHUS] JKOJOTMYECKHX
XapaKTePUCTUK CUCTEM TEIJIOCHAOXKEHUSI.

CocTtosinne mpoosemMbl

3¢ PEeKTHBHOCTE MPOLIECCOB CKUTAHMUS TBEPIOTO
TOIUIMBA B KHIISIIEM CJIOC, COMPOBOXKAAIOIINXCS OT-
BOJIOM TEIUIOTHI, 3HAYHUTEIBHO TOBBIIIACTCS TPU
pa3MeILeHHH B CII0e OpeOpEHHBIX oBEepXHOCTEH [1].

OTCyTCTBHE TOYHBIX aHAUTUYCCKUX PEIICHUI
noTpedOBajo IMUPOKOTO TMPOBEACHUS JKCIEpH-
MCHTAJIbHBIX HMCCIICIOBAaHUN M Pa3pabOTKH Ha HX
OCHOBE MPUOIMKESHHBIX 3aBUCHMOCTEH.

TemmooOoMeH opeOpPEHHBIX TTOBEPXHOCTEH B KU-
IAIIEeM ClIoe u3ydajcs B padotax [4, 7, 12, 15, 18,
23, 25]. TIpu atom B pabotax [7, 16, 19, 23, 24]
MPUBEACHBI PE3yJIbTAThl IKCIIEPUMEHTAIBHOTO HC-
CJIeIOBaHUS TPYO C IMOMEPEUYHBIM KPYTJIBIM Opeo-

perneM. OpeOpeHne BBIIIOTHEHO M3 MEIU U allio-
muHus. B pabore [24] wuccnenyercs 3¢dexTus-
HOCTBH Kpyriioro (3youaroro), y [7, 9, 11] — cmm-
panbHOTO Opedpenus. B padorax [11, 25] uzyuan-
csl TerooOMeH TpyO ¢ MPOJOIBHBIM OpeOpeHUEM.
B03MOXHOCTh TOBBIIICHUSI MHTEHCHBHOCTH TeIl-
JIOOT/AAYM IMyTeM HMPUMEHECHUS Pa3IUIHON (HOPMEI
HacedeKk paccMmarpuBaiack B padote [28]. B pabo-
tax [3, 8, 10, 16, 27] usy4asncs TeriooOMeH riaj-
KHX TpyO B BBICOKOTEMIIEPATYPHOM KHIISIIEM
clioe.

B pabote [27] nmpoBeneHbl ucciue0BaHUs TeTl-
JIOOTJA4YM M TEIUIOOOMEHHOTO 3JIeMEHTa, BBITOJ-
HEHHOTO B BHJE IUIACTUHBI ¢ pedpamMu mpsMo-
yronsHOro mnpo¢una. TommuHa pebep oT 6 m0
14 MM, BBICOTa OT 6 10 14 MM, mIar Mexay pebpa-
mu 20 mM. [lokaszaHo, 4TO ONTHMalbHAas BBICOTA
pedep 8 MMm. MakcumanbeHble 3HaueHHA Kod(du-
[IUEHTA TEIUIOOT/IaYH MOJTYYCHBI IPH IIare Mexay
pebpamu 12 mMm.

B pabore [26] Taxke mccienoBaics TEII000-
MEH OJMHOYHOH TPyOBI C MONEPEYHBIM KPYTIBIM
opebpenneM. Mzyuanoch BIUsIHAE BBICOTHI M TOJI-
HIMHBI pebep, mara opeOpeHusi Ha HHTEHCUBHOCTb
TEIUIO0TAAuH. JIMcTiepCHBI MaTepuan — CTeKJISH-
Hble mapuku guamerpom ot 0,4 o 0,8 mMm. Brico-
Ta pedpa uaMeHsuack ot 7,5 10 37,5 MM, mar ope-
Openus ot 2 1o 10 mm. Pebpa u3roToBneHs! U3 Me-
oy tonmuHou ot 0,5 mo 2 mm. Pe3ynbrarel moka-
3a]M, 4YTO C YBEIMYCHHEM BBICOTHI pebpa
KO3 (OUIMEHT TEeTTO0T/Aaul YMEHBIIAETCS, YBEIH-
YeHHe ero Imara MPUBOIMT K MOBBIIICHHIO KO3(-
¢unHeHTa TemI00TAaYH, T. €. MAaKCUMAaJIbHbIE 3HA-
YeHHsI KOAPHUIIMCHTA TEIIOOTAAYM JOCTUTAIOTCS
P MEHBIIEH BBICOTE pedep W OONBIIEM IIare.
[Tpu 3TOM KOAPGUIHMEHT TEMIOOTAAYN YMEHBIIa-
eTcs C BBICOTOM pedep, TeM CUIIbHEee, YeM TOHBIIE
pebpa M 4eM MEHbIIEe MX TEIUIONPOBOIHOCTH. Pe-
3yIbTATHl WCCIECJOBAHWI MO3BOJIIM ONPEICIUTDH
ONTUMAJIbHBIE T€OMETPHUYECKHE XapaKTEPUCTHKH
opeOpeHus: UIsI METHBIX pedep NPHHUMACTCS
ToJIIMHA OKOoJIo 1 MM, BeicoTta 40 MM; 1)1 CTallb-
HBIX pebep — TommuHa 1 MM, BbicoTa 20 MM; miar
opeOpeHus — OKOJIO 4 MM.

B pa6ore [12] npuBeneHbI pe3yabTaThl HCCIIE-
JoBaHUH TpyO ¢ peOpaMu TpeyroibHOro mpodus
B ITICEBIOOXKIKEHHOM CJIO€ KPYHMHOAWCIEPCHOTO
MaTepuaia — necka d .= 0,25; 0,62 MM, IIaMOTHOIA
kpomiku d, = 0,975 mm, 3epHax mpoca d, = 2,0 Mm.
PesynpTaThl MccnenoBaHUi MOKa3bIBAIOT, YTO HH-
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TEHCUBHOCTH TEIUIO0OOMEHa BO3PACTaeT C yBeJInde-
HHUEM BBICOTHI pebep U YMEHBIIICHNEM IIlara Mexay
HUMU.

AsTtopamu pabots [24] uccnemosangach TemIo-
oT/ava IomnepevHo- (3yduaTo-) opeOpeHHBIX TPyO
B TICEBAOOXKIDKEHHOM CJIO€ CTEKJISHHBIX IIAPUKOB
nuametpom d, = 0,2-0,47 mmM. Breicota pedep us-
MeHsu1ach 10 22,2 mMm. TommuHa pebpa paBHSAIACH
0,635 mm. Illar mexxny pedpamu — 3,2 mm. Hcce-
JOBaHMsI TOKA3alH, YTO MHTEHCHBHOCTH TETI000-
MEHa yBEJIMYMBAETCS C YBEIHMYEHHUEM BBICOTHI pe-
Opa 10 25 MM, IIpH JaJIbHEHIIIEM YBEIUUYCHUH BbI-
coThl pebpa, K03 (HUIHEHT TeIIOOTAaYH MOBHIILIA-
eTcs MejJieHHee. B3aumHoe pacrosiokeHue Tpyo
B Ty4KE OKa3bIBaeT BIMSHHE HA DPACCTOSHHU JIO
50,8 mM. [TonTBepkaaeTcs BEIBOM, 4TO KO3 Pumum-
CHT TEIUIOOTAAYH YBEIMYUBACTCS C YMEHBIICHUEM
JaMeTpa YacTHll.

B pabote [4] u3yuanace TemooTaaya maxmar-
HOTO TIy4Ka TOPH3OHTAJBHBIX CTaJbHBIX TPYyO
B TICEBIOOKIIKEHHOM CIIO€ KPYIMHOAUCIICPCHOTO
MaTtepuana (aJIIOMOCWIMKareis) ¢ JUAMETPOM
vacTul] 2,8—4 MM (PKBHBAJEHTHBIA quamerp d, =
3,5 mMm). PaccmarpuBaics mMy4oK CTalbHBIX TPYO
muamerpoMm D = 39 mm B kommuectBe 14 Tpyo,
PAacIoNIOKEHHBIX B TPH psiza, opeOpeHue mydka —
MPUBAPHOE JICHTOYHOE CTATBHOE — BBICOTOU 8 MM,
tommuHoH 0,9 MM, mIar Mexay pedpamu — 6,8 MM.
[ar pasmemenust Tpyo B myuke S = 80 mMm. Pe-
3yJIBTaThl M3MEPEHHH MOKa3aliH, 4To Kod(pQHIu-
eHT Temtoornaun pasmsuics 230-280 Br/(M%. K)
U B Iyana3oHe CKOpocTH Bo3ayxa 1,28—1,8 m/c He
3aBHCHII OT CKOPOCTH TICEBJOOKMKECHHUSL.

Takum 00pa3om, aHaIu3 pPE3yJIbTATOB 3KCIIE-
PUMEHTATIBHBIX ~ HCCIEOBAaHUM, BBITIOJHEHHBIX
Pa3IMYHBIMUA aBTOPAMH, MTOKA3aJl, YTO MPUMCHEHHE
opeOpeHrss TO3BOJSIET 3HAYUTENBHO TIOBBICHUTD
(B 3—5 pasa) MHTCHCUBHOCTH TEIIIOOOMEHA MEXKITY
TICEBJIOOKIKCHHBIM CJIOEM M TOBEPXHOCTHIO. Mc-
CJIeJOBaHMs TEIUIOOOMEHA BBIIIOJHEHbI, B OCHOB-
HOM, IS OJUHOYHOH OpPEeOpPEHHOM TPYyOBI M Mell-
koaucnepcaoro matepuaia d,=0,4-0,8 MM, nccre-
JOBaHMsI C KPYINHOAMCIEPCHBIM MaTepHaioM HO-
CAT YaCTHBIA xapakTep (/11 HEKOTOPHIX THITOB
MonepeyHoro opedpenust). THTEHCUBHOCTh TEILIO-
oOmeHa opeOpeHHBIX TpyO B myuke Ha 10-15 %
HIDKE MO0 CPaBHEHHIO C OAWHOYHON TpPYyOOH, mpH
3TOM KOMITIOHOBKa TPYO B IIAXTHOM HJIM KOPHUJIOP-
HOM ITy4YKe TIPAKTHUYECKH HE BIHMSET Ha KOdPHIIHU-
€HT TEMJIOOTAauyd, HO NPH BBICOKHX CKOPOCTSX

W MaJIOM IIIare peKOMEH]IyeTCsl IaXMaTHOe PacIo-
JIOKeHue TpyO, Mpu 3TOM KOdDPHUITUEHT TEIT00T-
Jla4d MPAKTUYECKH HE 3aBUCHT OT BEPTUKAIHHOTO
mara. M3menenue mara pazMmenieHus Tpyo B myd-
K€ B IUPOKOM HMHTepBase (npu S>2,2) HE BIHACT
Ha 2(¢eKTUBHOCTh TeriooOMeHa. CrTereHb WH-
TeHCU(UKAIIUU TEII000MEHa HE 3aBHCHT OT pa3-
MepoB M (OPMbI TEIIOOOMEHHOM MOBEPXHOCTH,
c1ab0 3aBHCUT OT CKOPOCTH BO3IyXa, a OMpe/els-
€TCs, B OCHOBHOM, pa3MepoOM M TUIOTHOCTHIO Ya-
CTHIl, TIPU 3TOM TEIUIOChEM C OpPEOpPEHHOW TO-
BEPXHOCTH TPYOHOTO IyYKa BO3pacTaeT MpOIop-
IMOHATTFHO KO3 PHUIHEHTY OpeOpeHus.

B pab6orax [3, 8, 16] yka3biBaeTcsi, 4TO KO3(-
(UIHMEHT TETIOO0Tauu B MyJIbCHPYIOIIEM CIIOe Ha
15-20 % BeIie, ueM B KuigmeM cioe. OaHako
paboThI MO HCCIECIOBAHHIO TPOIECCOB HWHTCHCH-
¢$uKau MalIOYUCICHHBI, ONBITHBIC JAaHHBIE pa3-
PO3HEHBI.

Bricokasi Temmeparypa B TONKE C KHIISIIAM
CIIOEM JIBOSIKO OTIpEJeIIsieT HHTEHCUBHOCTh BHEI-
HETO TerooOMeHa: MPOMCXOAUT M3MEHEHHE Tell-
n0(U3NYECKUX CBOWCTB JHMCIIEPCHOTO MaTepuala
W OXIDKAIOIIEr0 ra3a, a TakkKe CYyIMeCTBEHHBIM
CTaHOBUTCS JYYHCTHIH TeruionepeHoc [12, 15-19,
28]. DTO CBHICTENBCTBYET O CIIabOM BIHSHUH Ha
CTETIeHb TETI000MEHa YEePHOTHI, CTPYKTYPHI CIIOS,
KOTOpasi H3MEHSIETCS] B 3aBUCHMOCTH OT CKOPOCTH
rasa W TOJNOXEHUs TernooOMeHHHKa. CTerneHb
YEpHOTHI KHITAIIETO CJIOs HE 3aBHCUT OT KOHIICH-
TpalMU U3NydYalolIMX Ta30B B MPOAYKTax Cropa-
HUs. Pe3ynbTaThl ONBITOB IOKa3bIBAIOT, YTO OC-
HOBHBIMU XapaKTEPUCTHKAMHU JUCIIEPCHOM cucTe-
MBI, ONPEACISIIOIUME €€ H3JTydaTelbHbIe CBOW-
CTBa, SIBIIIIOTCS XapaKTEPUCTUKU  Marepuala
YaCTUIl U pacrpeieiecHUe TEMIIEPATYPhl B CUCTEME.

[IpuBeneHubpii KO PUIMEHT TEIUIOOTHAYH
YMEHBIIAETCS C BHICOTOM pedep TeM CUIIbHEe, YeM
TOHbLIE pedpa M YeM MEHBIIE HX TEIUIONPOBOJ-
HOCTh. Koaddumment temmoormaun Ha pebpe
MPaKTUYECKU HE 3aBUCHUT OT TOJIIIMHEI pedpa, BO3-
pacTaeT ¢ yBeIMUYCHHEM Ilara MexIy pedpamu,
YMEHBIIIAETCS C YBEIIMYEHUEM BBICOTHI pedep. Pe-
KOMEHJIAIMU Pa3JIMYHBIX aBTOPOB MO BBIOOPY OII-
TUMaJbHOM TEOMETPUH OpeOpeHHs MPOTHBOPEUH-
Bbl. OTIBITHBIE JaHHBIC IO TEINIOOOMEHY opeOpeH-
HbIX TPYO0 B BBICOKOTEMIICPATYPHOM KHUIISIIEM
CJIO€ IPAKTHYECKH OTCYTCTBYIOT.

Takum o6pazom, 23GGHEKTHBHOCTH TEIIOOOMEHA
MMOBEPXHOCTH HArpeBa, Pa3MeIleHHOW B KHUIISIIEM
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cloe, MOXET OBITh JOCTaTOYHO  BBICOKOH
(230-300 Br/(M2. K), mocturas 500-600 Br/(M2. K).
Wntencudukanus TterioodMeHa obOecrieynBaeTCs
MIPUMEHEHHEM OpPEOPEHHBIX (Pa3BUTHIX) TEIUIO00-
MEHHBIX MOBEPXHOCTEM W MYJbCUPYIOIIEH moaa-
4eil 0KIKAIOLIEro rasa.

MeToauka uccjie0BaHuA

OnBITHl TPOBOAWINCH HA SKCIEPHMEHTAIBHOM
YCTaHOBKE, MPEACTABISIONIEH co00i TemI000MeH-
HYI0 KaMmepy KpyIJIOrO CEYCHHUs IHaMEeTpOM
210 mwm, Beicotoir 1,0 M (puc. 1). Temmeparypa
KHUITAOICTO CJIOSA BapbUpOBaJIaCh 3a CUHET CKHUI'aHUA
B HEM JPEBECHBIX OTXOJIOB U T'a30BO3IYIIHON CMe-
CH HETOCPEICTBEHHO B CJIOC JHCICPCHOIO Mate-
puana. B kadecTBe MaTepuana CJOs UCIOJIH30Ba-
JIMCh TIECOK M IIaMOT. DKCIICPUMEHTAIBHOE HCCIIe-
JOBaHHE TEIUIOOOMEHA B KHIAIIEM CJIO€ ITPOBOH-
nock ipu Temneparype 1073-1373 K.

["asoroagywHan
CMech

Puc. 1. Cxema nabopaTopHOH yCTaHOBKH:
1 — knazgxa; 2 — 3achblKa; 3 — kKenoo;
5 — razopacnpenenuTenbHas pemérka; 6 — cioi
HEMO/IBIXHBIX YaCcTHLL, 7 — ra30Bast TOPEIKa;
8 — zamanpHuk; 9 — Tepmonapa ciost; 10 — otOoiiHas peniérka;
11 — pabouas miomasnka; 12 — naTauK-KaJopuMeTp;
13, 14 — repmomnapa; 15 — TepMonapa IIOBEpXHOCTH
natyuka; 16 — cnoit; 17 — cMOTpoBOE CTEKIO

Fig. 1. Scheme of laboratory installation:
1 - laying; 2 — backfilling; 3 — trough;

5 — gas distribution grating; 6 — layer of fixed particles;
7 — gas burner; 8 — igniter; 9 — thermocouple layer;
10 - baffle grating; 11 — working platform;

12 — sensor-calorimeter; 13, 14 — thermocouple;

15 — sensor surface thermocouple;

16 — layer; 17 — sight glass

Kamepa BrIMIOTHEHA W3 OTHEYMOPHOTO KHPIIH-
ga. B O0KOBOI cTeHe KamMepbl UMEJICS K00 Ist
ccpllanus Marepuana cios. Han temoobMeHHOM
KaMepor pacroJiarajiics KOpoO BBITSHKHOW BEHTH-
TSI,

B kauecTBe rasopacnpeaenuTeNIbHOIO YCTPOM-
CTBa TPUMEHSIACh IUIOCKas mepdopupoBaHHAsS
KepaMuieckasl pelieTKa XHUBbIM cedeHueM 1,5 %.
[lopaua Bo3ayxa B TEIJIOOOMEHHYIO Kamepy ocy-
IIECTBIISIACH JIByMsI HAIIOPHBIMH BEHTWJISTOPAMU
tura BBJI-5. Ha BeicoTe 50 MM OT razopacmpene-
JUTEIBHOTO YCTPOHCTBA B KaMepe pacroliarainch
JIBE TIOJIOBBIE TOPEJIKH HU3KOro AaBieHMA. Temre-
parypa KC mnomnepxuBamack B Ipeaeiiax
800-1100 °C. Temmeparypa clIosi HU3MepsIach
nuddepeHnnanbHo BKIroueHHOH XK-Tepmonapoii.

[lyapcanuy ra30BOro MOTOKa OCYIIECTBISUIUCE
MpH TIOMOIIM  3JEKTPOMATHUTHBIX  KJIAIIAaHOB
U MyJIbCATOPa POTOPHOTO THIIA.

Pa3sMermieHHbIi B KUISIILEM cllo€ AaTYMK obec-
MeYMBajl HU3MEPEHHE CYMMapHOT0O KO3(QHIMEeHTa
TEIUIOOT/IaYH OT CJIOSI K TIOBEPXHOCTU CTAllMOHAP-
HBIM KaJIOPUMETPHYECKHM METOJIOM:

— MBCP(t;? _t;};)

FOP (th - tcr) , (1)

z

rae Mg, Cp, t, t;g — COOTBETCTBEHHO MACCOBBIN
pacxoj] ¥ TEIJIOEMKOCTh BOJIbI, TEMITEPATYPa BOJIBI
Ha BBIXOJIC U BXOJI€ B KajopuMmetp. Fop — miomasp
OpeOpEeHHOl MOBEPXHOCTH; tkc — TeMIepaTypa Ku-
nsimero ciost; fcr — Temmeparypa CTEHKH KalopH-
MeTpa.

Kanopumerp npeacrasisin coboil opeOpeHHYIO
TpyOy. B KkadecTBe TEIUIOHOCHUTEISI UCIIONB30BAN
Boay ¢ Temmeparypoii 10-20 °C.

OMBITHI B MyJBCUPYIONIEM KHISAIIEM CJIO€ MPo-
BOJWIIA CHEAYIONMM 00pazoM. OXIDKEHHE CIIOs
OCYILECTBISETCA TPOAYKTAMH  ITyJIbCHPYIOIIETO
C)KUTaHUS MTPUPOIHOTO Ta3a, KOTOPOE MPOUCXOIUT
b0 B croe, MO0 B MOAPEHICTOYHON Kamepe,
MPEICTABISIIOMEH CO00M IMIMHIAPUYIECKOE TIPO-
cTpaHcTBO 00BeMoM 50-500 cm®. OGBEM ITyIIbCH-
pyroIel KaMepbl CrOpaHUs rasza M3MEHACTCS My-
TEM 3aIOJTHEHUS €r0 KPYIHBIM JTUCIIEPCHBIM MaTe-
puanoM. B kamepe cropaHus UMeeTcs J[Ba OTBEp-
CTHS I TOJBOJA BO3AyXa W rasa, a TaKkKe JBC
3amajbHbIC CBEYM CHCTEMBbI 3axuranus. Ha tpy6o-
MpOBOJIaX TO/a4M BO3/yXa M ra3a UMEIOTCS DJIeK-
TPOMArHUTHBIC  KJAMaHbl, MPEAOTBPAINAOIINE
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MIPOHUKHOBEHHE YAAPHOW BOJHBI TIPY BO3TOPaHUU
ra30BO3YIIHOW CMECH M PETYIUPYIOMIHNE MOady
BO3/1yxa U raza. JlJis uaMepeHus pacxoja Bo3ayxa
ucrionb3yercst poramerp PC-3, a mus m3mepeHwms
pacxoja rasza — cueTduk Trma «Rombachy, mo mo-
Ka3aHUsIM KOTOPBIX YCTaHaBIIMBACTCS HEOOXOM-
Moe cooTHomleHue rasza u Bosayxa (0,9-1,8). Cu-
CTEMa 3aKUTaHMS ITyJIbCUPYIOIIEH KaMephl CKUra-
HUSL COCTOHWT W3 OJIOKAa PalnOdJIEKTPOHHBIX 3JIe-
MEHTOB, IO3BOJISIONIUX PETYIUPOBATh YaCTOTY
BembIiky oT 5 1o 0,14 T'm, gacToTy momauu rasza
" BO3AyXa, ABYX 3allaJIbHbIX CBe‘Ieﬁ, YHUBEpPCAJIb-
HOro OJIOKa MUTAHHUA OT CETH MEPEMEHHOTO TOKa
220 B u moctostHHOTO TOKa 12 B.

Pe3yJ’IBTaTbI HCCJIeA0BaHUA

Pe3ynpTaThl M3MepeHU TEMIIOOTAAYU TIIagKON
1 opeOpeHHOo TpyO MoKa3aHkl Ha pHC. 2.

3aBUCHUMOCTh  KOA((QUIIMEHTa TEIUIOOTAAYN
OT CKOPOCTH OXKM)KAFOIIIErO Ta3a B BBEICOKOTEMIIE-
paTypHOM KHIISIIEM CIIO€ aHAIIOTWYHA 3aBHCHMO-
ct K03 duienTa TemIo0TJauu B CJIOE TIPU HU3-
kux Temnepatypax Ty g0 423 K. B onbiTax BbIOU-
paMCh CKOPOCTH TMPOJYKTOB CrOpaHUs, NpHU
KOTOPBIX KOA(POUIIMECHT TEIUIOOTHAYH HMEN Obl
MaKCHMaJbHOE 3HAa4YCHHWE, HAlpHuMep, IJs TecKa
w=0,5-2,0 wm/c, mma mamora d,=2,81 MM,
w=0,7-2,5 m/c. C TOBBIIIEHUEM TEMIIEPATYPHI
kumsmero cios ao 973-1223 K xoaddunment
TeII00Taa4YM Bo3pactaet B 2,0-2,5 paza u B clioe
mamoTta ¢ quameTpom vactuil dr=2,5-5 MM cocra-
BuT 300-350 B(M*-K), 9TO 3HAYMTEIHHO BHIIIC,
4eM IJIs CIIOeBBIX TOmok. CpaBHEHHE pPacUYeTHBIX
W ONBITHBIX  JIAHHBIX  YAOBICTBOPUTEIHLHOC
(puc. 2). Temnootmaya  opeOpeHHOI  TPyOBI
(hp-Sp= 10x20 mm) Ha 15-20 % HIDKE 3HAYCHUIA
TetooTaaun riaakoi. [lpu sTom n3mepeHune Tem-
MEepaTypHOro pexkuma pebep Mmokaszayo, YTo TEeM-
neparypa B BepiiuHe pebpa BbicoToi 20 MM u
BBIIIIE JocTHraer 3HadeHuii 873-973 K, uro mis
pebep u3 marepuana Ct. 20 sBisseTCS HEAOMYCTHU-
MbIM. Bosnee OmarompusTeH TeMmmepaTypHBIH pe-
KUM pebep BbicoTor 10 MM, Temmeparypa KOTO-
pbix MeHee 723-673 K.

[loBpIIeHMEe TeMITEpPaTyphl KHUIIAIIETO CIIOS
MPUBOJUT K 3HAYUTENLHOMY YBEITUUEHHIO TIOTHO-
CTH TEIUIOBOTO TMOTOKAa HA MOBEPXHOCTH HAarpena

(puc. 3).

d , Br/(M*K)

400 !

300 2t |

2004 S i

100 W

0900 300 500 700 900 te,°

Puc. 2. 3aBucumocTts cyMmMapHOTo Kod(puimenTa
TEIJIOOTAAYH TIIAJKUX TPYO OT TEMIIEPaTyphI CIIOSL:

A — mramoT, d3=2,8 1 mm; - necok, dr=1,0-1,5, tct=134
~355°C[12); @ - wawor, dr=2,0-5,0 [10];
o — pacyer 1o [2, 18]
Fig. 2. Dependence of the total heat transfer coefficient
of smooth pipes on the layer temperature:
A chamotte, d =2.81 mm;
B _sand, dr = 1.0-15, ter = 134-355° C [12];

@®_ chamotte, dr = 2.0-5.0 [10];
a — calculation according to [2, 18]

(mac ,KBT/M?
250 /
200/ {/a Pt
150 al LA v
A }/ 2K
£

100 R J /-n/'

50—

0

200 400 600 800 te,°C

Puc. 3. 3aBUCHMOCTD IIJIOTHOCTH TEIIJIOBOTO
MTOTOKA OT TEMITEPATYPHI CIIOS:

‘ — riajkas Tpy6a, necok, mamor, d,=2,81mm;
H_ nomnepeynoe opebpenue, hy-S,=10-20; mamor,
d,=2,81; a — pacuer no [2, 18]

Fig. 3. Dependence of the heat flux density
on the layer temperature:

A — smooth pipe, sand, chamotte, d,=2.81 mm;
— transverse finning, h,-S,;=10-20; chamotte,

d,=2.81; a — calculation by [2, 18]

Taxk, m1s TmaaKoit TpyOs! IIIOTHOCTH TEIIOBOTO
noroka coctapiuser q"=0,15-0,2 MB1/M° B ciioe
mamora d,=2,5-5,0 MM mpu Temmeparype cCIlos
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973-1223 K. TermionepeHoc OpeOPEHHBIX TPYO
BBIIIIE, U CPEHSS TUIOTHOCTh TEIUIOBOI'O TIOTOKA Ha
MOBEPXHOCTH HECyIIeHd TpyObl NOCTHraeT 3Haue-
muii  0,25-0,40 MBvM? [IIOTHOCTH TEIUIOBOrO
MOTOKA, OTHECEHHAS K IO opeOpeHHON Tpy-
ob1, paHa 0,12-0,25 MB1A. IIpu sTOM NOKAIB-
Has IUIOTHOCTH (HampuMep, B OCHOBaHMU pedpa)
MOJKET NPEBBINIATh JJAHHBIC 3HAYCHUS U BHI3BIBATH
3HAUMUTENIbHBIE TepMuueckue HanpsbkeHus. Ilo-
3TOMY BO3pacTaloT TpeOOBaHUS K MaTepually ope-
OpEHHBIX MMOBEPXHOCTEH M K BBHIOOPY ONTHUMAIb-
HBIX TEOMETPHUYECKUX TapaMeTpoB opeOpeHus
(B ocHOBHOM K BBIOOpY BBICOTHI pedep). Cymie-
CTBEHHOC BIIMSHHE Ha TEIUIOOTIA4y OKa3bIBaeT
TeMmIeparypa cTeHKH TpyObl. Tak, B KUTISIIEM cIioe
noctosHHON Temmepatypsl (973-1223 K) nosbl-
LICHUE TEMIIEPaTypbl CTEHKH (IyTeM H3MEHEHHS
pacxoia OXJaXJarolle BOJBI) [0 3HAYCHHUU
573-673 K npuBomut K yBelu4eHUIo Kodduuu-
eHTa temnootnaud B 1,3—1,5 pasza mo cpaBHEHUIO
co 3HaueHHeM oy npu T.,=253-423 K. JlanbHel-
1iee TOBBIIICHAE TeMIIepaTyphl CTCHKH HE TPHBO-
JUT K 3HAYUTEIHHOMY MOBBIIICHHIO KO3(QPUIIHEHT
TEIUIOOTIAYH.

Pe3ynpTaThl 3KCIIEPUMEHTANIBHOTO HCCIE0Ba-
HUS TEIUIOOTAAYH OPEOpPEHHBIX TPYO B BBICOKO-
TEMIIEpaTypHOM KHUIISIILEM CJI0€ TIPU TeMIeparype
973-1223 K mnokazaHbl Ha pHuc. 2 U OOOOUICHEI
B BHUJIE 3aBUCHMOCTH aHAJIOTHYHO [5].

Nurgoax — Nu(r)nax 'npn ‘(po.g (2)

Takum oOpa3zoM, IpUMEHEHHE OpEOPEHHs TI0-
IPY’)KCHHBIX B KHILIIUH CJIOH TOPU30HTAIBHBIX
py6 mpu T,=1023-1273 K obecrneunBaeT G0CTH-
JKEHHE BBICOKHX KO3(QHUIIMCHTOB TEIUIOOOMEHA,
paBubIx 800-900 Br/(M” K), u yBenmuuBaer Tel-
JIOTIEPEHOC TI0 CPaBHEHHIO C TIAAKOH TpyOoi
B 2,5-3,0 paza.

UccnepoBanacy  Temnootaada  OpeOpeHHOMH
(hp-Sp=10-20 MM) 1 rmagxoit TpyOBI B IyJIbCHPY-
IOIIEM CJI0e. 3aBHCUMOCTh KO3 (HUIIMEHTa TEII0-
OTJ]a4M OT CPEJHEH CKOPOCTH CHKMKAIONIETO ra3a B
MYJIBCUPYIOIIEM CJIO€ HOCHT HPAKTHYECKH TaKOH
’Ke XapakTep, KaK H U CTal[HOHAPHOTO CIIOSL.

Pe3ynbTaThl AKCIEPUMEHTOB TPUBEACHBI HA
puc. 4.

d , Br/(M“K)
500——— T
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Puc. 4. 3aBucuMOCTb KO3 PHUIIEHTA TETUIOOTIA4N
OpeOpEeHHOM TPYObI OT YaCTOTHI MTYJIECHPYIOWIETO CIOS:

- 9=0,3; d,=2,81mm; hy-S;=10-20mm;
A - 9=0,8; d,=2,81mm; hy-Sy;=10-20mm

Fig. 4. Dependence of the heat transfer coefficient
of the finned tube on the frequency
of the pulsating layer:
A~ =03; d,=2.81 mm; h,-S,=10-20 mm;
A - ¢=0.8; d,=2.81 mm; h,-S,=10-20 mm

Oco0EHHOCTBIO MYJLCUPYIOLIETO CIOS SIBISIETCS
TO, YTO Olmax HAOMIOAAETCS TPU CKOPOCTSX, 3HAUH-
TEJIEHO MCHBIINX, YeM B KUIIAIIEM cioe. Tak, eciu
B KuImseM ciioe ¢ vactur] mamota (d,=2,81 mm)
3HAYEHUE Omax (PUKCHPOBATIUCH MPH CKOPOCTH TICEB-
nooxmwkenus 1,6—-1,8 m/c, To B myibCUPYIOIIEM
CJIO€ 3HAYEHUE Olpax JOCTHTAINCH TIPU CPEAHEH CKO-
poctn W¢, =0,5M/c U ckBakHOCTH ToToKa (=0,3.
MakcuManbHBIH KO3(PPHUIMEHT TeIUI00TaaYN Ooped-
peHHO# TpyObI B mynscupylomeM cioe Ha 20-30 %
OoJybllle, YeM B CTAllMOHAPHOM KHIIAIIEM CIIOC.
C yMeHbIIIEHHEM IaMeTpa YacTHIl KUITSIIETO CII0s
or 2,81 g0 0,71 MM TemI000MEH yBEIHYMBACTCS
B 1,3-1,5 pa3a.

Koaddumument TtemmooTnaun  MPaKTHIESCKU
c1abo 3aBUCHT OT YacTOTHI Iyibcanuil. Tak, ecin
mpu v=0,5 I'm opme=510 BT/(M2 K), to npu
v=2,0 I'l 0 =560-570 BT/(M2 K). Ilpu nanbHei-
[eM YBENUYEeHWH YacTOTHl IyJNbCalluil 10
10 T'n ko3 uIMEeHT TEemIo0TAaYN YMEHBIIIAJCS
n0 515-520 Br/(M* K). Takum o06pasom, mpu
NyJIbCUPYIOLIEH TMoJadye Ta30BO3AYIIHOW CMeCcHU
¢ vacrotoit 1,0-2,0 ['m ko3 unmenT Temnootna-
gy Bo3pactaeT Ha 10-15 %, mpu panbHeimem
YBEITUYCHUH 9acTOTHI ITysbcanmii 70 10 I'1y Termo-
00MEH MYJIbCUPYIOIIETO CJI0sl MPAKTUIECKH HE OT-
JIUYaeTCsl OT TeIiooOMeHa B CTAI[IOHAPHOM KH-
msaieM cioe. TermnooOMeH ropu30HTAIBHBIX 0ped-
PEHHBIX TPYO B BBICOKOTEMIIEPATYPHOM IIyJIbCH-
pYIOILIEM CJIO€ XapaKTepusyeTcs JOCTUKEHHEM
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MaKCUMAIBHBIX 3HAYCHHH Kod(h(HIueHTa Terio-
ortnaun (Ha 20-30 % BbIIIe, YeM B CTAIIMOHAPHOM
KHUITAIIEM CJIOe) MpH OoJiee HU3KUX 3HAYCHHSIX
CpemHell CKOPOCTH CXKIDKAIOUIero rasa; Halmroma-
€TCS 3aBHCHUMOCTh KOA(PGUIIMEHTA TETUIOOTIAYH
(yBenmuenue Ha 10-15 %) oT yacToTHI MynbCaLUi
B nuamnazone 1,0-2,0 ['n; ¢ ymeHbllIeHHEeM CKBaX-
HOCcTH Tynkcaruii ot 0,8 mo 0,3 TemrooOMeH yBe-
muuuBaercs Ha 30-35%, T.e. Hambosee cytie-
CTBEHHAa WHTCHCH(HKAIHSA TEIJIOOOMEHa ITyJibca-
musivu ripu ckBakHocTH 0,25-0,35; ¢ yMeHbIeHu-
eM aumametpa yactuil cios or d = 2,81 MM 1o
d = 0,71 mm, pu gactote v =0,5 'l ¥ CKBOKHOCTH
nynascaiii @ = 0,3 ko3(hGUIUEHT TEIIooTAaun
yBenmauBaetcs B 1,3—1,5 pasza; MoBBIIICHUE TEM-
neparypsl nyascupyrorero ciost Ha 200 °C u cte-
HOK TpyOb! Ha 100 °C NpUBOAMT K yBEITHUUEHHIO
termionepeHoca Ha 25-30%.

OnbITHBIE [AHHBIE YIOBJIETBOPUTEIHHO OIIH-
CBIBAIOTCS PACUETHON 3aBUCUMOCTBIO.

Nu,, =2,75(Re” ) @1+e™ —e?). (3)

onm
Hayqﬂaﬂ HOBM3HA U MPaKTUYECCKasd
SHAYUMOCTDH

PaGoThl B JTaHHOM HANpaBJICHUH BEJUCH 3apy-
0exHBIME HccienoBarensamu [20-22, 29].

ABTOpaMH TPEICTABICHBI BIEPBBIC MOJYYCH-
HBIE OIBITHBIE JIAHHBIC O 3HAYCHUSX KO3(DPHIIHEH-
TOB TEIUIOOTIaYd OPEOPEHHBIX TPYO B KHIISAIIEM
CIIOE ¥ MYJILCUPYIOIIEM KHUIISAIIEM CJIOE C KPYIIHbI-

MHA  YacTUIAMH
800-1 100 °C.

[Tony4yennsie B paboTe pe3yabTaThl MO3BOJSIOT
pa3pabaTeiBaTh TOIOYHBIE YCTPONCTBA C HH3KO-
TEMIIEPATYPHBIM KHUILSIIIAM CJIOEM, IIyTeM IOTpy-
JKEHUS B CIIOM OPeOPEHHBIX TPYOUAThIX MTOBEPXHO-
crei. OnBITHBIE AaHHBIE O00OOIICHBI U MPEACTaB-
JICHBI B BHJIE KPUTEPUEB, YTO YJIOOHO JUIS MPAKTH-
YECKOT'0 UCIOIb30BaHMS.

Opyu  Temreparype  Cjios

BriBoabI

Takum 00pa3oM, TeII00OMEH TOPU30HTAIBHBIX
OpeOPEHHBIX TPYO B BHICOKOTEMIIEPATYPHOM ITYITh-
CUPYIOILIEM CJIO€ XapaKTEPU3YeTCs NOCTIKEHHEM
MaKCUMAIBHBIX 3HAYCHWA Kod(h(dHIMEHTa TEeIuio-
ornaun (Ha 20-30 % BbIIIE, YeM B CTAIMOHAPHOM
KHITAIIEM CJIOe) TpH Ooyiee HU3KUX 3HAYCHHIX
CpemHell CKOPOCTH CXKIDKAIOUIero rasa; Halmroma-
€TCS 3aBHCUMOCTHh KO3(dHIMEeHTa TEIUIOOTAaun
(yBenmuenue Ha 10-15 %) oT yacToThI Mynbcaruii
B nuamna3one 1,0-2,0 ['n; ¢ yMeHbllIeHHEM CKBaX-
HOoCTH mynkcaruii ot 0,8 mo 0,3 TemmooOMeH yBe-
muuuBaercs Ha 30-35 %, T.e. HamOonee cyie-
CTBEHHa WHTEHCH(HKAIHS TEeIUIO0OMEHa IyJhCa-
uuaAMH cKBaxxHocThio 0,25-0,35; ¢ ymeHbLIeHMEM
nraMeTpa dactuil ¢iaos ot 2,81 mm 10 0,71 MM mipu
gactore 0,5 T'm m ckBaxHocTtu mynbcauuii 0,3
KOOP(UIMEHT  TEIIOOTHAaYl  yBEIUYMBAETCS
B 1,3-1,5 paza; moBbIlIeHHE TeMIEPaTyphl MyJb-
CUPYIOIIETO CJIOSI U CTCHOK TPYOBl NPUBOIUT
K YBEJNIMYEHHIO Teruionepenoca Ha 25-30 %.
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IHTEHCHU®IKAIIA TEIIJIOOBMIHY
Y BUCOKOTEMIIEPATYPHOMY KUIIVIAYOMY HIAPI

Merta. /lana po6oTa cipssMOBaHa Ha €KCTIIEpUMEHTAIBHE TOCIHIHKEHHS TETUIOOOMiHY B BHCOKOTEMIIEPATyPHOMY
KUIUITIOMY HIapi BEMMKUX YaCTHHOK JUIS TOTO, 100 3a0e3NeUnTH BUKOHAHHSA €KOJIOTIYHUX BHMOT 10 CHCTEM Tell-
nonoctagands. Meroauka. [l BUPIMICHHS MOCTAaBICHOTO 3aBAAHHS PO3pOOJIEHA EKCIIEPUMEHTAlIbHA yCTAHOBKA,
sKa 3a0e3Medye MPOBEACHHS AOCTIKEHb MPH TEMIEpaTypi KUIUITIOro IIapy Ta MyJIbCYIOUYOTro KHIUITIOTO IHapy
B miarmazoni 800-1000 °C. Temmeparypa KHUIUITYOTO IIapy NOCSATAETHCS MUISTXOM CIIAITIOBAHHS MPHUPOIHOTO Ta3y
1 mepeBHHUX BiAXofiB. SIk MaTepian mapy BHKOPHCTOBYBAIHCS ITICOK Ta MIAMOT i3 po3MipoM dacTHHOK Bix 1,0 mo
5,0 mM. KoediuieHT TemioBiagayi Bia mapy A0 NOBEPXHI, 3aHYPEHOI y 1Iap, 1 MUIBHICTh TEIIOBOTO TIOTOKY BHMi-
PIOBAJIMCS KQJTOPUMETPUYHIM METO/IOM IIPU CTallloHaApHOMY pexxuMmi. JlocmipKyBaics Iiajiki Ta IMoIepeyHo oped-
peHi TpyOu 3 pi3HOIO BHCOTOIO W KpokoM pedep. Jlocnianm y BHCOKOTEMIIEPATYpPHOMY IyJIbCYIOUOMY KHILISYOMY
mapi MpOBOAMIIKCS TPH MYJIbCYIOYOMY CIAIIOBAHHI MPUPOJIHOTO ra3y B mapi abo B miarpardactiii kamepi, B siKy
OKpEMO TOJaBaIKMCs MPUPOHUM ra3 Ta moBiTpst. YacToTa mylbcalliif TOpiHHS 3a0e3neuyBaiacs CUCTEMOIO aBTOMa-
tuku. Yacrora cnianaxy peryintoBanacs B fiana3zoni Bix 0,14 no 5 I'u. PesyabsTaTn. [IpencraBneni pe3yabTatu ¢i3u-
YHOTO MOJICJTIOBAHHS OIIHKH KOe(]ili€HTiB TeIIOBiqadi TIAAKUX Ta OpeOpeHNX TPyO Y KHIUITYOMY IIapi BEIUKHUX
YaCTHHOK IIPH CIAJFOBaHHI JIEPEBHUX BIIXOMIB 1 razomonioHoro manmea. [Toka3aHo, mo KoedillieHT TerrIoBiaaavi
3 MABHUIICHHAM TEMIIEPAaTypH 3pocTae y 2—2.5 pasw, Ta B Imapi 3 JiaMeTpoOM YacTHHOK 2,5-5 mm ctaHoBHUTH 300—
350 Br/(M¥/K), 1110 3Ha4HO BHMILE, HIXK IS [APOBHX TOMOK. Pe3ysbTaTi HOCII/IB IIpeCTaBNCH] y BHIIISAI y3arab-
HEHOI 3aJIS)KHOCTI, 10 BPaxoBY€E AiaMeTp YaCTHHOK 1 3Ha4UeHHs KoedimieHta opedbpenns. Temnoingada opeOpeHnx
Tpy0 Ha 15-20 % HmkYe, HIK TITaIKUX TPYO, ayie IIUIBHICTh TEIUIOBOTO MOTOKY, BiJJHECEHA JO0 IOl opeOpeHol
Tpy6u, nopisuioe 0,12-0,15 MBT/M, w0 Buime, Hik A riagkux Tpy6. [Ipu mymbCyrouiil mojadi maguea 3 4acTo-
Toro 1-2 'l koediuieHt Teruosimnaydi 3pocrae Big 10-15 % mo 25-30 %. Ilpu yacroti mynbcanii Bix 2 1o 5 I'o
koedimieHT TernnoBixmaui 3min0eTEes Bix 510 1o 570 Br/(MY/K). Tlpu nogansmomy 36i1bIeH I 4aCTOTH IyIbcaii
koedilieHT TemIoBiaadi 3MeHITyeThCs i cTanoBUTH 515-520 Br/(M%/K). [ToKa3aHO CyTTEBHil BIUIUB IIAPYBATOCTI
mynbcanid Big 0,8 no 0,3: koedinieHT TerwoBinaayi 30ubinyethes Ha 30-35 %. OqHak, IpH IbOMY CIIOCTEPIraeThCs
HECTIHKHH PEXUM TOPiHHSA Ta30MOBITPAHOI CYMIlI Ta BHUKHA YAaCTHHOK MaTepiany 3 mapy. Pesymeratd mociimiB
MIPEJCTaBJICHI Y BUIIIAI y3arajdbHeHo1 3aekHocTi. HaykoBa HOBH3HA. ABTOpaMH MPEACTaBJICHI BIIEPIIe OTPUMAaHi
TOCTITHI JaHi PO 3HaYCHHS KOeQiIlieHTIB TEIUIOBiNAadi opeOpeHuX TpyO y KUIUITIOMY IIapi Ta MyIbCYIOUOMY KH-
IUITYOMY IIapi BENMKHX YacTHHOK mpu Temreparypi mapy 800-1100 °C. Ilpaktuyna 3HauumicTb. OTpumani
B po0OTi pe3yIbTaTH AO3BOJIIOTE PO3POOIIATH TOMKOBI MPUCTPOI 3 HUIBKOTEMIIEPATYPHUM KHIDLIYUM IIapoOM IIIs-
XOM 3aHYpPEeHHS B IIap OpeOpeHNX TpyOUacTUX MOBepXOHb. JlOCHiaHI TaHi y3aranbHEeH] Ta IpeICTaBlIeHI B KpUTepi-
IbHOMY BHUIJISIAI, 3pYYHOMY TS IPAKTHIHOTO BUKOPHCTAHHS.

Kniouosi cnosa: TennooOMiH; KUIUITYME map; opeOpeHi MOBEpXHi; MyJIbCYIOUNH KUIULUUH 11ap; TeIUIoBi1aya,
KpHUTepiaJbHI PIBHAHHS
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INTENSIFICATION OF HEAT TRANSFER
IN A HIGH-TEMPERATURED FLUIDIZED BED

Purpose. This paper highlights experimental research of heat exchange in coarse particles to ensure the perfor-
mance of ecological characteristics of Heat supply system. Methodology. The test stand has been developed to
solve the defined task. It helps to do the research at the temperature of fluidizing bed and pulsating fluidizing bed at
the range 800-1000 °C. The temperature of the fluidized bed was provided by burning natural gas and wood waste.
Sand and chamotte with a particle size of 1.0 to 5.0 mm were used as the layer material. The heat-transfer coeffi-
cient from the layer to the surface, immersed in the layer, and the density of the heat flux were measured by
a calorimetric method under steady-state conditions. Smooth tubes and transversely finned with different height and
rib spacing were investigated. Experiments in a high-temperature pulsating fluidized bed were carried out with pul-
sating combustion of natural gas in a layer or in a sublattice chamber into which natural gas and air were separately
supplied. The frequency of combustion pulsations was provided by the automation system. The flash frequency was
regulated in the range from 0.14 to 5 Hz. Findings. It is presented the results of physical modeling to find out the
heat-transfer coefficients of smooth and finned tubes in fluidizing bed of coarse particles in the process of wood
waste and gaseous fuel combusting. It is proved that the coefficient of heat transfer increases with increasing tem-
perature by 2-2,5 times in the bed which contains particles diameter of 2.5-5 mm is 300-350 Vt/(m? K) that is much
higher than for layer furnaces. The results of the experiments are presented in the form of a generalized relationship
that takes into account the diameter of the particles and the value of the finning coefficient. Heat transfer of finned
tubes is 15-20% less then smooth tubes but the density of heat flow referred to the area of a finned tube is 0,12-0,20
MVt/m? that is higher than for smooth ones. At pulsating fuel supply with frequency 1-2 Hz the heat-transfer coeffi-
cient gets higher from 10-15% till 25-30%. At a ripple frequency of 2 to 5 Hz, the heat-transfer coefficient varies
from 510 to 570 W/(m?K). With a further increase in the pulsation frequency, the heat-transfer coefficient decreases
and amounts to 515-520 W/(m?K). A significant effect of the ripple pulsation from 0.8 to
0.3 is shown: the heat-transfer coefficient is increased by 30-35%. However, an unstable combustion regime of the
gas-air mixture and the ejection of material particles from the layer are observed. The results of the experiments are
presented in the form of a generalized relationship. Originality. The authors have presented the obtained experi-
mental data about heat-transfer coefficients of finned tubes in fluidizing bed and pulsing fluidizing bed of coarse
particles at the temperature of layer 800-1100 °C. Practical value. The results obtained at the research help to de-
velop furnace devices with low-temperature fluidizing bed in the process of immersion in a layer of finned tubes
layers. The research data is presented in criterial view which is convenient for practical using.

Keywords: heat exchange; fluidizing bed; finned surfaces; pulsating fluidizing bed; heat transfer; criterial equa-
tion
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MOJEJIb TIOABEILINBAHUA
MATHUTOJIEBUTHUPYIOLIEI'O ITOE3 1A

Heas. Peammzamus nesutannonnoit cuisl (JIC) marautoneButupyromero noesga (MJIIT) npoucxogut B mpo-
I[ecce B3aWMOJCHCTBUS MAarHUTHBIX moiieii cBepxmpoBomsamux moe3nHsix (CIIK) m KopoTKO3aMKHYTHIX MyTEBBIX
koHTypoB (KIIK) neButannonnoro y3ma (JIY). Mcxonst u3 3Toro, 1enpio0 HACTOSAIIETO UCCISIOBAHHS SBISIETCS T10-
JIydeHHEe KOPPEKTHOTO OIMCAHUS TaKoro B3auMmopaencTBus. Meroauka. Ha coBpeMeHHOM 3Tarne OCHOBHBIM U Hau-
60nee YHUBCPCAJIIbHBIM HMHCTPYMCHTOM aHalin3a U CHUHTEC3a MNPOLCCCOB U CUCTEM SBJIACTCA UX MATCMAaTUYCCKOC
1, B YaCTHOCTH, KOMIIBIOTEPHOC MOACINPOBAHUC. B T0 xe BpEMs paJUKAJIbHBIC MTPEUMYIIIECTBA 3TOI'0 MHCTPYMEHTA
JienaroT emeé Oosee BaKHOM MPENN3MOHHOCTE BEIOOpPAa KOHKPETHOW METOIMKH IPOBEAEHUs HcciienoBanus. Ocodyro
aKTYaJIbHOCTh 3TO MMEET I10 OTHOMICHHIO K CTOJb OOJBLIMM M CIIOXHBIM crcTeMaM, KakumH siBisitotes MIJIIL. Tlo
9TOH npuuYMHE B paboTe 0co00e BHUMAHHE YNEJIICHO apryMEHTHPOBAaHHOMY OOOCHOBaHHWIO BHIOOpA CEIEKTHUBHBIX
0COOEHHOCTEH HCCIeI0BaTENbCKOM TapaaurMel. Pe3yabTaTsl. Pe3ynpTaThl aHanm3a CymecTBYIONINX BEPCHi Mo/Ie-
mn peamm3anuu JIC CBHUAETENBCTBYIOT O TOM, YTO Kakgas W3 HUX, Hapsaay C IpEeUMyIIecTBaMu, OO0JamaeT
W CYIICCTBEHHBIMH HEIOCTaTKaMU. B CBS3M C 9STUM, OIHUM W3 OCHOBHBIX PE3YJIbTaTOB HCCIICIOBAHHUS
JIOJDKHO SIBUTHCSI TIOCTPOCHUE MAaTEMAaTHYECKON MOJEIH pean3alyi YKa3aHHOW CHIIBI, COXPAHSIOMEH MpenMyIe-
CTBa YIOMSHYTBIX BEpPCHHA, HO CBOOOAZHOM OT WX HEIOCTaTKoB. B pabore apryMeHTHpOBaHHO OOOCHOBaHa
palMoOHANBFHOCTh NpPHUMEHEHHWs, i 1ened wuccnenoBanus JIC moe3ma, WHTETPaTHBHOM — XOJNHUCTHYECKON
HapajiurmMpl, AaCCUMWIHPYIOIIEH IPEUMMYLIECTBA TEOPUM JJIEKTPUYECKUX Lened U MarHuTHOIO  IIOJIS.
Hayunasi HoBu3HA. IIpMOpPUTETHOCTL CO3JaHMsI TAKOM MApaJUIrMbl, & TAKXKE COOTBETCTBYIOLIEH BEPCUM MOAEIU
peanuzarnuu JIC cocTaBisioT Hay4dHYI0 HOBH3HY HccienoBanus. [IpakTtnyeckasi 3HaYuMMOCTb. OCHOBHBIM ITPOSIB-
JICHUEM NPaKTHYECKOM 3HAUYMMOCTH palbOTHI SIBIISETCS BO3MOXKHOCTB, B CIIydae HCIIOJIB30BaHMS €€ pe3yJsIbTaToB,
CYIIECTBEHHOT'O MOBBIMEHUS 3 PEKTUBHOCTH TMHAMUUECKHUX nccnenoBanuii MJIIT npu oTHOBpEMEHHOM CHUKEHHUU
UX PECypCOEMKOCTH.

Kntouesvie cnosa: MarHMTONEBUTHPYIOUIMHA MOE37; MaTeMaTHUYecKash MOJENb JICBUTALUU; WHTErpaTHUBHAS
napasurma ncciaej0BaHus

BBenenue THIX MapajgurM. AHAJU3 CBONCTB YIOMSHYTBIX
BEpPCUI MOJIENH CBUIIETEIHCTBYET O TOM, UTO KaX-
Jlasi U3 HUX 00JIa/laeT KaK MPEeUMyIeCTBAMHU, TaK U
HejocTaTkamu. WX  o0mas  moJOKUTelbHas
gepTa — J0CTaTo9Has (QYHKIMOHATHHOCT., OCHOB-
HOMW K€ UMMAaHEHTHBII HENOCTAaTOK TaKUX BEpPCUU
— HEeCTalHOHAapHOCTh U((HEepeHIINANTBHBIX YpaB-
HEHUH, BBI3BAHHAS LIUKIMYECKOW NEPEMEHHOCTHIO
uX KOA(QUIHMEHTOB, COOTBETCTBYIOIIUX COOCT-
BEHHBIM U B3aUMHBIM HHIYKTUBHOCTSIM JTUCKPET-

Toxu u nonst kouTypoB JIY MIJIIT — koMIIoHeH-
Thl EIMHOTO JIIEKTPOMArHUTHOTO CyOmporiecca
THIIEPIPOIIecca AIEKTPOMEXaHHYECKOTO Mpeodpa-
30BaHUA SHEpruu. MojenupoBaHue 3THUX KOMIIO-
HEHTOB BIIOJIHE BO3MOXHO [4] B paMKax mapaaurm
TEOPUM 3JEKTPUUECKUX LIENeH U 3JIEKTPOMAarHuT-
Horo noJis. IToaToMy cyliecTByrolMe BEPCUU Ma-
TeMaTtuyecko wmoaenmu moxasemmuBanus (MMII)
MJIII noctpoens! [4, 13, 14] ucxoas u3 ynomsiHy-
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PYXOMMI CKJIAJ] 3AJII3HULIB I TATA TTOI3/1B

HBIX MyTeBBIX KOHTypoB (IIIK) JIY kak mexnmy
co0OH, TaKk M CO CBEPXIPOBOAALIMMHU MOC3THBIMH
koHTypamu (CIIK), B 3aBUCUMOCTH OT TMOJIOKEHUS
noesfa. JTO CYIIECTBEHHO 3aTPyIHSET pEIICHHUE
3a/1a4 ONMUCHIBAeMOW JUHAMHUKH [12], pagukainHO
CHIKasl IPAKTUYECKYI0 LIEHHOCTh BEPCUIl MOJIEIH.

Henn

Wznoxxennoe BeiBISIET [5, 8, 11] akTyanbHOCTH
coznanust MMIT MIJIII, accumunupyroleil JOCTOUH-
CTBa MMEIOIIUXCA BEpCUM TAKOH MOJENH, HO CBO-
OonmHOI oT X HenocratkoB. CHHTE3 TakOW MOJENH
SBJISICTCS] OCHOBHOM LIEIIbIO HACTOSIIIEH paOOTHI.

Metoauka

DIIeKTpOMEXaHUYECKOe  DHepromnpeoodpa3oBa-
Hue JIY MIIII ocymecTBisieTcs B IpoLEecce B3au-
mozericteus noneit TokoB CIIK u ITIK. TToatomy
nmatTepHoM JieputanuonHoi cuiel (JIC) moesma
SBIISIETCA B3anmojeicTBue Toka diemeHTta CIIK
¢ nmoneMm TtokoB JIIIK. Takoe B3aumopelcTBHE MO-
XKeT OBITh ONHCAaHO BHIPAKEHHWEM 3aKOoHa Amrepa

[2]:
— B i
S, =1y, i - By, - Sina, (1
e fg, — CUNa, IEUCTBYIONIAs HA Y -Thii dJIEMEHT

B-ro CIIK; le ,im,Bgy,aBV — JUIMHA DJICMCHTA,
TOK B HEM, MHAYKIHS IOJS, B KOTOPOM 3JIEMEHT
HAXOJMTCS, & TAKXKE YTOJI MEXKIY * u By, .

Pacuérnbie cxemsr CIIK u cexuuit JIIK npu-
HSTBI, COOTBETCTBEHHO, B BHJE HaOOpOB rajibBa-
HUYECKH HE CBS3aHHBIX IPOBOISIIUX MPSIMO-
YTOJIBHBIX PaMoK, a TakKe Map MISHTUYHBIX Hpsi-
MOYTOJIBHBIX KaTYILIEK, COEAMHEHHBIX COIJIACHO
HyJIb-TTIoTOuHOM cxeme [4]. Torma JIC moe3na om-
penenMMa Kak BEKTOpHas CyMMa BEJIUYHH

E VXE[L_]V], ¥ €[1,4], xaxnas U3 KOTOPBIX, —

3TO pe3yibTaT B3aUMOJEHCTBHS TOKa OJHOTO W3
anemenToB CIIK ¢ monmem TOkOB B3aumMozeHcT-
Byromux ¢ HuM JIIK. B mocrnenHeM BbIpa)keHHH,
N — gucno ynomsnyTeix CIIK. JluHaMuka siex-
TPOMAarHUTHOI'O KOMIIOHEHTa TaKOro B3aWMOICH-
CTBUS OTpEAETSeTCS YPaBHEHUAMH BTOPOTO 3aKO-
Ha Kupxroda [2]. [Toacucrema «CIIK — JIITK»,
KaK MpaBUJIO, BBIPOXKACHA [8] — EMKOCTHBIE IOKa-
3aTenu €€ DJIEMEHTOB INPEHEOPE)KUMO HU3KHU.

IToTomy,
Qe’ Vpe [(xs —E),(xp +E)], Mmonens oanekrpo-

B MHEPUUAIBHOM CHCTEME OTCYETA

MAarovuTHOroO KOMIIOHCHTA BSaHMOHGﬁCTBHH B—FO

CIIK ¢ yuutbiBaeMbIMU (B 3TOM B3aUMOJICHCTBUN)
JIIK nmeer Bup [1, 2]:

Vp.uel(xs —E).(xs +B); (2

u ! K

d/ s
Opp =Opp ~Opp> Opp :_E( pB'ZS)

Vpel(xs —E).(xg +BE)l,xk=u v k=1,(3)

rne oy Vpe[(xg —E),(xg +BE)l, x=uvk=[ -

EKTPOJBIKYIIME CHUIBI (3. A. €.) B KaTylIKax
p-ro JAIIK npu n3MeHEHUSX CLEIUIEHUH C UX HOJ-

KOHTYypaMH IIOTOKa TOKa P nerm p-ro CIIK;

N

L Lpp’ I"p v p,ue [(XB - E)’(XB + E)] — cobcT-

Pp>
BEHHbIC U B3aMMHbBIC HHAYKTUBHOCTH, a TAKXKe aK-
tuBHble conporusienns JAIIK; y, — Homep (oT Ha-

Yajla y4acTKa TPacChl, BIOJH KOTOPOTO MPOHCXO-
nut aswkenne MJIIT) mocnemnero JIIK, mome-
PEYHYI0 OCEBYHO JIMHHIO KOTOPOTO MHHOBAala
noriepeunast oceBast nunus 3-ro CIIK; E— mono-

BuHa ynciaa JIIK, ¢ KOTOpbIMU yUUTHIBACTCS DIICK-
TpoMarHutHoe B3aumonencteue kaxaoro CIIK;

ip’ i“ v p.pne [(X[} _E)ﬁ(X[} +E)] — TOKH Z[HK,

M Vpel(xy —E)(xs +B)], k=uvk=[ - B3a-
MMHBIE HHAYKTUBHOCTH Mexny P -bim CIIK m ka-
TymkaMu B3aumogeicTByroumx ¢ Hum JIIK;
t — TeKyIIee BpeMs.

brnarogapsi IpUHATEIM KOHCTPYKIIMOHHBIM Me-
pam [4], 3HAYCHUS TOKOB isk Vke[l,_K], HU3MCHSI-

FOTCSA JOCTATOYHO MEJICHHO M, Ha HHTEpBajax,
COM3MEPUMBIX CO BPEMEHEM HAOIOJCHUS IBUXKE-
HUS T0€3/1a, MOTYT CUHTAThCS PABHBIMH MEXKITY
000 ¥ IOCTOSTHHBIMU

i* =i =const VAe[l, K], (4)
rie K — uncno CIIK, ycranoBnennsix Ha MJIIL
3nauenue xxe E HyXHO BBIOMpATh Tak, YTOOBI 1O
o0eum ctopoHam ot kaxaoro [3-ro CIIK B ATIK,
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OPEIIECTBYIONINX, a TaKkKe CIeAyluX 3a
YUUTHIBAEMbIMH, BEJINYHHBI
O VPp<%—E Vv p>y; +E, x=u v,k=1

JlaXke B HEPaBHOBECHOM cocTosiHuu JIY, Obutn OBl
MPEHEOPEKUMO MAJBI.
CIIK u JAIIK B3auMONOJBUKHEI.

LppaLpuaM;){X Vp,uel(x, —E).(x, + Bl

re[LK], Kk=uvK=[ AMEIOT MUKINICCKN H3Me-

[TosTomy

HAIOIMHUECS BO BPEMEHH 3HAYCHHUSA. JTO, B CBOIO
ouepeslb, MPHUBOIAUT K HECTAI[MOHAPHOCTU KOI(-
¢unmenToB ypaBHenuit (2), (3) u, KaKk OTMEYEHO,
CYIIECTBEHHO CHHUXAET MPAKTHYECKYIO IEHHOCTb
Bepcuu Mojaenu. C MeNbio yCTpaHeHUsT YKa3aHHOTO
HeJocTaTka, peanusauuio craaratomux JIC MIII
cienyeT paccMaTpUBaTb OTHOCUTEIBHO KOOpIU-
HaTHBIX CUCTEM, B KaXJIOW M3 KOTOPBIX paccMart-
puBaemblii CIIK u yunThiBaeMmble BO B3aHMMOJCH-
ctBud ¢ HUM [IIK ycloBHO B3aMMHO HEMOABUXK-
HBl. B Takom KkadecTBe, ymoOHEe BCETO IPHUHSTH
[11] OTCUETHBIE CHUCTEMBI

Cn" Vie[lLK],nell,3], xaxagas u3 KOTOPBIX
xk€ctko cBia3aHa ¢ A -biM CIIK. WMuepnwmanbHEI-
mu C,n" VA €[1,K],ne[L,3], B 0Otem ciydae, He
ABIAIOTCA. B TO ke Bpems, BecbMa jKelaTelbHO
[7], 4yToOBI ypaBHEHUS, ONMUCHIBAIOIINE AMHAMHKY
ANIEKTPOMArHUTHOTO KOMITOHEHTa B3aUMO/ICHCTBUS
CIIK ¢ AIIK, umenn TeH30pHBIN xapaktep. Takue
ypaBHeHUsT MOTYT ObITb momydensl [10], u3 pa-
BEHCTB THIA (2) MyTEM 3aMEHBI B HUX JIOKAJIBHBIX

d D
MIPOU3BOJIHBIX z abCONTIOTHBIMU z, a TaKxe
t t

nepexoga B moxenu (2), (3) kK KoopaAMHATAM
i VA e[LK],ne[L3].
YHOMSIHYTBIMH  TTPOU3BOTHBIMH,
umeeT Bun [10]:

D -
an=%nz+em-wa-n;w,ve[1,3], )

COOTHOLIEHUE  MEXIY

KaK HM3BCCTHO,

re e, Vu,ve[l3],m, — cumson Jleu-Uusura,

a TaKXKe BEKTOP YIJIOBOM CKOPOCTH BpaIlEHHS
Cn" Vuell,3].

Ilocne ykxa3aHHO# 3aMEHbI, COOTHOLIEHUS, TO-
ny4deHHble U3 (2), TpUOOpETalOT TEH3OpHBIA Xa-
paktep. IlosTomy, B yactHoCTH, UX (opma craHoO-
BUTCSI NHBAPUAHTHOMW 10 OTHOIIEHUIO K KOOPAHMHA-
TaM, B KOTOPBIX OHM 3amucansl. Ilepexon xe K Ko-

opauHatam m'h V ue[l,_3] OCYIIIECTBUM COIJIACHO

BBIPpa)XCHUAM:

W _ QM. P
na—Spa

Vpel(t, —BEn(t, +Blnell3] (6

1 .
rac Sp — MaTpuia HpeO6paSOBaHI/IH KOOpJAUHAT:

My
oeP

Vpel(t, —E:(xe +B)pell3].  (7)

9 =

Ha ocu nhVue [1,3]

u e"Vpel(x, —E).(x, +E)] Moryr mpoemupo-

BaThCs JTIFOObIE BEKTOPHBIE BEIMUYWHBI, XapaKTepH-
3YIOIIHE IEKTPOAUHAMUKY B3aummoneicTBus CITK
u MIIK B cucremax oTCYETa COOTBETCTBEHHO

C.n" Vuell,3] u Qe’Vpel(x, —E).(x, +E)].
B wactHOCTH, UMH MOTYT OBITH BEKTOPBI TOKOB,
3. 1. C. U UHAYKUUHU MOJIEH.

Breipaxxenus ajis cBsizeil Buza

n, =1, (e”)
Vpel(t, —E)(t, +E)inell3] (8

MOTYT OBITH MOJIyYeHBI MCXOAS U3 TOTO0, 4To [5],
B IIPOLIECCE ONMCHIBAEMOTr0 KOOPAMHATHOTO Tpe-
00pa3oBaHMs, €r0 MHBApPHAHTAMH SIBISIOTCA aM-
TUTMTYJbl TOKOB B PacCMaTpHUBaeMbIX KOHTYpax,
a TaKkKe MX 9. 1. C.

C MOMOIIBIO K€ MAaTPHUITBI

Vpel(t, —E).(te +B)nell3],  (9)

OCYILECTBUMO 0OpaTHOE MpeoOpa3oBaHue

e” =9y m
¥V pel(ts —B).(t, +Binell3].  (10)
B BBIPKEHUSIX 3 UL
0;;3 Vpel(xs —E).(xs +E)] K=uvK=I,

My, Vpel(xy —E)(xs +E)l, x=uvk=I cyme-

CTBCHHO 3aBHCAT, B 4YaCTHOCTHU, OT B3aUMHOI'O pac-

doi 10.15802/stp2017/115411

© B. A. ITomsaxos, H. M. Xaganypunse, 2017

93



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxa ta nporpec Tpancnopty. Bicauk [{HinponeTpoBchKkoro

HaI[iOHAIBHOTO YHIBEpPCHTETY 3ali3HHYHOr0 TpaHcnopty, 2017, Ne 5 (71)

PYXOMMI CKJIAJ] 3AJII3HULIB I TATA TTOI3/1B

nmonokeHuss  paccmarpuBaemoro  [-ro  CIIK

u JIIK, B3aumonelicTBUe C KOTOPBIMU IJISi HETO
paccmatpuBaercs. [losTomy

;[3 (WB) Vpe [(XB _E)a(XB +E)],

K=uvk=I[,

K =
pp

(11)
II€ Wy — KOOpJMHATa, ONpejeNsiolas TeKyIee

nonokeHue paccmarpuBaemoro [-ro CIIK otHo-

CUTEeNbHO Hayaja orcuéra asuxkenus MJIII Bmoin
ocu mytu. Ilpu stom, mockoneky JAIIK Bromns
Tpacchl NBIDKCHUS I0€3/1a PaCIoIaraloTCs pery-
JIIPHO, MOCJIETHUE 3aBUCUMOCTH UMEIOT FapMOHU-
YecKuil xapakrep. B To ke Bpewmsi, coBpeMeHHbIE
CITOCOOBI M3MEPEHUS MO3BOJIIOT [9] PKCIIeprUMeH-
TaTbHO-PACYETHRIMUA METOJIJAMHU CO BIIOJIHE MPUEM-
JIEMOW TOYHOCTBIO OTPEACISATh 3HAUCHUS B3aMM-
HBIX WHAYKTHBHOCTEH KOHTYPOB MAarHHTOCBS3aH-
HBIX 3JIEKTPUYECKUX IIeTIeH IpH pa3IndyHOM TEKY-
oieM KX  [POCTPAHCTBEHHOM  B3aUMOpPACIIO-
JIOKEHUH. JTO, B CBOKO OYepeib, IMO3BOJIAET, HC-
MOJIB3YSl YHOMSIHYTBIE METOIBI, MMOTOYEYHO CTPO-
UTh HCKOMBbIe 3aBucumoctu (11) Ha TpeOyemoin
cetke w,. [lanmee, ¢ HCIOIB30BaHHEM METOMOB,

Hampumep, TMOJMHOMHUHAIBHOM perpeccun [6],
peanu3anus KOTOPBIX AOCTYIIHA B Psili€ COBPEMEH-
HBIX CUCTEM KOMITBIOTEpPHOW MaTeMaTuku (Hampu-
Mmep, Mathematica), 3aBucumoctsim Buga (11) mo-
XKET, C COXPAaHEHUEM JIOCTATOYHO BBICOKOH TOYHO-
CTH coJiepXaHusi, ObITh TpuAaHa GopMa aHaJIUTH-
4yecKux BblpakeHud. [lomuMo Toro, ¢ yuérom
paBeHCTB (4), BBIpaxeHus (3) MOTYT OBITH MPeod-
pa3oBaHbI K BUILY

°d

—0. 4, Oy =—i Wy ——M}
pB> “pB s B PB
dw[3

u ! . K

Opp =Opp

Vpel(xs —E),(xp +BE)], x=u v k=1[,(12)

L]
rIe wp — CKOPOCTh HPOINOJBHOTO (BOOJNb Kaca-
TEJIBHOW K OCH) [BWXXEHHUS PpaccMaTpUBaeMOTrO
B-ro CIIK orHOcUTENbHO TyTH. 3HAYEHUS

d
%M;ﬁ Vpellxs —E).(xg +B)], k=uvk=I
B
JUISL TIOJICTAHOBKH B BBIpaxkeHUs (12) MOTYT OBITH
MOJYYEHbl C WCIOJIb30BAHUEM, CO3JJAHHBIX OIIHU-

CaHHBIM NYTEM B (OpME aHAJTMTUUYECKUX BBIpaske-

Hull, 3aBucumocter Buaa (11). Takum oOpasom,
KaKTBIi u3 B BEKTOPOB

c_pﬁ Vpel(xs —E),(xs +E)] oxasbiBaetcst ompe-

IEJIEHHBIMU B CUCTEME orcuéra

0g” Vp e[(x; —E).(xs + B)]. Manee, ¢ ucnons3o-

BaHHEM COOTHOIICHUH Buaa (6) — (8), Kaxapli Ta-
KOW BEKTOp MOXET OBITh ONpenenéH B CHUCTEME

Cgn" Ve e[l,3] npoekuusamu 6,V € [1,_3].

IMocne npeobpazoBanuii, ypaBHEHUs, TIOJTYYCH-
Hble U3 (2) u (3) myTéM ux TpaHChHOpPMAIUA B TPH-
3ap Cﬁn“ VYue[l,3] ¢ ucnoab3oBaHUEM COOTHO-

menuit (5) u (6), IpHOOPETAIOT BU
d . v
G =L, -(Ez“ +ep, 0 -1 )-‘r

d T 0
+LHT ( ; 1+ eTBe COB 1|+ l"H 1

Vv, 1,0 [1,3]; (13)

— QM.
GHB_SP Opp

vV pe[(xy —E).(xy + E);ne[L3]

o~
Opp =Opp ~Opp>

°d
K . K
Gy =1, Wy ——M
pB s B pB
dwy

Vpel(xs —E), (g +E)l,k=u v k=1I[. (14)

VYpaBuenus (13) umerotr nocrosHHbIE K03DDU-
LUCHTHI, SIBJSIFOTCS TEH30PHBIMH M ONHUCHIBAIOT
ToKOBYI0 nuHamuky JIY MIJIIl B kKoopauHatax

i* Vuel[l,3]. Mocne ux (Kak MpaBHIO — YKMCIIEH-

HOTO) pa3peleHns] OTHOCUTENHHO 3THX MepeMeH-
HBIX, TIOCJIEIHHE, C HUCIOJB30BAHUEM COOTHOIIIE-
Huit (10), MoryT OBITH MPeoOpa3OBaHBI B KOOPAH-

natel i° Vpe[(yx; —E),(x + E)], 3nauenus xoro-

PBIX ONPENEISIIOT peanbHble ToKU B Lemsax JAIIK.
MarnutHas nens JIY mnpenmnonaraercss HeHa-
ceimenHoit [4]. [loaToMy OHa MOXET CUHTATHCS
YCJIOBHO-TMHEHHOW TOACHUCTEMON U, CJEI0Ba-
TETBhHO, K HeW MPUMEHUM TPUHIUN aJANTHBHOCTH.
Hcxonst u3 3T0TO, pe3yibTHpYIOIIEE I0JIE TOKOB
AIIK B 110001 TOUKE FEOMETPUYECKOTO MPOCTPaH-
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crea O, Vy€[l,3], B KOTOPOM peanbHO BIKCT-

ca CIIK otHocutenbHo JIITK, MOXKeT onmMChIBaTHCA
KaK CyMMa IIOJICH, CO37aBaEMbIX B 3TOU TOUYKE TO-
Kam# oTAenbHbIX Moaynen AITK:

— LoPe P -
BYB_vaﬁ eser=1;

(15)

rae ByﬁaByvape[(Xﬁ_E)’(XB +E)],’Y€[1,3] -
IPOCTPAHCTBCHHBIC KOMIIOHCHTBI HHAYKIINU I10JIA,

€03/1aBaeMOT0 BCeMH (yUHUTHIBAEMBIMH BO B3aHMO-
neiicteun ¢ P -piM CIIK) moxymsimu 11K, a Taxoke

Vpel(xy - E).(xy + )], ve[l.3],

OTJIENPHBIMHU TaKUMH MOJYJISIMH B paccMaTpuBae-
MO TOYKE 3TOr0 MpocTpaHcTBa. B cBOIO ouepeib,

3HAYCHUsI KOMIIOHEHTOB B o Vv e[l,3] mmst xax-

noro o -oro moxnynsa HIIK, onpeaenumel Bbipaxe-
HUSAMU

B, (i) = Bl (i) — Blog (i) Yy €[L3], (16)

K
yop

HbIC KOMIIOHCHTBI MHAYKIHWHU IOJIA TOKOB KaTyHICK
o-ro [IIK (B3aumomelcTByIOmMEro ¢ [3-BIM

rIe Vye [l,_3], K=uVK=[/ — IpOCTPaHCTBEH-

CIIK). BrelpaxkeHust a1 OTNpeaeNieHUs 3HAYCHHIMA
Kk =uvk =/ nonyuensl B [3]. Jlanee, B cooTHOIIIE-

Hus Buza (16) mocneoBaTeIbHO MOACTABISAIOTCS 3HA-

YEeHUS TOKOB [° Vpel(xs —E),(xp +E)] 1, Takum

3HAYECHUS B

o0pazom, op

HaxXOIATCI

Vpel(xy —E).(xp + E)]. v €[L,3], a 3atem 1o muw,
cormacHo (15), —u B, Vy € [1,_3] .
ITockoyibKy  MPOCTPAHCTBO

CHUCTEMBI OEy

Vv €[l,3] — eBKAUAOBO, TO, UCXOJA U3 €0 METPHU-
KM, MTHOBEHHOE 3HAYCHHE MOJYJIS BEKTOpa IMOJ-

HOUM MHIYKIIMU TOJs, co3naBaemoro Tokamu JI1K,
B3aumonericTByromux ¢ f3-piM CIIK, MokeT OBITH

ONpeJIETIEHO BHIPAKEHUEM
B, =./BY(§) e’ el =1 Vye[l,_3].

Pe3syabTaTthl

(17

Co3nana WHTErpaTHBHas MapaaurMa MOJAEIH-
poBanus nojsemuBanusg MJIII, accumunupyroias
JIOCTOMHCTBA TEOPHH IeMnei U moisi, Ho cBOOO HAS
oT ux HegoctaTkoB. [loctpoena MMII MJIIL, He
uMmeromias eeKTOB MpeAbIAYIINX BEepcuid Moie-
U, DTHM pelIeHa 3aada HaCcTOSIIeH YacTH WC-
clIeJOBaHUS.

Hayuynasi HoBuU3HA
U NPAKTUYeCKasl 3HAYMMOCTh

Hayunyro HOBU3HY HCCIIETOBAaHUSI COCTABIISIIOT
MPUOPUTETHOCTh CO3JIaHUSI MHTEIPATUBHOM XOJIH-
CTUYECKOM MapaJurMbl MOJECIUPOBAHUS MOJIBEIIIH-
BaHuss MJIII, a Takxe COOTBETCTBYIOIIEH BepcUU
Mozaenu peanuzauuu JIC. OCHOBHBIM NpPOSIBICHU-
€M TIPAKTUICCKOW 3HAYNMOCTH PaOOTHI SIBISICTCS
BO3MOXHOCTh, B Clydae HCIOJB30BaHUS €€ pe-
3yJBTAaTOB, CYIIECTBEHHOTO MOBBIMICHUS 3(hek-
TAUBHOCTU JIHHAMHUYecKuX wuccienoBanuii MIIII
MIpH OJHOBPEMEHHOM CHIDKCHHU UX PECYPCOEMKO-
CTH.
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MOJEJb NIIBIIIYBAHHS MATHITOJIEBITYIOUOI'O MOI31A

Mera. Peanizamis nesitariiinoi cuiu (JIC) marunitonesityrouoro noizaa (MJIIT) BinOyBaeThest y mporieci B3ae-
MoJii MarHiTHUX noiiB Haanposiguux noizuux (HIIK) i koporkozamkueHux nuisixoBux koHTypiB (KILK) nesita-
uiitHoro By3na (JIB). Buxoasuw i3 11boro, METOO IIbOTO JIOCIIPKEHHS € OJIep)KaHHsI KOPEKTHOTO ONHCY TaKoi B3ae-
mozii. Ha cydacHoMy erami OCHOBHUM i1 HalOLIbII yHIBEpCAJBHUM IHCTPYMEHTOM aHANi3y W CHHTE3y IpOIECiB
1 cHcTeM € X MaTeMaTHYHe Ta, 30KpeMa, KOMIT'I0TepHe MojieoBanHs. MeToanka. Y Toif ke 4ac paauKaibHi Iepe-
Bard bOTO iHCTPYMEHTA POOIIATH e OLTBII BAXKIUBOIO MPEIH3iHHICT BUOOPY KOHKPETHOI METOIVMKH ITPOBEICHHS
nmociimkerHass. OcoOIUBY aKTyaIbHICTB IIe Ma€ CTOCOBHO TaKHUX BENMKUX i CKIamHUX cucteM, skumu € MIIII. I3 miei
MPUYHHA y poOOTi 0cOOIIBA yBara mpuIijieHa apryMEHTOBAaHOMY OOIPYHTYBAaHHIO BUOOPY CENEKTUBHHUX OCOOIHBO-
cTei JocmigHUNbKoi napaaurmMu. Pe3yabTaTu. Pesynsratn anamily icHyroumx Bepciit mogeni peaumisanii JIC cBin-
9aTh Mpo Te, 0 KOXKHA 3 HUX, IO i3 IepeBaraMu, Ma€ i iCTOTHI HEJOMIKH. Y 3B'SI3Ky 3 M, OJHUM i3 OCHOBHHUX
pe3yabTaTiB JOCHIHKEHHS IOBUHHA OyTH o0y 10Ba MaTeMaTHYHOI MOJIEN peai3allii 3a3HaueHoi CIIH, 10 30epirae
nepeBary 3rajlaHix Bepcii, ajie BUIBHOT Bifl IX HemOJiKiB. Y po0OOTi apryMeHTOBaHO OOIPYHTOBaHAa palliOHAIBHICTh
3acTOCYBaHHs, JyIs 1iel pociipkens JIC noizaa, iHTerpaTMBHOT XONICTHYHOT apaJIuTMH, 1110 AaCHUMLIIOE IIepeBaru
TEOpil eNEeKTPUYHUX JIaHIIOTIB 1 MarHiTHOro noisisi. HaykoBa HoBu3Ha. [IpiopuTeTHICTh CTBOPEHHS TaKOi mapaju-
TMH, a TaKkoX BIIMmoBimHOI Bepcii Mmopmeni peanizauii JIC CTaHOBIATH HAyKOBY HOBH3HY JOCIIJKEHHS.
IIpakTHyna 3Ha4YMMicTh. OCHOBHUM IIPOSIBOM ITPAKTUYHOI 3HAYMMOCTI pOOOTH € MOXKJIMBICTD, Y BUIIAJIKy BUKOPH-
cTaHHs i1 pe3yJbTaTiB, ICTOTHOTO MiJBHLIEHHsS eQEeKTUBHOCTI JUHaMiuHUX nociimkers MJIII npu onHOwacHOMY
3HIKCHHI IX PeCypCOEMHOCTI.

Kniouosi cnoea: MarHiTONEBITYIOUMA 1M0i3];; MaTeMaTHYHa MOJIENb JICBITALlll; IHTErpaTUBHA MapajurMa Jocii-
JDOKCHHS
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MAGNETICALLY LEVITATED TRAIN'S
SUSPENSION MODEL

Purpose. The implementation of the magnetically levitated train’s (MLT) levitation force (LF) occurs during the
interaction between fields of superconducting train’s (STC) and short-circuited track’s contours (STC), which are
included in to levitation module (LU). Based on this, the purpose of this study is to obtain a correct description of
such interaction. Methodology. At the present stage, the main and most universal tool for the analysis and synthesis
of processes and systems is their mathematical and, in particular, computer modeling. At the same time, the radical
advantages of this tool make even more important the precision of choosing a specific methodology for research
conducting. This is particularly relevant in relation to such large and complex systems as MLT. For this reason, the
work pays special attention to the reasoned choice of the selective features of the research paradigm. Findings. The
analysis results of existing versions of LF implementation’s models show that each of them, along with the advan-
tages, also has significant drawbacks. In this regard, one of the main results of the study should be the construction
of this force implementation’s mathematical model, which preserves the advantages of the mentioned versions, but
free from their shortcomings. The rationality of application, for the train’s LF researching, of an integrative holistic
paradigm, which assimilates the advantages of the electric circuit's and magnetic field's theory’s, is reasonably justi-
fied in work. Originality. The scientific novelty of the research — in priority of such a paradigm’s and the corre-
sponding version’s of the LF’s implementation’s model’s creating. Practical value. The main manifestation of the
practical significance of the work is the possibility, in the case of using its results, to significantly increase the effec-
tiveness of dynamic MLT research while reducing their resource costing.

Keywords: magnetically levitated train; mathematical model of levitation; integrative paradigm of research
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METHOD OF CONSTRUCTING THE DYNAMIC MODEL OF
MOVEMENT OF THE MULTI-MASS SYSTEM

Purpose. The scientific work is intended to develop a methodology for describing the structure of the railway
vehicles (they are considered as a system of rigid bodies connected by rigid, elastic and dissipative elements), which
would allow us to obtain the equations of motion in an easily algorithmized way. Methodology. When constructing
the model, authors tend to ensure that its structure reflects the structure of the mechanical system, that is, parts of the
model must correspond to parts of the car. In this case, the model takes the form of a hierarchically organized graph
whose vertices correspond to the bodies, attachment points of the connecting elements and to the connecting ele-
ments themselves, and the edges describe the sets of processes that are related to the incident vertexes. As a rule,
these are movements and forces: for the edge between the body and the attachment point they are generalized
movements of the body and the general forces acting on it; for the edge between the attachment point and the con-
necting element - the movements of the point and the forces arising in the element. To each vertex there corresponds
a group of equations describing the motion of the system. The nature of the equations depends on the type of the
vertex. For the body it is the equations of body motion; for the point - the expressions for the point displacements
through generalized displacements of the body and generalized forces acting on the body, through the forces arising
in the connecting element; for the connecting element - the expression for the forces arising in it through the defor-
mation of the element. The graph can be regarded as oriented. The direction of the edge is chosen in such a way that
for each vertex the values on the right-hand side of the vertex-associated equation would correspond to the incoming
edge, and in the left-hand side - to the outgoing edge. Findings. A technique for constructing a dynamic model of
oscillations of railway vehicles as a system of rigid bodies is developed on the basis of their description using hier-
archically organized graphs. The technique was tested to construct a model of spatial oscillations of a 4-axle freight
car with an axial load of 25 tons in Simulink package. Originality. For the first time, a technique has been
developed for describing the structure of a railway vehicle using a hierarchical graph, which makes it possible to
obtain equations of motion in an easily algorithmized manner. Practical value. The proposed methodological
approach will allow, after creating a library of bodies and connecting elements, to significantly reduce the time spent
on modeling the oscillations of different vehicles.

Keywords: oscillation model; railway vehicle; multi-mass system; graph

motion becomes a routine procedure, which it is

Introduction advisable to deliver into charge of the computer.
Let us consider one of the possible approaches
to the solution of this problem, for this we will pre-
sent a semi-formal way of describing the model
and the rules of compiling the equations of motion.
Actually, we will not be interested in the solution
of the equations, since for these purposes there are
universal packages of applied programs Simulink
[6], Simscape, OpenModelica, Dymola (the last

At present, the approach to constructing models
of car oscillations is well known and tested for as-
sessing the car running qualities and dynamic load-
ing of elements [12]. The car is considered as a set
of solid bodies [1], connected by rigid, elastic, vis-
cous, dissipative elements [10, 11, 13]. As a rule,
the angles of rotation are considered small values,
after which the compilation of the equations of
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two packages implement the language of the de-
scription of dynamical systems Modelica [9]) and
S0 on.

Purpose

To develop a methodology for describing the
structure of the railway vehicles (they are con-
sidered as a system of rigid bodies connected by
rigid, elastic and dissipative elements), which
would allow us to obtain the equations of motion
in an easily algorithmized way.

Methodology

When building a model, we strive to ensure that
its structure reflects the structure of the mechanical
system (car), that is, parts of the model must cor-
respond to parts of the car. In this case, the model
takes the form of a hierarchically organized graph
whose vertices correspond to the bodies and con-
necting elements, and the edges describe the sets of
processes that that are related to the incident to
edge vertices [7]. An example of the general struc-
ture of the model is shown in Figure 1.

3) | Body
Pt Ptz
[ — 1
b) Body Inertial | |
i forces | |
I o i s e
| —t : : 1 !
T || ] -
= _

Fig. 1. Car body: a — vertex representing, b — its internal
structure. Pt1 and Pt2 are attachment points of pairs «Centre
plate - Centre pad»

As a rule, a set of generalized displacements
and corresponding generalized forces correspond
to the edge.

For the edge, causality conditions can be de-
fined (for example, if the force is considered as a
function of displacements) or not (forces and dis-
placements are related by implicit relations). The
difference between the two types of edges is not
fundamental and, if desired, one can write down

the formal rules for determining the causality rela-
tion.

To describe the model-building rules, we use
the inductive approach and consider the basic types
of subsystems and the corresponding equations. In
doing so, we will try to match the set of equations
to the node, and the set of variables to the edge.

B?’F-_i._" £B1
Bgﬂ*’f‘[H

[
RP1 RP2 RP B2

| E—
Centre pad

Fig. 2. Fragment of «Bogie» subsystem

Figure 2 shows a fragment of the «Bogie» sub-
system, in which the bolster NB is connected to the
solebars BRI, BR2 with the spring suspension unit
RPI1, RP2. The motion of such a subsystem is de-
scribed by the equations that can be conveniently
divided into the following groups:

1) Equations of motion of bodies;

2)Equations expressing the movement of the
attachment points of the connecting elements
through the movements of the bodies;

3)Equation of the relationship between the de-
formation of the connecting element and the force
that arises in it.

The last group of equations refers to the con-
necting elements, the first two to the bodies. In
view of the fact that the parameters of the equa-
tions of the first two groups are different, it is ad-
visable to equip each body with an internal struc-
ture, as shown in Fig. 3, using the example of bol-
ster.

Body SK1 SK2

i T i 1 t : 1

RP1 RP2 PP
==

Fig. 3. Bolster.
Internal structure of the node
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The inner vertex «Body» corresponds to the
body motion equations. Internal vertices RPI, RP2,
PP, SK1, SK2 - to the attachment points of corre-
sponding connecting elements: spring suspension,
pair «Centre plate - Centre pad», side bearing.
These classes of vertices (for the body, for attach-
ment points of the connecting element and for the
connecting element itself) are the basic ones for
building the car model. We will dwell in detail on
each of them.

The vertex representing the motion equations of
the body, whose principal central axes of inertia
are parallel to the coordinate axes, is shown in
Fig. 4.

This vertex can be incident with several edges,
each of which is associated with a set of gene-
)

ralized displacements ¢“’ and generalized forces

0" . The edges connect the vertex «Body» with
the vertex «Pointy.

The physical meaning of the processes ¢/ —is
the generalized displacements of the body.

The vectors QY correspond to generalized

forces acting on the body at the j-th point. The
body motion equation includes the sums of the
components of these vectors, and the motion equa-
tions themselves take the form:

6;;6: X9,

2y 3,

2

()

d’o )
Gl

d’o )
Iy dtZ ZZ(DJ 2
i

I.,1,1

> 1,, I, — main central

where m — body mass,

moments of inertia.

Variables corresponding to displacements are
called variables of the potential type, and processes
corresponding to the forces are variables of the
current type. These names refer to Kirchhoff's laws

for electrical circuits and to the fact that the
movements in the edges incident to one vertex are
equated to each other, and the forces are added to-

gether.

/0/2(’7/29
& ]

Fig. 4. Vertex «Body motion equations»

(1

. 40"
Ll '

The vertex representing the «Point» (Figure 5)
is responsible for transforming the displacements
and forces acting on the body (superscript «0»)
into the displacements of the point and the force
applied to it (superscript «1»). The parameters of
the vertex are the coordinates of the point
X,, ¥, 2, In the coordinate system, whose origin

is in the center of gravity of the body. At small
angles of rotation, the expressions that determines

the relationship between the values ¢, 00 and
g, 0" take the form:

NOR RN 0 - N
W =04 2, 0 x| 6@ ],
A L0 -y, ok, 0@

oY) (o©

[(pm o |,

YO | | y©

XO) (xO @)

YO =] yO |,

70| | 40
0 @n} 0 - ¥
o=l |+| 2z, 0 -x, | ¥V
() w0 -y, X, 0 )| z
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k7 51 77 : 7/(2
/q/,/ﬁfﬁ Pnt /q/,/ﬂ/ﬁ

Fig. 5. Vertex «Point»

The «Connecting elementy connects the
«Pointsy of two «Bodies», Figure 6.
/ﬂ/a ) Connecting q/ﬂa 1
element

Fig. 6. Vertex «Connecting element

The deformation of the connecting element is
the difference

) )

a (o
Aq=q " —q . (3)

The force Q, arising in the connecting element
depends on the deformation Ag. The expression

for the force depends on the type of the connecting
element. For example, for a linear spring of rigidity
C, operating in a vertical direction

X=Y=0,
Z=C-Az, 4)

It is convenient to assume that the force O acts
on the Body-0 from the side of the Body-1. In this

case Q(O) =0, Q(l) =-0.

By combining the described types of vertices, it
is possible to present in a compact and visual form
a model of car oscillations, suitable for direct for-
mation of the motion equations.

Let us consider the implementation of the de-
scribed approach for building a model in the Simu-
link package. In this case, the body, point and con-
necting element are conveniently represented as
subsystems. As an example, Figure 7 shows the
Simulink scheme for the subsystem «Bolster».

S —

“Side forces
bearing” 1

~

SUPPOIT Poin!

1 Forces in
Z —— — support point T
z

[ Subsystem
"Side bearing™
N M

of support
point2

Forces in
support
point 1

Subsystern
"Spring" 1

Displacemnent of
support point T

Generalized displacemients
and speeds

Excitation

Fig. 7. Subsystem «Bolster» in Simulink model

A non-trivial matter is the question of compar-
ing each edge with the direction of signal propaga-
tion, which is chosen so that for explicit expression
of some values through other the argument is the
input, and the function is the output.

Having examined the expression (2), we see
that the directions for displacements and the direc-
tions for forces in one edge are opposite to each
other. The direction of propagation for different
signals is given in Table 1.

Table 1
Directions of signal propagation

Vertex class Process Direction
Body q? output
ov input
Point q© input
oY output
q(l) output
oV input
Connecting 49, ¢ input
element 0O, o output

Findings

The use of the proposed method resulted in cre-
ation of a freight car model, which consists of a
body and two bogies. The bogies were considered
as a construction consisting of the following sub-
system-elements [2, 3]:

wheel sets with box;
— solebars;
— bolster;
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— springs of the central spring unit (each two-
row spring separately);

— friction vibration dampers;

— axle-box suspension;
centre pad;
side bearing.

Each of these subsystems is independent and
can be replaced with the condition of preserving
the geometric parameters of the connection points
of the element. This feature of the model is con-

Force, kN

20 202 204 206 208 2 A2 214 M6 218 22

venient to use for changing the parameters in order Time, s
to select their optimal values. Fig. 8. Vertical forces in the axle box of gondola car
The bodies, with the exception of bolsters and with axle load of 25 tons, speed of 120 km/h

bogie solebars, have 6 degrees of freedom; the
angles of rotation are small. To better estimate the
dynamic loading of the bogie cast parts, the de-
tailed models of spring suspension (up to individ-
ual springs and friction wedges, which are consi-
dered as separate bodies of the system) and axle
box were developed. ) o

The model will be used to evaluate the dynamic A technique has been developed for describing
loading of bogie elements of the car with an axial ~ the structure Qf a rallway. VethI_e using a hl.erarchl—
load of 25 tons [8], in order to clarify the loads cal graph, which makes it possible to obtain equa-
arising during operation [4, 5, 14]. Vertical forces tions of motion in an easily a.llgorlthrr}lzed manner.
acting in the axle box when the car moves along a The vehicle is a system of rigid bodies connected
straight section of the track at 120 km/h speed are DY rigid, elastic and dissipative elements. The

This methodological approach will allow, after
creating a library of bodies and connecting ele-
ments, to significantly reduce the time spent on
modeling the oscillations of different vehicles.

Conclusions

shown in Figure 8. technique was tested to construct a model of spatial
oscillations of a 4-axle freight car in the Simulink
Originality and practical value package. Directions of further development: crea-

tion of the library of bodies and connecting ele-
ments, detailed presentation of the geometry of
track, the models of track superstructure and
wheel-rail interaction.

For the first time, a methodical approach to
creating dynamic models of railway vehicles based
on their description using hierarchically organized
graphs was proposed.

LIST OF REFERENCE LINKS

Butten6ypr, 1. lunamuka cucrem TBepapix e / M. Burten6ypr. — Mocksa : Mup, 1980. — 294 c.

2.  Jlunamu4eckue KayecTBa rpy30BBIX BarOHOB, MMEIOIINX TEJIEKKH ¢ AuaroHanbHbMu cBsizsimu / E. I1. Bioxus,
K. T. Anmmsic6aes, P. b. I'panoBckwuii [u ap.] // BicH. CxigHOYKp. HaIl. YH-TY iM. Bonogumupa dans. — 2012, —
Ne 5,q. 1. - C. 12-16.

3. OmpeneneHue MOMyCKaeMBIX CKOPOCTEH JBM)KEHHS TPY30BBIX BArOHOB IO KEJIE3HOAOPOXKHBIM IMyTSIM KOJIEH
1520 mm / B. [. Jarosu4, B. B. Peiokun, C. B. Mammun, A. T'. Peitnemeiicrep, A. I1. Tpskun, H. B. Xamuno-
Ba // Bicu. [Ininponerp. Hal. YH-Ty 3ali3H. TpaHci. iM. akaa. B. JlazapsiHa. — J{ninponerpoBcbk, 2003. —
Bum. 2. - C. 77-86.

4.  OmpexerneHre mapaMeTPOB MPOCTPAHCTBEHHOTO HATPYKEHHS JINTHIX neTaleil Tenexku 18-9855 mpu nposene-
HuK creHnoBbix ucnbitanuid / JI. B. Hlepuenko, T. C. Kyknun, A. M. Opnosa [u np.] // TexHuKa Kene3HbIX
Jopor. —2016. — Ne 1 (33). — C. 68-74.

5. Peiinemeiicrep, A. I'. Cnoco0bl yBelMueHHsI IPOYHOCTH OOKOBBIX paM TPEX JIEMEHTHBIX Tejexek / A. I'. Peid-

nemeiicrep, A. A. Illukynos // Hayka Ta mporpec Tpancmopry. — 2015. — Ne 5 (59). — C. 141-149.

doi: 10.15802/stp2015/55351.

—_

doi 10.15802/stp2017/112921 © O. H. Reidemeister, V. O. Kalashnyk, O. A. Shykunov, 2017

103



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKoro
HAI[IOHAJIBHOTO YHIBEPCHUTETY 3aIIi3HUYHOr0 Tpancmopty, 2017, Ne 5 (71)

PYXOMUU CKJIAJL 3AJII3HULID 1 TATA [TOI3/IB

6. Uepnnix, M. B. Simulink: HMuacTpymenT MonenupoBaHus nuHamuueckux cucteM [Electronic resource] /
U. B. Yepnsix. — Available at: http://matlab.exponenta.ru/simulink/book1/index.php. — Title from the screen. —
Accessed : 31.08.2017.

7.  Borutzky, W. Bond graph methodology: development and analysis of multidisciplinary dynamic system
models / W. Borutzky. — Sankt Augustin : Springer Science & Business Media, 2009. — 662 p.

8. Bubnov, V. M. Dynamic performance of freight cars on bogies model 18-1711 / V. M. Bubnov,
S. V. Myamlin, N. B. Mankevych // Hayka Ta mporpec tpancmopty. — 2013. — Ne 4 (46). — C. 118-126.
doi: 10.15802/stp2013/16616.

9.  Fritzson, P. Introduction to modeling and simulation of technical and physical systems with Modelica /
P. Fritzson. — Hoboken : John Wiley & Sons, 2011. — 211 p.

10. Handbook of railway vehicle dynamics / Edited by S. Iwnicki. — Boca Raton : CRC press, 2006. — 526 p.

11. Kbnothe, K. Rail vehicle dynamics / K. Knothe, S. Stichel. — Cham : Springer, 2017. — 321 p.

12. Shabana, A. A. Dynamics of multibody systems / A. A. Shabana. — Cambridge : Cambridge university press,
2013.-374 p.

13. Shabana, A. A. Railroad vehicle dynamics: a computational approach / A. A. Shabana, K. E. Zaazaa,
H. Sugiyama. — Boca Raton : CRC press, 2007. — 343 p.

14. Shykunov, O. A. Three-Element Bogie Side Frame Strength / O. A. Shykunov // Hayka Ta mporpec Tpancmop-
Ty. —2017.—Ne 1 (67). — C. 183-193. doi: 10.15802/stp2017/92535.

O.T. PEUIEMEMCTEP!, B. O. KAJIAIIIHUK?, O. A. [IIUKYHOB?*

'Kad. «Baronn ta BaroHHe ToCIoAapcTBoy, JIHIMpONeTpoBChKiil HAIOHANBHHIT YHIBEPCHTET 3aTi3HHIHOTO
TpaHCHOPTY iMeHi akafemika B. JIazapsina, Byn. Jlasapsna, 2, Tainpo, Ykpaina, 49010, ren. +38 (056) 373 15 04,
ei1. momra reidemeister@mail.ru, ORCID 0000-0001-7490-7180

’Kady. «BaroHu Ta BaroHHE FOCIOAAPCTBO», JHIIPOIETPOBChKiil HAIIOHATLHYN YHIBEPCHTET 3ali3HHUHOTO
TpaHCIOPTY iMeHi akanemika B. JlazapsiHa, Byn. JlazapsHa, 2, Jlninpo, Ykpaina, 49010, ten. +38 (056) 793 19 16,
eit. nowra kv47@i.ua, ORCID 0000-0002-8073-463 1

*Ka¢. «Barouu Ta BATOHHE OCIIOAAPCTBOY, JHINPOIETPOBCEKIil HALIOHANBHHIA YHIBEPCHTET 3ai3HAYHOIO
TpaHcropTy imMeHi akagemika B. Jlazapsina, Byn. Jlazapsina, 2, uinpo, Ykpaiuna, 49010, ten. +38 (056) 373 15 04,
ein. owra tri_s@ua.fm, ORCID 0000-0002-8256-2634

METOJIUKA MOBYJJOBU ITMHAMIUYHOI MOJEJI PYXY
BATATOMACOBUX CUCTEM

Meta. Y HaykoBiii poOOTi HEOOXiIHO PO3POOUTH METOIUKY OMKCY CTPYKTYPH 3aJII3HUYHUX €KiNaxiB (po3riisi-
JIAFOTHCS SIK CUCTEMa TBEPIMX Til, 3’€JHAHUX >KOPCTKUMH, NPYKHUMH Ta JUCHIIATHBHUMHU €JIEMEHTaMH), sIKa J10-
3BoJIMIIa O OTPUMATH PIBHSHHS PyXy CIIOCOOOM, IO JIETKO alnropuTMmisyerbes. Meroauka. [Ipn nobynosi moneni
aBTOPU IparHyTh JI0 TOTO, 100 i CTPYyKTypa BimoOpaxana CTPYKTypy MEXaHiYHOI CUCTEMH, TOOTO YaCTUHH MOJEN]
MOBHMHHI BiINOBiAAaTH YacTMHaM BaroHa. [Ipu npoMy Monens HaOyBae QopMy iepapXidyHO OpraHi3oBaHOTro rpada,
BEPIIUHM SIKOTO BiAIMOBINAIOTH TiJlaM, TOYKAM KPIIICHHS 3’ €IHYBAJIbHUX CJICMEHTIB Ta CAaMHUM 3’ €JHYBAJILHUM elle-
MEHTaM, a pedpa ONHCYIOTH CYKYITHOCTI MPOIECIiB, SKi MAarOTh BiJHONICHHS IO IHIWACHTHHX peOpy BepmuH. Sk
TIPaBUJIO, 11 TIEPEMIIIEHHS Ta CHIIK: IS pedpa MiXK TLTOM i TOYKOIO KPIIUICHHS — y3arajibHEeH] epeMileHHs TiTa Ta
ZIiF0Yi Ha HBOTO y3araibHEeHi CHIIHN; I pedpa MiXK TOUKOIO KPIMJICHHS 1 3’ €AHYBAJIILHUM €JIEMEHTOM — IIePEMIIIeH-
HSl TOYKH 1 CHJIM, III0 BUHUKAIOTH B eneMeHTi. KoxHil BepIInHi BiAMOBiAA€ Irpyma piBHIHb, 0 ONUCYIOTh PyX CHC-
TeMH. XapakTep piBHAHb 3aJICKUTH BiJ THITy BepIIHHU. {7 Tia — piBHAHHS pyXy Tija; A TOYKU — BUPA3U mepe-
MIIIICHb TOYKH Yepe3 y3arajbHCeHI MEPEMIlICHHS TiIa i y3arajJbHEHUX CHJI, IO JIF0Th Ha TUIO, Yepe3 CHJIH, IO BH-
HHUKAIOTh y 3’€IHyBaJIbHOMY €JIEMEHTI; ISl 3’ €JHYBaJIbHOIO €JIeMEHTa — BUPA3H JUIsl CHJI, 1[0 BUHHKAIOTh B HHOMY,
yepe3 nedopmaiiii enementa. ['pad Moxke po3risgatucs sk opienropanuii. HanpsiMok peOpa oOHparTh TaKUM YH-
HOM, II00 TS KOXKHOT BEPIIMHU BEJIMYHUHY, IO CTOATH Y MPABii YaCTUHI 3ICTABJICHUX BEPIIIMHI PiBHSHB, BIAOBIIa-
U pedpy, IO BXOJNUTH, a B JiBiii — Buxoauts. Pe3yabTaT. Po3pobiieHo MeToauKy moOyIoBH AMHAMIYHOI MOJEIi
KOJINBaHb 3aJi3HMYHHX EKiMaXKiB sIK CUCTEMH TBEpAMX Tl HA OCHOBI IX OIHCY 3a JOTIOMOTOI0 i€papXidHO OpraHi3o-
BaHUX TpadiB. Meronnka BUpoOyBaHa I TOOYIOBH MOJEI IMPOCTOPOBHUX KOJNHWBaHb 4-BICHOTO BaHTa)KHOTO Ba-
TOHA 3 OChOBHM HaBaHTaXCHHsAM 25 Tc B makeri Simulink. HaykoBa HoBu3Ha. Briepiie po3po0iieHO METOAUKY
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OIUCY CTPYKTYPH 3aJi3HMYHOT'O €KillaXKy 3a JIOIOMOTOI0 iepapXiyHoro rpada, ska J03BOJISIE OTPUMATH PiBHSIHHS
pyxy croco0OoM, I JIeTKO aropuTMizyerhes. IIpakTHyHa 3HAYMMicTh. 3anpONOHOBAaHMN METOAWYHMHN MiAXin
JIO3BOJIUTD, ITICJISI CTBOPEHHS OI0JMIOTEKH TiJ Ta 3’€JHYBaJbHUX €JIEMEHTIB, 3HAYHO CKOPOTUTH BHUTPATH 4Yacy Ha
MO/ICITIFOBaHHS KOJIMBaHb PI3HUX €KilaXxiB.

Knrouosi crosa: Moienb KONHUBaHb; 3TI3HIYHAN CKiMa; 0araroMacoBa CUCTeMa; Tpad
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METOJIMKA NOCTPOEHUSI JUHAMUYECKO# MOJIEJIH
JBUKEHUSI MHOTOMACCOBOI1 CUCTEMBI

Lens. B HayuHOiT paGoTe HEOOXOAUMO pa3paboTaTh METOAUKY ONUCAHUS CTPYKTYPHI XKEJIE3HOIOPOKHBIX 3KHU-
nakel (paccMaTpUBaOTCA KaK CHUCTEMa TBEPABIX TeJ, COCAMHEHHBIX XECTKHUMH, YIPYTHMH U JUCCUIIATHBHBIMU
3JIEMEHTaMH), KOTOpas IO3BOJIMIA O IOJYYHTh YPaBHEHUS JBIKEHHUS JIETKO aITOPUTMH3UPYEMBIM CIIOCOOOM.
Metoauka. [Ipu nocTpoeHNN MOJIENIN aBTOPBI CTPEMSTCS K TOMY, YTOOBI €€ CTPYKTypa OTpakalla CTPYKTypy Mexa-
HUYECKOMU CHUCTEMBI, TO €CTh 4aCTH MOJCIIN NOJI2)KHBI COOTBECTCTBOBATH YAaCTAM BaroHa. le/l 9TOM MOJICJIb an/l06pe-
TaeT (popMy MepapXHUUecKH OpraHM30BaHHOIO Tpada, BEPIIMHBI KOTOPOTO COOTBETCTBYIOT TeJlaM, TOUYKaM Kperie-
HUSI COCTMHUTEIBHBIX 3JIEMEHTOB M CAMHM COCAMHHUTEIBLHBIM 3JIEeMEHTaM, a peOpa OIMUCHIBAIOT COBOKYITHOCTH IIPO-
1IECCOB, KOTOPBIE UMEIOT OTHOIICHHE K MHIMACHTHBIM peOpy BepmrHaM. Kak mpaBuiio, 3To HepeMeIieHns U CHJIbL:
U pebpa MEKIY TEIOM U TOYKOH KperuieHHus: — 000OIICHHBIC IepeMEIIeHHUs TeNla U IeHCTBYIOMKE Ha Hero 0000-
IIEHHbIE CUJIBL; I pedpa MEXy TOYKON KPEIUICHHS U COSANHHUTEILHBIM 3JIEMEHTOM — IEPEMENICHUS] TOUKU U CH-
JIbI, BO3HHUKAMOLINE B yieMeHTe. Kaxqoi BepIIMHE COOTBETCTBYET IPYINa ypaBHEHHH, ONMHCHIBAIOIINX JBIKCHUE
CHCTeMbl. XapakTep ypaBHEHUH 3aBHCUT OT TUIA BEpIUWHBI. J{JIs Teaa — ypaBHEHUS JBIDKCHUS Tena; IS TOUKH —
BBIPAKEHUS TIEPEMEIICHUI TOYKH depe3 000O0IIeHHBIE MePeMEICHUs TeJla U 0000IMIEHHBIX CHII, AEUCTBYIONINX Ha
TEJI0, Yepe3 CHJIbI, BO3HUKAIOIINE B COCANHUTEIILHOM 3JIEMEHTE; JUIsl COSIMHUTEIBHOTO 3JIEMEHTa — BBIPAKEHHS JIs
CHJI, BO3HHMKAIOIINX B HeM, uepe3 aedopmaiuu sneMenTta. ['pad MoxkeT paccMaTpuBaThesi KaK OPUEHTHPOBAHHBIN.
Hamnpasnenue peOpa BEIOHparOT TakkuM 00pa3oM, YTOOBI ISl KaXKI0H BEpILUHBI BEJMYHMHBI, CTOSIIME B IPABOM Yac-
TH COINOCTABJIEHHBIX BEPUIMHE YPAaBHEHWH, COOTBETCTBOBAJIM BXOIIEMY peOpy, a B JIEBOM — HCXOISIIEMY.
Pesyabrartsl. PazpaboraHa MeToIMKa MOCTPOCHHS AWHAMUYECKON MOJIENH KOJIeOaHHUH >KeNIe3HOMOPOKHBIX SKUIIa-
JKeW Kak CHCTEMbI TBEP/bIX TNl HA OCHOBE MX OIMCAHUsI C TOMOIIBIO HePapXUIYECKH OpraHU30BaHHBIX TpadoB. Me-
TOJMKa ONPOoOOBaHa JUIS MOCTPOSHHS MOZEIH NPOCTPAHCTBEHHBIX KoyleOaHuit 4-0CHOTO I'py30BOT0 BaroHa ¢ 0CEBOH
Harpy3koit 25 ¢ B makere Simulink. Hayuynasi HoBu3Ha. BriepBrie pa3paboTraHa METOIMKA OMMCAHUS CTPYKTYPHI
JKEJIE3HOIOPOKHOTO SKUIaXKa C IOMOIIBIO HepapXUIecKoro rpada, KOTopas MO3BOJISET HONyYUTh YPAaBHEHUS IBH-
JKEHHS JIETKO alrOpUTMU3HpyeMbIM crocoOoM. IIpakTuyeckasi 3HaYMMOCTb. [IpeiioKeHHBIH METOIMYECKUit
MOJXOJ] TIO3BOJIUT, MOCJIE CO3JaHUsl OMOIMOTEKH TEI U COSIUHUTENBHBIX 3JEMEHTOB, 3HAUUTEIBHO COKPATUThH 3a-
TpaThl BpEMEHH Ha MOJICTIMPOBAHNE KOJIEOAHUH Pa3INIHBIX IKUITAXKEH.

Knrouesvie crosa: Monens KoneOaHUH; XKeIe3HOTOPOKHBIA SKUIIAXK; MHOTOMAcCcoBas cucTeMa; rpag
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JANHAMIKA PO3BUTKY, CYTHICTD TA I'AJIY3b 3ACTOCYBAHHA
IIPOCTOPOBHUX CTPYKTYPHO-BAHTOBHUX
CTAJVIESAJII3OBETOHHUX KOHCTPYKIIN

Mera. Y OyniBHUOTBI 3’sIBHJIacs HEOOXIIHICTh CTBOPEHHSI HOBUX KOHCTPYKIIiH, 30KpeMa MPOCTOPOBUX CHUCTEM
MOKPHTTS, 3aCTOCYBaHHS SKUX CHPHUATHME €KOHOMIii MaTepiajiB i 3MEHIIEHHIO TPYIOMICTKOCTI TEXHOJIOTIYHHX
NPOLIECIB MOHTaXKy Ta BUTOTOBJICHHS. Y3arajbHUBIIN PE3YJIBTaTH IMONEPEIHBO MTPOBEICHOTO TEOPETUUHOTO JOCIi-
JDKEHHS ICHYIOUMX THITIB MPOCTOPOBHUX KOHCTPYKIiH, Y poOOTI NOTPiIOHO 3HAWTH MEPCHEKTHBHI HAIIPSIMHU PO3BUTKY
HOBUX KOHCTPYKLUIiH, siki Oynu 0 mo30aBiieHi HEJIOJMIKIB aHAJOTIB i3 OJHOYACHUM 3a0€3IEeYEeHHSIM EKOHOMIYHOTO
e(eKTy 3a paxyHOK palliOHaJIFHOTO BUKOPUCTaHHS MaTepianiB Ta eHeprozoepexenHs. Meroauka. [ nocsrHeHHs
MIOCTABJICHOI METH OyJI0O BUKOHAHO AOCIIKEHHSI KOHCTPYKTHBHHUX DIlIeHb Pi3HUX IPOCTOPOBHX CHUCTEM — aHaI3
BITYM3HIHMX Ta 3aKOPJOHHHX IATCHTHHUX 0a3, pe3ynabTaTiB eKCIICpUMEHTAIbHUX BUIIPOOYBaHb Ta TEOPESTUYHUX J0-
ciimkens. Pe3yabraT. BHcBiTIIEHO OCHOBHI eTany po3BUTKY HOBOTO THITY IIPOCTOPOBOI KOHCTPYKIIT — IIPOCTOPO-
BOI CTPYKTYPHO-BaHTOBOI CTaJie3as1i300eTOHHOI KOHCTPYKIIil; HaBeIeHO iH(OopMaIlio mpo 0coOIMBOCTI 1 OyIOBH.
[TpocTopoBi CTPYKTYpHO-BAaHTOBI CTaj1€3a11300€TOHHI KOHCTPYKIIi — aOCOMIOTHO HOBHH BUJI MPOCTOPOBUX HECYUHX
cUCTeM, SIKI 3aBASKH OPHUIHAILHOMY KOHCTPYKTHMBHOMY DIlICHHIO MAalOTh IIMPOKY Taly3b 3aCTOCYBaHHs. bazoBum
€JIEMEHTOM CTBOPEHUX KOHCTPYKIIH € MOJYJIbHUI €JIeMeHT, IKUil Mae popMy HACKPI3HOT MipaMiJu Ta CKIAAAEThCs
3 IUIUTH W TPyO4YacTHX CTPYKHIB. MOy IbHI €JIeMEHTH BUPOOJISIOTHCS B 3aBOJICBKHX YMOBax. 3 MPOCTOPOBHX MO-
JYJIiB MOKYTh BUTOTOBJISITUCS MPSIMOJIIHIMHI Ta KPUBOJIHIHHI KOHCTPYKINI, a TaKOXK Pi3HI HECYYi CUCTEMH Ta ix
komOinanii. HaykoBa HoBH3HA. ABTOPOM C(HOPMYJIHOBAHO KOHIIEIIIiI0 OPUTIHATBHIX KOHCTPYKTHUBHUX (OpM Ta iX
HECYYHUX €JIEMEHTIB. 3alIpOIIOHOBAHO 1 CTBOPEHO HOBI BHIH IPOCTOPOBHX CTPYKTYPHO-BAHTOBHMX KOHCTPYKIIH AJIst
OyniBenb Ta CHOPYA pi3HOTO NMpu3HaveHHs. [IpakTudna 3Ha4YHMicTh. Po3po0ieHi cTpyKTypHO-BaHTOBI KOHCTPYK-
il MaroTh IIMPOKY Taly3b 3aCTOCYBAHHS: BOHM MOXYTh BHKOPHUCTOBYBATHCS UISl IIPOMHUCIIOBOTO Ta LMBLIEHOTO
OymiBHHIITBA. 3aCTOCYBaHHS CTBOPCHHUX KOHCTPYKIIH Mpu OyIiBHUITBI OYy/iBENb i CHOPYA JO3BOJISIE OTPHMATH 3HA-
YHUI €KOHOMIUHHMH e(eKT 3a paxXyHOK palioOHaIbHOTO BUKOPHCTAHHS MaTepialliB Ta 3a0Ia/KEHHS €Hepropecypcis
Ha CTaJil BUTOTOBJICHHS i MOHTaXY.

Knrouosi cnosa: nnactuHa; Tpy0a; CTpHKEHb; MOJLYJIb; BEPXHIH MOSIC; HIXKHIN MOsIC

HUM DIlIEHHSIM, OCHOBHE 3aCTOCYBaHHS SIKHX —
Beryn HNOKPUTTSL OyAiBeNb 1 CIOpYl Pi3HOTO MpU3HAYCH-
HS, Y TOMY YHCIi BEIIMKOMPOITHUX aHTapiB aepo-
MOPTIB, MAIMHHKUX TaJepei, Jero, JOKiB, CIOPY/
TipHUYOl Ta METAaMypriiHOT MPOMHUCIOBOCTI, CIIOP-
THBHHUX apeH, cTaaioHiB [3] Tormo.

Orusig ocTaHHIX JKepen 1 myOuTikalliil mokasas,
o0 3-TIOMIK HHHI ICHYIOYHX e(eKTHBHHX KOHC-
TPYKLil Hal4acTilie BHIUIAIOTH MPOCTOPOBI
pilIEHHs Ta KOMIIO3UTHI KOHCTPYKIii, 0cOOIMBICTH

3 ypaxyBaHHSM CTaHy CydYacHOl OyJiBeIbHOI
rajgysi Ta TocTpoi HOTpeOH B HOBHX PECYpPCOEKO-
HOMHHX 1 €HEProomiaJHUX KOHCTPYKISIX JIOTid-
HUM 1 3aKOHOMIDHMM BHUPINICHHSM TPOOJIEMH
€ PO3pO0JICHHS HOBUX KOHCTPYKTHBHUX PIlLICHb.

[IpocTopoBi CTPYKTYpHO-BaHTOBI CTajie3ani3o-
OETOHHI KOHCTPYKIIiI — HOBHH BHJ TPOCTOPOBUX
HECYYHMX CHCTEM 3 OpHUTiHAJIBHUM KOHCTPYKTHB-
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SIKUX TOJIATAE y TOETHAHHI IUTUT 31 CTPUYKHEBUMU
eremenTtamu [1, 2].

3Ba)kalouu Ha BHKJIAJEHE, i7esd 00’ €qHaTH HO-
BHUM CIIOCOOOM B OJIHY IUTICHY KOHCTPYKIIIIO Tpa-
OUIIAHI ~ €IEeMEHTH — IUIMTH 1 CTPHXKHI,
€ OPUTIHATBHOIO.

Meta

Po3po0uT HOBY KOHIICIIIiIO OPUTiHAIBHUX Ta
e(eKTUBHUX MPOCTOPOBUX KOHCTPYKIIH 1 iX HECy-
YUX EJIEMEHTIB Ta BUPIIIMTH TpolieMmy iX CTBO-
PEHHSL.

MeTtoauka

JIst TOCATHEHHS MTOCTABJIEHOI METH Ta BCTAaHO-
BJICHHSI TIEPCTIICKTUBHHUX HANPSMiB PO3BUTKY HOBUX
KOHCTPYKIIiif OYyJI0 MMPOBEIEHO TPYHTOBHUIA Ta BCE-
OluHMI aHami3 pPI3HOMAHITHHX KOHCTPYKTHBHUX
pillleHb MPOCTOPOBUX CHCTEM, BITUM3HSHHUX Ta 3a-
KOPJOHHHUX TMAaTEHTHUX 0a3, pe3yJIbTaTiB eKCIiepu-
MEHTAJIEHUX BHUIIPOOYBaHb Ta TEOPETHYHUX JOCIi-
JDKEHb.

PesyabTaTtn

[IpocTopoBi CTPYyKTYpHO-BAHTOBI CTaje3ai3o-
0eTOHHI KOHCTPYKIIii 00’ €MHYIOTh ¥ OO0l IepeBaru
CTPYKTYpHHX, BHUCSYMX 1 KOMIIO3UTHHUX KOH-
CTpYKLild. BigMiHHOIO pPHCOIO, SIKa BHOKPEMITIOE
MPOCTOPOBY CTPYKTYPHO-BAaHTOBY CTaje3asizo0e-
TOHHY KOHCTPYKIIIO 3-TIOMIX IHIIMX B OKpPEMHUH
Buj € ii OynoBa. BynoBa KOHCTpyKmii m03BoJIsiE
MaKCHMalIbHO €(EeKTHBHO 1 pamioHAIEHO BUKOPH-
CTOBYBATH MIITHICHI BIACTHBOCTI Oy/iBETHHUX Ma-
TepiaiiB.

OTpuMaHHIO Takoi KOHCTPYKLii mepenyBana
JOBrOTpUBaJia poOOTa 3 MOLIYKY ONTHMAalIbHUX
CHOCOOIB IMOEIHAHHS PI3HOTHITHUX €JIEMEHTIB Ta
HUISXIB YJOCKOHAJICHHS ICHYIOUMX KOHCTPYKTHB-
HUX pimeHb. [lMHaMiKy pPO3BUTKY HPOCTOPOBUX
cTasne3aiz00eTOHHUX CTPYKTYpPHO-BaHTOBUX KOH-
CTPYKIIA MOXHa BiIOOpa3UTH Yy3arajJbHEHOIO
omox-cxemoro (puc. 1).

[lepmmM KpokOM y 3MiLIHEHHI HaMipiB CTBOPH-
TH HOBHU BHJ| KOHCTPYKIIH Ta MEPIIMM €TaroM
y iX po3BHTKY OyJ0 OTpUMaHHA y3arajbHIOIYHX
BiJOMOCTEll PO OCOOIMBOCTI, MepeBaru Ta HEAO-
JKK ICHYIOUMX KOHCTPYKIINA OyIiBenb 1 cropyn
pizHoOro mpu3HadeHHs. Jlo KOHCTPYKIIiH, sIKi MpH-
BEpPHYJIH yBary, HaJle)kaThb CTaje3ai300eToOHHI

KOHCTPYKLIi Ta IPOCTOPOBI CHCTEMHU. 3 OTJISAY Ha
BHMOTH, SIKi BUCYBAIOTBCS IO Cy49acHUX OyIiBeNb-
HUX KOHCTPYKIIiH, 3-TIOMiX BCHOTO Pi3HOMAaHITTS
KOHCTPYKTHUBHHX pIllIEHb 3raJaHuX BHUIB KOHC-
TPYKIIHA, TMepCIEeKTUBHUMH € CTajie3ali300eTOHHI
IUTUTH, CTPYKTYPHI TUTATH 1 BAHTOBI CUCTEMH.

AHai3 iCHyI0YHX BUIiB HECYUUX

cUCTeM, KOHCTPYKLIH, OyiBens i

CHOpY/ Pi3HOrO MPU3HAYEHHS Ta
BUJIiIJIEHHS Halle(PeKTUBHIILUX

IMouryk HOBUX CrIOCOOIB MOEIHAH-
Hsl epeKTUBHUX KOHCTPYKTHUBHUX
€JIEMEHTIB
Ta MOIIYK LUIAXiB YJOCKOHATIEHHS
ICHYIOUHMX KOHCTPYKTHBHHX Pi-
LIEHb

[TpocTOpOBi CTPYKTYPHO-BAHTOBI KOHCTPYKILiT

CTBOpEHHSI NPOCTOPOBUX CTPYKTY-
PHO-BAHTOBUX CTaJIe3al1i300€ TOH-
HHMX KOHCTPYKLLit

Puc. 1. Y3aranpaeHa OJ0K-cXeMa pO3BUTKY
MPOCTOPOBUX CTPYKTYpPHO-BAHTOBUX
CTaJe3a1i300eTOHHUX KOHCTPYKIIiH

Fig. 1. Generalized block scheme of the
development of steel and concrete composite
cable space frames

Crane3anizo0eTOHHI KOHCTPYKIIii, 3aBISKH T10-
€THAaHHIO MIITHICHUX BJIACTMBOCTEH cTaii i OeToHy
€ HaIHUMH, KOPCTKUMH Ta MalOTh BUCOKY HECY-
4y 37aTHICTh. J[0 TOTO X B TaKMX KOHCTPYKIISX
peanizoBaHO MPHHIMUI PalliOHATBHOIO BHKOPHC-
TaHHA MaTepianiB. OcTaHHIM YacoM cTale3aii3o-
0ETOHHI KOHCTPYKIII 3-MIOMIX iHIINX BHJIB KOHC-
TPYKII# 3a3HAIOTh HAWYACTINIMX YJAOCKOHAJICHB
i MoJUdiKaliii KOHCTPYKTUBHHX PIlIEHb Ta (opM
nepepiziB. 3Bakaloun Ha 1ie, iX Traly3b 3acTocy-
BaHHS MOCTIHHO po3IUpIoeThes. EdekTuBHO 3a-
CTOCOBYIOTBCSl ~CTaJIe3ali300€TOHHI KOHCTPYKIIi
1 JUIS 3BEIICHHS MPOCTOPOBHMX HECYYUX CHCTEMH,
30KpeMa TMOKPHUTTIB, & pe3ylbTaTH OISy iCHYIO-
YUX TPOCTOPOBUX CTANIE3aTI300€TOHHUX TOKPHUT-
TiB Ta iX JOCIIDKEHD € IbOMY I ITBEPIKEHHM [6,
9, 11-14].

[Ilo cTocyeThCcst CTPYKTYPHHUX IUIUT, TO JO iX
repeBar BiJHOCSATH: IMPOCTOPOBY poOOTY; 34at-
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HICTh MEPEepO3NOIUIATH BHYTPIIIHI 3yCHIIIS; CTil-
KIiCTh 0 JUHAMIYHHX HaBaHTA)XEHb Ta JIOKAJIBHUX
MOIIKOKeHb. [Ipn 1ipoMy Taki KOHCTPYKIIi € To-
PIBHSHO JIETKHUMH, AO3BOJISIIOTH NEPEKPUBATH 3HA-
YHI MPOJBOTH, MAIOTh APXITEKTYPHY BHUPA3HICTb,
a eJEMEHTH TaKWX KOHCTPYKIM MpamfoTs Ha
OCBOBI 3yCHIIISA, IO O€33alepevHo CIpHUsE palfio-
HaJIbHOMY BUKOPHCTaHHIO Matepiaiis [4].

CTOCOBHO BAaHTOBMX KOHCTPYKIIiH ciij 3a3Ha-
YHUTH, OI0 BOHU MAIOTh aHAJOTI4HI MepeBard, IO
1 CTPYKTypHi, a came: HU3bKY Bary; MOXKIIUBICTh
MIepPEeKpHUBATH 3HAYHI MTPOJHOTH; POOOTY EIEMEHTIB
Ha OChOBI 3yCHIUIA, TPU YoMy Jiuiie po3sry [10].

[IpoananizyBaBiiM JOCBII 3aCTOCYBaHHSA, pe-
3yIbTAaTH €KCIEPUMEHTAIBHUX 1 TEOPETUYHUX JIO-
CJIIJDKEHb Ta OCOOIIMBOCTI POOOTH TaKMX KOHCTPY-
Kiid, Oyno 3po0JieHO BHCHOBOK IO JOLTBHICTD
MOINYKY IUIAXIB IMO30aBJICHHS BiJ 1X HEIONIKIB
3 METOIO CTBOPEHHSI HOBUX €()EKTHBHUX ITO€IHAHD
KOHCTPYKTHUBHHX €JICMEHTIB.

[Iporiec monIyky HOBUX CIOCOOIB IMOEIHAHHS
HECY4YHX EJIEMEHTIB Ta YJOCKOHAICHHS iCHYIOYHX
KOHCTPYKTHUBHUX pillleHb chOpMyBaB APyTUN eTar
PO3BHTKY TPOCTOPOBUX CTPYKTYpHO-BAaHTOBHX
cTane3anizo0eTOHHUX KOHCTpYyKHiH. Ha mpomy
eTari, OKpiM MPSIMUX CIpod BHHAWTH HOBHH CIIO-
ci0 moeAHAHHS KOHCTPYKTUBHHMX CJIEMEHTIB Ta
MPUHIUIY iX B3a€EMHOTO PO3TAIlyBaHHSI Y IIPOCTO-
pi, OCHOBHa yBara OyIa NpHIiJieHa aHaji3y HeJIo-
JKIB PO3TIISTyBAaHUX KOHCTPYKIIM Ta MUIAXIB X
BUPIIIICHHS.

[NeproyeproBuM 3aBJaHHSIM HPU PO3POOIICHHI
HOBOI KOHCTPYKIIT IUIIXOM YIOCKOHAJICHHS iCHY-
0YuX OYyJI0 BUPIIMIEHHS CHUILHOI JUIS OUIBIIOCTI
JOCIIPKYBaHUX KOHCTPYKIIH MpoOiiemMu, sika Io-
mArara B HAAMIPHIM  CKIIQAHOCTI  BY3JIOBHX
3’€IHaHb. AKTyaJbHICTh BHPIIIEHHS I[bOTO MTUTAaH-
Hsl BU3HAYAETHCS 1IE i TUM, IO HECy4a 3JaTHICTh
Ta HAAIMHICTH BY3JIIB BH3HAYa€ 3arajibHy HECYdy
3IaTHICTh Ta HAJIWHICTh KOHCTPYKIIII B LiJIOMy. Y
CTaJIe3aTi300€TOHHUX KOHCTPYKIIISX I IpodiieMa
MoJIsATae B HEOOXITHOCTI 3aCTOCYBaHHS Pi3HOMaHi-
THHX aHKEPHHUX 3aco0iB [5] y mepepizax crosy-
YeHHS CTAJIEBUX JIeTalieid Ta OETOHY, a IIe 3arajioM
OOTSDKY€E 1 YCKIJIQJHIOE KOHCTPYKIIifO. [HKOIM Juist
3a0e3MeyeHHs] CyMiCHOI poOOTH CTalleBUX €JIeMEH-
TiB Ta OETOHY B KOMOIHOBaHHX CTaJIe3aTi300€TOH-
HUX KOHCTPYKIIISIX BHHHUKa€ HEOOXIJHICTh 3acTO-
CyBaHHsI CTaleBUX Mpo(iiiB, 30KpeMa IBOTABPO-
BUX, /10 SKHX NPHUBAPIOIOTHCS aHKEPHi 3aCO0H, 1110
30UIBIIYE Bary KOHCTPYKIi. ¥ KOHCTPYKINSX Ta-

KOT'O TUIY CIIJIbHY POOOTY CTaJeBHX EICMEHTIB Ta
0EeTOHY TaKOXX MOYKHA 3a0€3MEeUUTH IUIIXOM CyMi-
CHOTO OETOHYBaHHS, BHACIIOK YOTO YTBOPIOIOTH-
cs iHTerpoBaHi cuctemu. Came Takuil crmocib 3a-
Oe3nedeHHs] CyMIiCHOI pOOOTH CTajeBHX YacTHUH
KOHCTPYKIIii 1 OETOHY, 30KpeMa CTaJeBUX CTPHK-
HEBUX EJIEMEHTIB 1 3a11300€TOHHUX IUINT, € Mepc-
MEKTUBHUM HAMpPSIMKOM PO3BUTKY HOBHX KOHCTpY-
KIUH.

VY CTPYKTYpHHX IUIMTaX CKJIaJHICTh BY3JIOBUX
3’€¢lHAaHb € HaI3BUYalHO TOCTPUM THTAHHSM,
OCKUIBKM BOHAa BH3HA4Ya€ 3arajbHy CKJIAJHICTb,
Bary, BapTiCTh Ta TPYIOMICTKICTh 3BEIEHHS TaKHX
nokpuTTiB. CrnHparoynch Ha pe3yNbTaTH aHaji3y
JOCII/UKeHb BY3JIOBHX 3’€IHaHb CTPYKTYPHHX
IUTUT, BCTaHOBJICHO, IO Hale()eKTUBHIIINM pi-
IICHHSAM BY3J1a 3’€IHAHHS € KOHCTPYKIIiS 13 3aCTO-
CYBaHHSIM KOHHEKTOPIB, sSIKi BATOTOBJICH] Yy BUTJISI-
Ii (hacOHHUX JeTaiei, ane MpHu IMbOMY HEOOXiTHO
3HaWTH X ONTUMaJbHY KOH(]Iryparito, siKka J03BO-
JIMTH 3BECTH JI0 MIHIMYMY 3arajibHy JOBXHUHY 3Ba-
PHOTO IIBa YU KITBKICTH OONTIB Y 3’ €HAHHI.

Y BaHTOBUX KOHCTPYKIIiISIX OCHOBHUM HEJOIi-
KOM € ix aedopmallis Ta 34aTHICTh J0 MPOBUCAHHS
BiJl BIacHOi BarW NpW TOXWIOMY IOJIOKEHHI Ta
BENMKIN MOBXWHI, TOMY TEPCIIEKTUBHAM HAIPSIM-
KOM Moaudikamii TakuX KOHCTPYKLiH € MOIIyK
ONTHUMAJIBHOI JOBKUHA €JICMEHTIB Ta ¢(DEKTHBHOTO
MOJIOKEHHsT B TpocTopi. L[poro mokHa nocsrtu
HISIXOM HOETHAHHS BAHTOBHUX €JIEMEHTIB 13 )KOpC-
TKAMH B KOMOIHOBaHHMX KOHCTPYKIisiX. KopucHum
y BHpIIICHHI I[bOTO MHUTAHHSA TAaKOX MOXe OyTH
CBITOBMI JOCBiJl TPOEKTYBaHHSA apXiTEKTYPHHX
($hopM Ta KOHCTPYKIiH, B SKHUX YCIIIIHO 3aCTOCO-
BYIOTBCSI €JIEMEHTH, IO 32 (YHKIIOHABHUM TIpH-
3HAYEHHSAM CXOX1 3 BaHTaMu. HaWBigomimmmu
NpEeJCTaBHUKAMU TaKUX KOHCTPYKIIH € CHUCTEMH
ta”cerpiTi [15]. V Takux cucremax peanizyeThes
iJleallbHe BUKOPUCTaHHS BIIACTHBOCTEH KOHCTPYK-
THBHHUX eJeMeHTIB. Lle cucremu, siKi CKIagaroThes
3 THYYKHUX 1 KOPCTKUX CTPUXKHIB, BiIMOBITHO THY-
YKi CIPUAMAIOTh JIMIIE PO3TAT, & KOPCTKI — CTHUCK.
OueBwuIHO, IO ifIesl TAaHCETPiTI MOXke OyTH KOopuc-
HOIO B pO3po0JIeHI HOBUX OYJIiBEIbHUX KOHCTPYK-
.

Moo momryky HOBUX (hOpM Ta criocoOiB Moe-
HaHHS KOHCTPYKTHBHHX €JIEMEHTIB, OCHOBHA yBara
Oyna TpuaiIecHa CTPYKHEBUM 1 TUTUTHUM €JIEMEH-
TaM Ta IXHIM KOMOIHAIISAM.

3arasioM, KOHCTPYKLUIii, siKi 1mo30aBieHi 3raaa-
HUX HEJOJNIKIB HUISXOM YJAOCKOHAJICHHS, PO3IJIs-
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JaNUCsl SIK HOBI KOHCTPYKTHBHI PIillICHHS, AKi CIIy-
TYBaJll OCHOBOIO MJII CTBOPEHHS IPOCTOPOBHX
CTPYKTYPHO-BaHTOBHUX CTasIe3ari300e TOHHNX
KOHCTPYKLIiH.

Y3araapHIOIOYH OTPUMAaHi MTaHi JBOX ITEPIIHX
eTarmiB, OyB 4iTKO copMOBaHUH MPOOOpa3 Mandy-
THBOI KOHCTpYKwii. [lepi 3a Bce, 11e KOHCTPYKIIS,
OJTHUM 31 CKJIaJIOBUX CJIEMCHTIB SIKOi IOBUHEH OY-
TU CTPYOXKHEBUN €JIEMEHT, SIKMM mpalfoBaTUMe Ju-
Il Ha OChOBI 3yCHIUISA. 3AJIKHO BiJ TOTO, Ki Oy-
IOyTh TiSITH 3yCHJUISI: CTUCKY YH PO3TSTY, CTPIKEHb
MOXke OyTh XKOpcTKUM abo THyukmMm. [Ipoobpas
HOBOi KOHCTPYKII1 32 TOJOXEHHAM CTPHKHEBHUX
CJIEMEHTIB Yy TPOCTOPI NPEACTABISAE ABOIOSICHY
TPyOUacTy CTpXKHEBY pemnitky (puc. 2). OmHak,
3Ba)KalOYM Ha Te, M0 po3podiieHa pemriTka 3a 0y-
JIOBOIO HaraayBajla iCHYIOUi CTPYKTYpHI KOHCTpY-
KIlii, TO BUHHMKJIA HEOOXITHICTh MPOBEIACHHS MO-
mudikamii i yI0CKOHANIeHb, SIKi O JTO3BOJIMIIN CTBE-

Kopcrkuit
CTPHIKEHB

PAKYBaTH PO PO3pOOJIEHHS HOBOI KOHCTPYKIIIi.
[lepmoro Oyma imesi CTPYKTypHHX cTaies3aizode-
TOHHHUX KOHCTPYKIIi#, SIKI BUTOTOBIISLTUCS O y BH-
[ISA1 CTPYKTYPHUX IUTUT 3 MOHOJIITHOIO 3aiizo0e-
TOHHOIO TUINTOI0. [IpoaHamizyBaBII MOXIIMBICTH
TaKOTO BJIOCKOHAJICHHS 3pPOOJEHO BHCHOBOK, IO
TaKUW TiAXiJ T03BOJISE 3HU3UTU BUTPATH CTaJi 3a
pPaxyHOK 3aMiHH CTaJIeBUX €JIEMEHTIB BEPXHBOTO
mosica Ha 3ami3zo0eToHHi. EdekTuBHICTE Takoro
pilIeHHs MiATBEPIKY€EThCS 1€ W THUM, IO Y JBO-
MOSICHUX KOHCTPYKIIAX €JIeMEHTH BEPXHBOTO TOs-
ca TpaIforoTh Ha CTUCK, a K BiOMO, OETOH H00pe
MIpaIfoe Ha TaKWi BUJ 3yCHJIb, TOMY palliOHaIbHi-
nie 0 y TakoMy BUIAJKy 3aCTOCOBYBaTH caMe Ho-
ro. OTxe, MepmuM yJOCKOHAJICHHSIM HpPooOpasy

HOBHX MPOCTOPOBHX CTPYKTYPHO-BAHTOBHX CTalle-
3a1i300€TOHHUX KOHCTPYKLiK Oyja 3amiHa Bepx-
HBOT'O CTPHXKHEBOTO TPyOYacTOro mosca Ha IUIMTHI
3aIi300€TOHHI ETIEMEHTH.

MosHoniTHa
ridTa

XKopceTkmii
CTPUKEHD

XKopcTtkwuit
CTPHIKEHb

Kopcrkuit
€JIEMEHT

Puc. 2. YgockoHaeHHs CTPHKHEBOT PELIITKA

Fig. 2. Improvement of the rod lattice

BiamToBxyrouuchk Bij i€l 3aMiHU €IIEMEHTIB
OJIHOTO THUITy Ha €JIeMEHTH iHImoro tTumy (y 3ai1ex-
HOCTI BiJl BH/y BHYTPIIIHIX 3yCHJIb), OyJIO TPHIiH-
ATO PIMIEHHS TPOBECTH MOJU]IKAIil0 HIKHHOTO
mosica MLUIAXOM 3aMiHM JKOPCTKMX TPyOUacTHx
CTPMIKHIB Ha 'HYYKi, OCKIIBKH €JI€eMEHTH HUXHbO-
O Mosica y KOHCTPYKIIiSIX TaKOTO THITY MPAIIOIOTh
Ha PO3TAT, TO Y TAKOMY BHUMAJKY paiioHaJbHiIIe
3aCTOCOBYBATH CaMe HYdKi eJleMeHTH. Takum uu-
HOM OyJI0 PO3pOOJIEHO TUIMTHO-CTPUIKHEBY CHCTE-
My 3 THYYKHMH 1 KOPCTKHMH €JIeMEHTaMH, SKa
MOBHICTIO BIJNOBiAa€ MOJOXEHHSIM PO3pOOIEHOT
KOHIIEMNIil HOBO1 KOHCTpyKLii. OnHak, Taka cucTe-

Ma He OyJia THY4YKOIO J10 (POPMOYTBOPEHHS KPHBO-
TMHIAHUX TTOBEPXOHb 1 Malla YTPYAHEHY TEXHOJIIO-
Tif0 3BEJICHHS, TOMY IOJIAJIBIIUM KPOKOM Y PO3BH-
TKY MPOCTOPOBHX CTPYKTYPHO-BAaHTOBHX CTaje3a-
Ti300€TOHHUX KOHCTPYKIIHA OyB mMOJin po3poOie-
HOIT TUTUTHO-CTPIKHEBOI KOHCTPYKIIii HA MOIyJTBHI
€JIEMEHTH 3aBOJICBKOTO BHUTOTOBJICHHS (pucC. 3).
Takum yrHOM OYyII0 PO3pOOJICHO HOBUIT BUj Oyi-
BEJIFHUX KOHCTPYKI — MPOCTOPOBI CTPYKTYpHO-
BaHTOBI craje3anizobeToHHi KoHCTpyKIii [8]. 3a-
KITIOYHOKO CTAJIIEF0 CTBOPEHHS TAKUX KOHCTPYKITiH
Oyna po3poOKa By3/110BUX 3’€JTHAHb.
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Bys3o01 3’eHaHHs
MOZYTbHUX €IEMEHTIB
110 BEPXHbOMY M05ICi

MoHodjiTHa
nuTa E

JKopctkuit
CTpHXKEHb

ITpocTopoBuii
MO/LYJIb

ITpocTopoBwmit
MOJLYJb

By3on 3’ennanus
MOJYJIbHUX €/IEMEHTIB
MO HUKHBOMY TMOACI

€JIEMEHT

Puc. 3. CTBOpeHHsI TPOCTOPOBOI CTPYKTYPHO-BAHTOBOI CTaJe3al1i300€TOHHOI KOHCTPYKIIi|

Fig. 3. Creation of steel and concrete composite cable space frames

Omke, pPO3po0JCHA KOHCTPYKINS € 30ipHOI0
JIBOTIOSICHOIO CHCTEMOIO, 1110 CKJIAIA€THCS 3 MPOCTO-
POBHX CTalle3ami300eTOHHUX MOJYJTIB 1 THYYKHX
eJleMeHTiB. BepxHiil T0sIC BUTOTOBISAETHCS 3 TUIHT,
SIKi 3aJIe)KHO BiJl apMyBaHHS MOXKYTb OYTH 3alli30-
OETOHHUMH, apPMOIIEMEHTHUMH YH CTalle3airizooe-
TOHHUMH. HYOKHIN 1OSIC BUTOTOBJISETHCS Y BUIIISI
BaHT, 0 NPH3HAYEHI CHPUMMATH JIUILIE 3YCHILIS
posTsry. OcoOnuBicTIO po3poOIeHHX KOHCTPYKIIiH
€ Te, 1[0 BOHHU MOENHYIOTh Y c00i IepeBaru KOMIIO-
3WTHHUX, CTPYKTYPHUX 1 BaHTOBUX KOHCTPYKIIIM,
a TakoX TPH iX 3BelIeHI HeMae MOTpeOH B yIaIlTy-
BaHHI TOKPIBIIi, OCKUTBKH BEPXHIH MOSIC OJJHOYACHO
BUKOHYE J1Bi (DYHKIIii: HECYdy 1 OTOpPOIKYBAIIbHY,
TOMY BHYTPIlIHIM mpocTip OyaiBii HamidHO 3axH-
IIEHUH BiJl aTMOc()epPHUX Ta IHIIMX 30BHILIHIX
BIUIHBIB.

HaykoBa HOBH3HA Ta PAKTUYHA
3HAYUMICTE

OcHoBHa inest po3po0IeHNX KOHCTPYKLIH MOJIs-
rac B HaOyTTI HUMU BHCOKHX MIIHICHUX XapaKTe-
PUCTHK Ta TEXHIKO-€KOHOMIYHMX TIOKAa3HHUKIB 32
paxyHOK HO€THAHHS €()EeKTUBHUX KOHCTPYKTHBHHUX
pilICHb, €IEMEHTH SIKMX MPALOIOTh TINBKU HA CTH-
CKaHHs a00 TINBKW HA PO3TSATHEHHS. B oCHOBI po3-
pOONIEHNX KOHCTPYKIH 3aKJIaJeHO BHKOPUCTAHHS
MIPUHIUITY MOJYJIBHOCTI €JI€MEHTIB, TOOTO 3aCTOCY-
BaHHs 0araTopazoBO IOBTOPIOBAJBHUX KOHCTPYK-
TUBHUX €JIEMEHTIB TIOBHOTO 3aBOJICBKOT'O BHUTOTOB-
JICHHSL.

Merta po3pOOKH TPOCTOPOBHX CTPYKTYpHO-
BaHTOBUX CTaJIe3a1i300€TOHHUX KOHCTPYKIIH I10-
Jsirania B OTPUMaHi 3a paxXyHOK 00’ €IHAHHS IepeBar
Ta 1Mo30aBiIeHHS HEIONIKIB HAHOMMKYMX aHAJIOIlB
HOBUX KOHKYPEHTO3IaTHHX PIllleHb PO3POOKH TOK-

pUTTIB OyAiBeNb i CIOPYH, Y TOMY YHCIHI Pi3HOMAaHi-
THHX OOOJIOHOK Ta 1HIIIUX MPOCTOPOBUX (POPM.

CyTHICTh PO3POOJIEHUX KOHCTPYKINHA MOJSATAE
Yy HOBOMY CIoco0i TO€THAHHS KOHCTPYKTHBHHIX
€JIEMEHTIB, Y Pe3yJbTaTi YOro JOCITAETHCS CyMi-
[ICHHST HECYYOl 1 OTOpOKYBaNbHOI (DYHKIIIN, CKO-
pOYeHHS TepMiHiB OyIiBHHIITBA, palioHaJIbHA TPO-
CTOpoBa poboTa Ta KOPCTKICTh, 3AATHICTD IO PO3-
OupaHHA Ta TIOBTOPHOTO 30MpaHHs 0e3 pyHHYBaHHS
€JIEMEHTIB Y1 BY3JIiB KOHCTPYKIIii.

Crim TakoX 3a3HAYHTH, MO0 PO3POOIIEHI KOHC-
TPYKLii MaroTh MPOCTilIMI crmocid 3abe3neyeHHs
CyMICHOI poOOTH eNeMEHTIB, HiX 3BHYAIHI CTaje-
3aJ1i300€TOHHI KOHCTPYKIIi{; MEHII CKJIQJHI y BUTO-
TOBJICHI ¥ YJAIITyBaHHI BY3JIOBI 3’€IHAHHS, HIK
TPaJUIIHHI CTPYKTYPHI KOHCTPYKIIil; MeHIIYy 1edo-
PMaTUBHICTh, HIXK BaHTOBI KOHCTpykmii. Jlo Toro
K PO3po0JIeHI KOHCTPYKIIIT € apXiTeKTypHO BUpa3-
HYMH, MalOTh HH3BKY Bary, € pecypcOeKOHOMHi-
mmMH [7], HiXK iHIT BUIH KOHCTPYKINH TIPH aHaIO-
TIYHUX po3Mipax Ta HeCydiill 3aTHOCTI.

3acTOCOBYIOUM PO3POOJICHI KOHCTPYKIIii, MOYKHA
3BOMTH ITOKPUTTS Pi3HUX PO3MIPIB i (hopMm.

BucHoBkn

Ha ocHOBI y3arajbHEHHX JaHHX, 10 OTPUMaHI
y pe3yJIbTaTi aHali3y TEOPETUUHHX Ta EKCTIEPUMEH-
TaJbHUX JOCHTIPKEHb 1CHYIOUHX KOHCTPYKTUBHHMX
pilieHb, iX 0cOOMMBOCTEH NPOEKTYBaHHS Ta KOH-
CTpYIOBaHHSI, TIEpeBar Ta HeIO0JIIKiB, 0YyJI0 3amporo-
HOBAaHO KOHILEMLII0 HOBUX €(QEKTHBHHX HECYYHX
CHCTEM, Y BIAMOBITHOCTI JI0 SIKOi pO3pOoOJEHO HO-
BUI BHJ| KOHCTPYKIIH — MPOCTOPOBI CTPYKTYpPHO-
BaHTOBI CTaJIE3a1i300€TOHH1 KOHCTPYKIIii.

3a pe3yibpTaTaMH TEOPETUUHHUX JOCIHIiIKEHb PO-
3pO0JIEHUX KOHCTPYKI[H OYyJI0 BCTAHOBJCHO IX
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e()CKTHBHICTh, MOPIBHIHO 3 aHAJIOraMH, BHUSBJICHO
PST TEXHOJIOTIYHUX 1 KOHCTPYKTUBHHX TepeBar, sKi
BiJOOpakeHi B HACTYITHUX BUCHOBKAaX:

1.JIo OCHOBHMX KOHCTPYKTHBHHX OCOOJIHBO-
CTell TPOCTOPOBUX CTPYKTYPHO-BAHTOBHX CTaJe-
3aJ1i300€TOHHMX KOHCTPYKIIIH BIIHOCHUTBCS TE, IO
BOHH € MOJYJIbHUMU 30ipHUMHU CUCTEMaMH, B SIKHX
peani3oBaHO MPUHLWI PaliOHAIBHOTO BUKOPH-
CTaHHS MarepiaiiB 3aBISKH OPHUTIHAIHFHOMY MOEJ-
HAHHIO HECYYMX CTPIDKHEBHX 1 TUTMTHUX CIIEMCHTIB
Ta e(eKTHBHOMY BHUKOPHCTaHHI iX  (i3uko-
MEXaHIYHUX BJIACTUBOCTEH, 30KpeMa IPOCTOPOBE
MOEAHAHHS y CYIUIBHY KOHCTPYKIIO >KOPCTKUX
CTUCHYTUX Ta THYYKHX PO3TSATHYTHX CTPHKHIB.
OxpiM 11pOTO, 0 iX OCOOIMBOCTEN HANEKUTH Oara-
TO(pYHKIIOHATTFHICTS €IIEMEHTIB KOHCTPYKIIii, 30-

KpeMa CyMIIIEHHS Hecy4oi Ta OropoIKyBaJbHOI
(hyHKIIH Y BEpXHFOMY ITOSICI.

2.Jlo mepeBar TEXHOJOTIYHO XapakTepy IIpo-
CTOPOBUX  CTPYKTYPHO-BAaHTOBMX  KOHCTPYKLIii
BITHOCSTBCSA. TIpocTa OyaoBa KOHCTPYKINI Ta He
CKJIaJHa KOHCTPYKIIiSi OONTOBHX BY3JIB 3’ €THAHHS,
MpocTa TEXHOJIOTis] BUTOTOBJICHHSI MOJYJIbHUX €J1e-
MEHTIB Ta MOHTaXy KOHCTPYKLIi, sika He mependa-
Yae 3aCTOCYBAHHS CKJIIAHUX Ta BapTICHUX PHILTY-
BaHb Ta ONATyOHUX POOIT.

BaxnuBuM € Te, 1m0 AJsl BUTOTOBJIEHHS HOBHX
KOHCTPYKIIifl OKpIiM cTaii Ta 6€TOHY MOXYTh BUKO-
pHCTOBYBaTHCSI aOCOJIOTHO Pi3HI BHIM MaTepialiB
(MpUpOIHi, KOMITO3UTHI, OJIMEPHI).

3ampornoHOBaHA KOHIEMINA Ta PO3poOIeHi
PpIIIeHHS 3aXUIIEeH] TAaTeHTaMH.
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JANHAMMKA PA3ZBUTUSA, CYIHHOCTDb U OBJIACTH IPUMEHEHMUSA
INPOCTPAHCTBEHHbBIX CTPYKTYPHO-BAHTOBBIX
CTAJVIEXKEJIE3OBETOHHbBIX KOHCTPYKIIUHN

Leanb. B crpourenscTBe MosiBUIACh HEOOXOJUMOCTh CO3aHMs HOBBIX KOHCTPYKILMI, B YaCTHOCTU MPOCTpPaH-
CTBEHHBIX CHUCTEM IIOKDBITHS, NIPUMEHEHHE KOTOPHIX OyleT crocoOCTBOBATH YKOHOMHHM MAaTEpHAlIOB U yMEHBIIIe-
HHUIO TPYIOEMKOCTH TEXHOJIOTHYECKHX IPOIIECCOB MOHTa)ka M M3roToBieHHs. OOOOIIUB pe3ynbTaThl MpeaBapH-
TEJIHO TIPOBEJECHHOTO TEOPETHYECKOTO HCCIIECNOBAHUS CYIIECTBYIOUINX THIIOB IPOCTPAHCTBEHHBIX KOHCTPYKIUH,
B paboTe HEOOXOOMMO HAWTH NEPCIEKTHUBHBIC HAINPABJICHHS Pa3BUTHS HOBBIX KOHCTPYKIMH, KOTOpbIE OBLIHM OB
JIMIIECHBI HEIOCTAaTKOB aHAJIOTOB C OJJHOBPEMEHHBIM OOecCIIedeHIeM YKOHOMHUUYECKOTO 3(dekTa 3a cueT pannoHab-
HOTO HCIIOJIb30BAHUSI MaTepUalioB M dHeprocoepexeHns. Meroauka. [y TOCTHXEHUS TOCTaBICHHON Lenu ObUH
BBINIOJTHEHB! HCCIIEIOBAHUS KOHCTPYKTHBHBIX PEIICHHH Pa3IMYHBIX IPOCTPAHCTBCHHBIX CHCTEM — aHAJIU3 OTEde-
CTBEHHBIX W 3apyO€KHBIX NATEHTHBIX 0a3, pe3yIbTaTOB HKCIIEPUMEHTAIBHBIX UCIIBITAHUN U TEOPETHIECKUX HCCIIe-
noBaHuil. Pesynabrarel. OcBemeHs! OCHOBHBIE ATAIlbl Pa3BUTHS HOBOT'O THIIA NIPOCTPAHCTBEHHON KOHCTPYKLIHHU —
MIPOCTPaHCTBEHHOW CTPYKTYPHO-BAaHTOBOM CTaseXene3006TOHHOW KOHCTPYKIMHU; IpHuBeaeHa nHdopmanus od oco-
OeHHOCTSIX ee cTpoeHHs. [IpocTpaHCTBEHHbBIE CTPYKTYPHO-BAHTOBBIE CTaJIEKENe300€TOHHBIE KOHCTPYKIMHU — CO-
BEPIICHHO HOBBIM BUJ MPOCTPAHCTBEHHBIX HECYIIUX CUCTEM, OJlaroaapsi OpUrHHaJILHOMY KOHCTPYKTHUBHOMY pellie-
HUIO UMEIOT IIUPOKYIO 00JIaCTh MPUMEHEHHs. ba30BbIM 3JIEMEHTOM CO3JJaHHBIX KOHCTPYKLUH SIBJISAETCS MOIYJIbHBIH
9JIEMEHT, UMEoNINHA (HOpMy CKBO3HOW NMUPaMHIBI U COCTOSIIUHA M3 IUTUTHI M TPYOUaTHIX cTepxHEH. MoaynbHbIe
9JIEMEHTHI NIPOU3BOAATCS B 3aBOACKHX yCIOBHAX. C MPOCTPAHCTBEHHBIX MOMYJIEH MOTYT M3TOTaBJIMBATHCS MPIMO-
JMVHEHHBIE W KPUBOJHMHEHHBIE KOHCTPYKIHH, a TaKKe pa3lMYHbIe HECYNIHNE CHCTEMBl M HMX KOMOMHAIMWH.
Hayunast HoBu3Ha. ABTOpPOM c(hopMyIMpoBaHa KOHIENINSA OPUTHHAIBHBIX KOHCTPYKTHBHBIX ()OPM U MX HECYITHX
951eMeHTOB. [Ipe/uIoskeHbl M CO3JjaHbl HOBBIE BH/BI MIPOCTPAHCTBEHHBIX CTPYKTYPHO-BAHTOBBIX KOHCTPYKIMH ISt
3MaHUI M COOpYXEHHWI pa3nmuHoro HasHaueHws. IlpakTumyeckass 3Ha4YMMOCTh. Pa3paboTaHHBIE CTPYKTYpHO-
BaHTOBbIE KOHCTPYKIIMU UMEIOT MIHUPOKYIO 00JIaCTh MPUMEHEHHS: OHU MOTYT HCIIOJIb30BAThCA ISl POMBIIIIIIEHHOTO
U TPaXITAHCKOTO CTPOWUTENbCTBA. [IpMMeHEHHe CO3MaHHBIX KOHCTPYKIMH TIPH CTPOUTEIbCTBE 3JIaHHH
U COOPYIKEHHI MMO3BOJISIET MOJIYYUTh 3HAUUTENbHBIN SKOHOMHYECKUI 3 (eKT 3a cueT pannoHaIILHOTO UCIIOJIb30Ba-
HUS MaTEPUAJIOB B COEPEKEHHSI YHEPTOPECYPCOB HA CTAIUU U3TOTOBIICHHUS U MOHTaXA.

Kniouesvie cnosa. nnactuHa; Tpyda, CTep)KeHb; MOAYIIb, BEPXHHUN HOAC, HIKHHUNA MOSC

G. M. GASIIY

¥Dep. «Structures from Metal, Wood and Plastics», Poltava National Technical Yuri Kondratyuk University,
Pershotravnevyi Av., 24, Poltava, Ukraine, 36011, e-mail grigoriigm@gmail.com, ORCID 0000-0002-1492-0460

DEVELOPMENT, ESSENCE AND SCOPE OF APPLICATION OF STEEL
AND CONCRETE COMPOSITE CABLE SPACE FRAMES

Purpose. In construction there is a need to create new structures, including spatial coverage systems, the use of
which will save materials and reduce the complexity of assembling processes and manufacturing. Summarizing the
results of preliminary theoretical study of existing types of spatial structures, purpose of the article is to find per-
spective directions for the development of new structures, which would be deprived of the drawbacks of analogues
while ensuring the economic effect due to the rational use of materials and energy saving. Methodology. To achieve
this purpose, the research of constructive solutions of various spatial systems was carried out. There were analyzed
domestic and foreign patent databases and the results of experimental tests and theoretical studies. Findings. The
main stages of development for a new type of spatial structure (steel and concrete composite cable space
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frames) are highlighted. Information on the features of its structure is given. Steel and concrete composite cable
space frames are a completely new type of spatial bearing systems, which, due to the original constructive deci-
sion, have a wide field of application. The basic element of created designs is the modular element that has the shape
of a thorough pyramid and consists of a plate and tubular rods. Modular elements are manufactured in factories. Flat
and curved designs, as well as various bearing systems and their combinations can be made from modulus.
Originality. The author has formulated a concept of original constructive forms and their supporting elements. New
types of spatial structural and cable structures for buildings and constructions of different purposes were proposed
and created. Practical value. Designed steel and concrete composite cable space frames have a wide field of ap-
plication, they can be used for industrial and civil construction. The use of created structures in the construction of
buildings and structures can provide a significant economic effect due to the rational use of materials and energy
saving at the stage of manufacturing and installation.
Keywords: plate; tube; rod; module; top chord; bottom chord

REFERENCES

1. Vybranets, Y. Y. (2016). Strength and strain of combined metal systems, composite with concrete plate. (PhD
thesis). Available from Lviv Polytechnic National University.

2. Krasnov, S. N. (2015). Enhancement of pedestrian superstructure under dynamic influence. (PhD thesis).
Available from Kharkiv National University of Construction and Architecture.

3. Storozhenko, L. I., Gasii, G. M., & Gapchenko, S. A. (2014). Design features and technology of installation of
new spatial constructions of composite grid-cable coverings. Eastern-European Journal of Enterprise Technol-
ogies, 4, 1(70), 67-72. doi:10.15587/1729-4061.2014.26041

4, Chilton, J. (2000). Space grid Structures. Boston: Architectural Press.

5. Dan, D., Fabian, A., & Stoian, V. (2011). Theoretical and experimental study on composite steel-concrete shear
walls with vertical steel encased profiles. Journal of Constructional Steel Research, 67 (5), 800-813.
doi:10.1016/j.jcsr.2010.12.013

6. Abbas, H. S., Bakar, S. A., Ahmadi, M., & Haron, Z. (2015). Experimental studies on corrugated steel-concrete
composite slab. Gradevinar, 67 (3), 225-233. d0i:10.14256/JCE.1112.2014

7. Gasii, G., Hasii, O., & Zabolotskyi O. (2017). Estimate of technical and economic benefits of a new space com-
posite structure. MATEC Web of Conferences, 116. doi:10.1051/matecconf/201711602014

8. Gasii, G. M. (2016). Types of steel and concrete composite cable space frames. Science and Transport Progress,
6 (66), 158-165. doi:10.15802/stp2016/90514

9. Johnson, R. P. (2004). Composite Structures of Steel and Concrete: Beams, Slabs, Columns, and Frames for
Buildings, (3d ed.). Oxford: Blackwell.

10.  Kirishna, P., & Godbole, P. N. (2013). Cable-suspended roofs, (2nd ed.). New Delhi: McGraw-Hill Companies.

11.  deWit, N. (2012). A Composite Structural Steel and Prestressed Concrete Beam for Building Floor Systems.
(Master’s thesis). Lincoln: University of Nebraska.

12.  Oehlers, D. J., & Bradford, M. A. (2013). Composite Steel and Concrete Structures: Fundamental Behavior.
Oxford: Elsevier.

13.  Perera, S. V. T. J. (2008). Shear capacity of composite deck slabs with concrete filled steel tubes, (PhD thesis).
Available from University of Moratuwa, Sri Lanka.

14. Tang, R. Q., & Huang, Y. (2013). The static study on steel truss concrete slab composite structure. Journal of
Guizhou University, 5.

15.  Zhang, J. Y., & Ohsaki, M. (2015). Tensegrity Structures: Form, Stability, and Symmetry. Tokyo: Springer Ja-
pan. doi:10.1007/978-4-431-54813-3

Cmamms  pexomendosana 0o Opyky oO.m.u., npogp. JI. I Cmoposcenxo (Vrpaina);
0.m.u., npo. /1. O. Bannixosum (Yrpaina)

Hapiitnona mo penkosnerii: 06.06.2017
[Mpuiinsra go npyky:12.09.2017

doi 10.15802/stp2017/107449 ©T. M. I'acii, 2017

114



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec tpascrnopry. BicHuk JIHIponeTpoBcsKoro
HaLiOHAIBHOTO YHIBEPCHTETY 3ali3HUYHOro TpaHcnopty, 2017, Ne 5 (71)

TPAHCIIOPTHE BYJIBHUIITBO

UDC 624.137

D. Y. IHNATENKO', V. D. PETRENKO?%, O. L. TIUTKIN®"
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Purpose. Analysis and comparison of the landslide slope finite element model calculation results of the appli-
ance of soil-cement piles, depending on the variation of the retaining structure rigidity, makes it possible to evaluate
the effectiveness of their application and the cooperative work of piles with the displacement body. It also makes it
possible to make a conclusion about the advantages of using this anti-landslide protection method of the slope.
Methodology. Analysis of geomorphological data obtained from the results of laboratory studies of soils on the
slope section is considered. Creation of a three-dimensional finite-element slope model according to the constructed
sections and depths of the soil layers. Calculation of the nonlinear problem of finite element modeling of the slope
with applying of soil-cement piles of various rigidity. Findings. The obtained results of calculating the finite ele-
ment model of the landslide slope, and the analysis of the stress-strain state of the construction with soil-cement
piles has been carried out. Originality. Despite the widespread of using soil-cement piles as enclosing structures for
the construction of foundation pits and reinforcement of foundations of emergency structures, special attention
should be paid to the study of the expediency of using soil-cement retaining pile structures on landslide areas.
Practical value. It is known that soil-cement retaining piles are expediently in use as a protective element, which
interacts quite well with the ground environment due to its structure of the initial material. Using of modern com-
puter programs of finite element modeling makes it possible to calculate the efficiency of the use of soil-cement
piles and to determine the parameters of the necessary retaining structure according to the given geological structure
of the slope, and also, depending on its shape and the physical characteristics of the soils, to compare the perfor-
mance of different protective landslide structures types.

Key words: soil-cement retaining pile; shear; anti-landslide retaining structure; landslide slopes

retaining structures, restraining the slope, possibly
Introduction moving and sliding which can lead to a catastrophe
[1-2].

Since the prerequisites of landslides can some-
times be absent or hidden at first sight, when eve-
rything seems to be in order and there is no danger
of a shift next to the construction site, but subse-
guently under certain circumstances there are
changes that contribute to the development of cer-
tain conditions, the effect of which subsequently
can lead to worse consequences than in the begin-
ning.

In fact, this problem is even more complex.
Disregarding the prediction of this situation in ad-
vance — it is possible to make a mistake in the cal-

doi 10.15802/stp2017/113619 © D. Y. lhnatenko, V. D. Petrenko, O. L. Tiutkin, 2017

Engineering and geological conditions for the
construction of multi-stored residential complexes
are not always sufficiently favorable in the condi-
tions of Dnipro city development. In some cases,
such construction requires additional engineering
surveys and calculations. Especially when it comes
to the development of engineering and geological
protection landslide area of the slope, where it has
been planned to construct the building. In this case,
to prevent the threat of landslides, such measures
are necessary and mandatory. In other words, the
designers are faced with the task of developing
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culation. Because of sudden groundwater level ris-
ing and it must always be taken into account, the
physical characteristics of some soils can be
changed, and it may be threat by a large-scale ca-
tastrophe. Especially such a threat arises in the
spring during the snow melting, when the water
drainage system and utilities require increased at-
tention and supervision by the municipal service of
the city. [4, 5, 7].

Geographically, the right bank of the Dnipro is
located on 4 hills, which are divided by 15 ravines
and more than 40 ravines that have landslide areas.
The total length of the network of ravines is more
than 120 km and covers an area of about 5 thou-
sand hectares. Under such conditions it is neces-
sary to constantly monitor the state of engineering
networks in the city, and to respond in a timely
manner to any changes. [6, 12, 14]

The object of the study is the territory of the
Krasnopovstanskaya ravine on Zhukovsky Street
in the area of houses No. 16 — 24 in the city of
Dnipro. On the adjacent territory, where the con-
struction of a multifunctional complex of civil and
residential purposes is located with landscaping,
previously landslide processes took place. For
a more complete understanding of the features of
the area, the survey materials have been collected
and studied, which have been conducted within the
study area.

The area, which is considered in engineering-
geological terms, has been studied quite well.
Since 1980 to the present time, GP «DniproDIITS»
(State Institute of Engineering and Technical Sur-
veys), together with other survey and design and
survey organizations conducted engineering and
geological surveys for the design and construction
of various public facilities.

Engineering and geological surveys included
such types of works as well drilling, trench hole
trenching, ground pressure testing, experimental
filtration, laboratory studies of soils and groundwa-

ter, stability calculations of the Krasnopovstan-
skaya ravine, drilling and setting up of observa-
tional wells on the slopes of the girder.

Laboratory studies of soils were carried out in
accordance with the current regulatory documents,
in the geotechnical laboratory of the State Enter-
prise «DniproDIITS», in December 2007, which
passed state accreditation (certificate of certifica-
tion No. HR - 082/2007, validity 18.06.2007 —
18.06. 2010).

Purpose

The purpose of this study is to analyze and sub-
stantiate the parameters of soil-cement pile retain-
ing structures on the basis of the results of a com-
parative finite element simulation of the nonlinear
stability problem of the landslide-dangerous sec-
tion of the Krasnopovstansky gully slope, as well
as the determination of optimal parameters of soil-
cement piles according to the results of a study of
the mechanics of landslide processes in the territo-
ry. [3, 13].

Methodology

Calculation of the stability of landslide-prone
slopes was carried out in the program complex
«LIRA-SAPR 2016». Geological elements of the
soil were assigned the finite element type FE 271-
276 (volumetric physically nonlinear FEs for simu-
lating one-sided soil work on compression with
allowance for displacement). Soil-cement piles are
modeled by rod elements of rigidity of circular
cross section, diameter 0.6 m. The plot, viewed
with one pile in the task has 29389 finite elements
with the number of unknowns of 95254. The
length of the pile is 6.5 m. [8, 10].

The modulus of deformation of the soil-cement
pile was adopted at 68 MPa, according to practical
research data.

doi 10.15802/stp2017/113619

116

© D. Y. lhnatenko, V. D. Petrenko, O. L. Tiutkin, 2017



TPAHCIIOPTHE BY JIBHUIITBO

ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka ta nporpec Tpancnopty. Bicauk /IHinponeTpoBchkoro
HaLiOHAIBHOTO YHIBEPCHTETY 3ali3HUYHOro TpaHcnopty, 2017, Ne 5 (71)

Fig. 1. The finite element model of the landslide slope is considered. The engineering
geological layers 1-7 are represented in different colours in order of increasing depth

Calculated values of physical indices and strength of soils at a = 0.95
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1 16.33 18.37 25 125.0 13 109.0 7 20.0 7.2
3 15.36 18.07 26 18.0 15 10.0 - - 8.6
4 15.48 18.22 24 16.0 16 4.0 - - 11.0
5 17.73 18.86 25 110.0 17 56.0 10 21.0 15.3
6 18.16 19.21 26 100.0 13 72.0 10 22.0 14.2
7 18.94 22 51.0 21 68.0 9 12.0 114
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Findings

The task was calculated in three stages in the
«Mounting» processor.

1)The stage «Soil». Reflects the operation of
the system without a pile device in conditions
where the slope is in a state of equilibrium. Soils
are in a state of natural humidity.

2) The stage «Placing piles.» Vertical displace-

ments from the sediment of the ground mass are
reset. Soils are in a state of natural humidity. The
soil-cement pile has been mounted. The pile's own
weight acts on the soil mass.

3) The stage «Work piles.» Reflects the work of
the pile in conditions of complete water saturation
of all soil layers except for the deep one, which is
located below the thalweg of the girder.

Fig. 2. Stage 1. The system without placing a retaining
structure. The maximum value for the X axis is 21.4 cm

Fig. 3. Moving of the system after the installation of a soil-cement pile with a diameter of 0.6 m,
the length of the pile 6.5 m. Soils in the water-saturated state, the situation simulates
a possible displacement. The maximum value for the X axis is 0.025 cm
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| 56

Fig. 3. Vertical displacements of the system after the installation of a soil-cement pile
with a diameter of 0.6 m, the length of the pile is 6.5 m. The maximum value along
the Z axis is -0.14 cm. (Stage 2)

Fig. 4. The isosphere of stresses N,. The maximum value is 0.494 MPa

|
!
|

|
!
|

Fig. 5. The isosphere of stresses t,y. The maximum value is 0.109 MPa
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Originality and practical value

Despite the widespread use of soil-cement piles
as enclosing structures for the construction of
foundation pits and reinforcement of the founda-
tions of emergency structures, special attention
should be paid to the study of the feasibility of us-
ing soil-cement retaining pile structures on land-
slide areas. It is known that primer-cement piles
are expediently used as a protective element, which
interacts quite well with the ground environment
due to its structure of the starting material. The use
of modern computer programs of finite element
modeling makes it possible to calculate the effec-
tiveness of the use of soil-cement piles and to de-
termine the parameters of the necessary supporting
structure according to the given geological struc-
ture of the slope, and also, depending on its shape
and the physical characteristics of the soils, to
compare the performance of different types of pro-
tective landslide structures.

Conclusions

Based on the calculations performed, the fol-
lowing findings can be drawn:

1. The use of soil-cement retaining pile as re-
taining structures on landslide-prone areas makes it
possible to prevent lateral processes if work has

been performed based on a preliminary calculation
of the nonlinear stability problem. The piles should
be arranged in such a way that they can be techno-
logically carried out, that is, the site should be
close to the horizontal surface in the terrain for the
operation of machinery. The length of the piles
should be determined by calculation and taken in
such a way that the pile passes the slip surface of a
possible displacement and is submerged below, in
a stable layer of soil, at least one third of the total
length of the pile.

2. The results of the calculated parameters and
the bearing capacity of the piles always depend on
the given conditions and the initial data of the
problem. An error in geological data can lead to
erroneous results and a mismatch of the work of
the calculation model in reality.

3. The accuracy of calculations of this model
for the number of 300 iterations is 10.09%. That is,
with a displacement of 0.025 cm, the error of the
results is £ 0.0025 mm, which is sufficient for this
task.

4. With the help of finite element modeling it is
possible to solve the practical problem of any
complexity, regardless of the variety of geological
conditions and the shape of the slope. However, it
cannot be to say about other methods of calculating
landslide processes in that way.
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B3AEMOAI 'PYHTOHEMEHTHHX ITAJIbOBUX HIAHIPHAX
KOHCTPYKIIHA I3 TIJIOM 3CYBY

Merta. HaykoBa poOota Mae 3a MeTy aHalli3 Ta MOPIBHSIHHS PE3yJIbTATiB PO3PaxyHKY KiHIIEBO-EJIEMEHTHOI MO-
JielTi 3cyBOHEOE3IIEYHOr0 CXIJTY 3 BJIAIITYBAHHSIM IPYHTOLEMEHTHHUX I1ajb 3aJIE)KHO BijJl 3MiHM JKOPCTKOCTI MifMip-
HOi KOHCTpyKii. JlociiUkeHHs JO3BOJIUTH OLIHUTH €(EeKTUBHICTh IX 3aCTOCYBaHHS, CYMICHY poOOTY Majb i3 TiJIOM
3CyBY Ta 3pOOMTH BHCHOBOK IIOJO JIOLUILHOCTI BUKOPHCTAHHS JITAHOTO METOJy NMPOTHU3CYBHOTO 3aXHCTY CXHIY.
Metoauka. JlocmigHIKaMH TPOBEACHUH aHami3 reoMop(oNOTIYHNX JaHWX, OTPUMAHUX 3a pe3yibTraTaMu Jadopa-
TOPHUX IOCTI/KeHb IPYHTIB Ha AUISHII cxmiry. CTBopeHa 00’€MHa KiHIIEBO-CIEMEHTHA MOJENb CXWIY 3TiIHO
moOyIOBaHUX PO3pi3iB Ta TIMOWH 3aJATaHHA IIApiB IPYHTY. 3AIHCHEHUH PO3paxyHOK HEJHIHHOI 3a1adi KiHIEBO-
CJIEMEHTHOTO  MOJENIOBAaHHA CXWIJIy 3 BJAIITYBAaHHAM IPYHTOIEMEHTHHX Ialb Pi3HOI  JKOPCTKOCTI.
Pe3ysabTaTn. ABTOpaMH OTPHMaHi pe3ylbTaTH PO3PAaXyHKY KiHIIEBO-€JIEMEHTHOI MOETi 3CyBOHEOE3EeYHOIO CXH-
Jdy, TPOBEJCHO aHAJi3 HanpyXXeHO-Ie(pOPMOBAHOIO CTaHy KOHCTPYKLii 3 IDYHTOLEMEHTHHX Iab.
HayxoBa HoBu3Ha. He3Bakaroun Ha HIMPOKE 3aCTOCYBAaHHS IPYHTOLIEMEHTHHX MaJlb Y SIKOCTI 3aXHCHUX KOHCTPYK-
i 7U1s1 BIAIITYBaHHS KOTJIOBAHIB Ta MOCWICHHs (yHAaMEHTIB aBapiiHUX CIIOPY, OCOOJIMBY yBary Ciiijl MPUAIIHTH
JIOCIIZPKEHHIO JOIIBHOCTI 3aCTOCYBAaHHS IPYHTOLIEMEHTHHX HiIIPHUX MaJbOBUX KOHCTPYKILIi Ha 3cyBOHeOe3mey-
Hux ainsHkax. [IpakTuyHa 3HaYMMicTh. BioMo, 110 IPYHTOIIEMEHTHI Mai TOUIIHHO 3aCTOCOBYBATH SIK 3aXHCHUIA
€JIEMEHT, KM JIOCUTh 100pe B3aEMOJIIE 13 TPYHTOBHM CEPEIOBHUIIIEM 3aBJ/sSKU CBOIM CTPYKTYpi BUXIJHOTO MaTepia-
ny. BukopucranHsi cydyacHMX KOMI'IOTEPHHX HPOTpaM KiHIEBO-EJIEMEHTHOTO MOJICIIOBAHHS J03BOJISIE TPOBECTH
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PO3paxyHOK €()eKTHBHOCTI 3aCTOCYBaHHSI IPYHTOLIEMEHTHHX Mallb Ta BU3HAYUTH MapamMeTpy HEOOX1AHOT miamipHOT
KOHCTPYKIIi 3riJHO JIaHOT reoIOri9HOI CTPYKTYpH CXMTy. Tako MOKIJINBO, 3aJIEKHO Bil (OpMH Ta 3MIHM (i3UUHHX
XapaKTEePUCTHK IPYHTIB, IIOPIBHATH pOOOTY PI3HHUX THIIB 3aXUCHHUX MTPOTU3CYBHUX KOHCTPYKIIIH.
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B3AUMOJIEHCTBUE I'PYHTOLEMEHTHBIX CBAMHBIX
HOANMOPHBIX KOHCTPYKIIMU C TEJIOM OIIOJI3HA

Heab. Hayunast paboTa cBOeH LEbI0 UMEET aHAIU3 U CpaBHEHHE PE3yJbTAaTOB pacdyeTa KOHEYHO-dJIEMEHTHON
MOJIETIM OMOJI3HEOIACHOTO CKIIOHA C YCTPOWCTBOM TPYHTOLIEMEHTHBIX CBail B 3aBUCHMOCTH OT U3MEHEHHMS JKECTKO-
CTH TIOJIOPHON KOHCTPYKUMH. ccrenoBanue Mo3BOJIHUT OLEHHUTH 3(P(EKTHBHOCTh UX NMPUMEHEHHS, COBMECTHYIO
paboTy cBaii C TEJIOM OMNOJI3HS M CHENaTh BBIBOJI O 11€71€CO00Pa3sHOCTH MCIIOIb30BaHMS JaHHOTO METOJa IIPOTHUBO-
OIIOJI3HEBOH 3amnTHI ckjIoHa. MeTtoamnka. MccnenoBatensiMu ObLI IPOBEJICH aHAIN3 TeOMOP(OIOTHYECKUX JaHHbIX,
MOJIYYEHHBIX 0 pe3ylibTaTaM JabopaTOPHBIX MCCIIEAOBAaHMN I'PyHTa Ha ydacTke ckioHa. Co3gaHa oObeMHast KO-
HEYHO-2JIEMEHTHAsI MOJIEJIb CKJIOHA COTJIACHO MOCTPOEHHBIX Pa3pe3oB M MIyOHH 3ajeranus ciioeB nousbl. [Ipousse-
JIeH pacueT HeJIMHENHHO! 3a7jauil KOHEYHO-3IEMEHTHOTO MOJIETUPOBAHNUS CKJIOHA C YCTPOWCTBOM I'PYHTOLIEMEHTHBIX
CBail pa3aM4HOM XecTKocTU. Pe3yabTaThl. ABTOpaMU NOJIyYEHB] pe3yibTaThl pacueTa KOHEUHO-3JIEMEHTHOM MOJie-
M OIOJ3HEONACHOTO CKJIOHA, IPOBEJICH AaHAIN3 HAINPSKEHHO-IC(POPMHUPOBAHHOTO COCTOSHHS KOHCTPYKIHH
C TPyHTOLIEMEHTHBIMH cBasiMi. Hayunass HoBu3Ha. HecMoTpst Ha mmpokoe MpUMEHEHHE TPYHTOLEMEHTHBIX CBail
B KAUeCTBE OrPaKAAOIMINX KOHCTPYKIMH Ul yCTPOWCTBAa KOTJIOBAaHOB M yCWJICHHE (YHIAMEHTOB aBapHHHBIX CO-
OpYXXeHHH, 0c000e BHUMaHHE CIIeTyeT YASINUTh UCCIEIOBaHMIO 1Ie71eC000Pa3HOCTH NPUMEHECHHUS TPYHTOLEMEHTHBIX
TIOJITOPHBIX CBAWHBIX KOHCTPYKIHMH Ha OIOJI3HEONACHBIX ydyacTKax. [IpakTHyeckasi 3HauMMocThb. V3BecTHO, 4TO
T'PYHTOLICMCHTHBLIC CBAU uenecooGpa3Ho MIPUMCHATH KaK 3aH1PITHI)II>II 3JICMCHT, KOTOpI:Iﬁ JOCTAaTOYHO XOPOIIO B3au-
MOJIICTBYET ¢ TPYHTOBOM cpeioi Giaromapsi CBoel CTPYKTYpe UCXOAHOTO MaTepuana. Vcroiap30BaHHe COBPEMEH-
HbIX KOMIBIOTCPHBIX IPOrpaMM KOHCYHO-3JICMCHTHOT'O MOACJIMPOBAHUSA MTO3BOJIACT IPOBCCTU PACUCT 3¢)¢)GKTHBHO-
CTH NIPUMEHEHHs I'PYHTOIIEMEHTHBIX CBail M ONpeNeIuTh IapaMeTpsl HEOOXOIUMOM MOATOPHOW KOHCTPYKIIUH CO-
IJIACHO JTAHHOMW T'€0JIOTMYECKON CTPYKTYpe CKIIOHA. Takke BO3MOXKHO, B 3aBUCUMOCTH OT (DOPMBI M M3MEHEHUsI (pu-
3WYECKUX XapaKTePUCTHK IPYHTOB, CPAaBHUTH pabOTy pPa3HBIX THIIOB 3AIIUTHBIX TPOTHBOOIIOJI3ZHEBBIX KOHCTPYKIIHH.

Kniouesvie crosa: TpyHTOIIEMEHTHAS CBasl; OTIOJI3€Hb; IIPOTHBOOIOI3HEBAs IIOAIIOPHAsT KOHCTPYKIIMS; OTIOJI3HE-
ONacHbIN CKJIOH
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DYNAMIC BEHAVIOR OF TWO-SPAN CONTINUOUS CONCRETE
BRIDGES UNDER MOVING OF HIGH-SPEED TRAINS

Purpose. The scientific work provides a comparison of the results of the movement of a high-speed passenger
train across the bridge, obtained as a result of finite element modeling in the SAP2000 software package, and real
tests of a double-span concrete railway bridge. Analysis of the rigid characteristics of flying structures.
Methodology. The numerical method presented in this study shows valid results concerning the dynamic analysis of
the behavior of bridges in conditions of high-speed train traffic. The factors influencing the dynamic behavior of
bridges under moving loads, the influence of design parameters and rolling stock, as well as the interaction of the
train and spans are determined. The system was used in the form of moving concentrated forces simulating the axes
of the train. Findings. Maximum movements and accelerations were obtained as a result of the dynamic calculation
for different speeds of the train and compared with practical tests. The correctness of the model of a span structure
with regard to continuous ferroconcrete spans was verified. Originality. Within the framework of the work, the lat-
est test results were used, including those with speeds calculated on the prospect of rail passenger traffic. For these
tests, a model of a span structure was developed. Practical value. The results of the research can be used to plan the
introduction of high-speed train traffic on existing and planned flying structures of reinforced concrete bridges. An
approach to the design of span structures that will be effective when passing high-speed passenger trains is imple-
mented.

Keywords: dynamic interaction; concrete bridges; continuous bridge; high-speed train; SAP2000

Introduction rail. Therefore, increasing the efficiency of grain
cargo transporting by rail and water transportation
is one of the key tasks that must be addressed to
reduce logistics costs. The need to develop logistic
schemes for the grain delivery to ports with the
participation of rail transport is also conditioned by
the need to increase Ukraine's energy inde-
pendence. The railway transport of Ukraine per-
forms about 90% of the turnover of electric power
with the use of domestic energy carriers. On the
contrary, 72% of oil products consumed in Ukraine
are used for the needs of motor transport; while
80% of oil products are imported by Ukraine [5].
Following the increase of train weight and speed
and, the lightening of bridge weight, the load in-
duced by the moving train gained importance
among the various external loads applied to bridge.
Therefore, taking into account the bridges of the
Korean high-speed train (KHST), as trains will run
at speed of 350 km/h (in the future, this speed is
planned to be increased up to 400 km/h), vibration
analysis of bridges shall acquire more and more
importance. In addition, when axle loads are re-
petitively applied at regular interval, as it is the

Grain is one of the main export goods of
Ukraine. Over the period from 2006 to 2016, the
share of its value in the total value of goods
exported from Ukraine increased from 3.5 to
16.5%. In 2015/2016 marketing year among grain
exporters, Ukraine, with an indicator of 38.7 mil-
lion tons, took the third place, behind the United
States (78.5 million tons) and the European Union
(52.2 million tons). Argentina (36.2 million tons),
the Russian Federation (34.6 million tons), Canada
(27.7 million tons) and other countries [1, 3] ex-
ported significant volumes of grain. One of the
ways to increase the competitiveness of domestic
grain in the world market is to build an effective
logistics system. For Ukraine, this task is espe-
cially important, as the share of logistics costs in
the cost of domestic grain is about 35%; for com-
parison, the share of logistics costs in the grain cost
in the European Union is 12-16%, the United
States — 9% [2]. In 2016 in Ukraine, about 97% of
grain exports were made through seaports, while
63% of grain cargo was delivered to sea ports by
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case for trains, frequencies of the applied wheel
load and of the bridge may coincide, favoring oc-
currence of resonance vibration in the bridge.

Purpose of the study

Significant progress in reducing costs of the
transportation of grain was achieved in the USA
and Canada in the late 20th, early XXI century.
Changes in grain logistics in the US began in
1972-1973 in response to a sharp increased de-
mand for grain in the world market [7]. These
changes led to a change in the quantity, capacity
and the location of elevators throughout the coun-
tries, improving the technology of grain transporta-
tion by rail and their tariff systems. Similar
changes have occurred since the 1980s in Canada.
Before the reform process, the logistics system for
the delivery of grain by the North American Rail-
ways was working similar to Ukrainian railways.
Empty wagons for transportation of grain were
sent to technical stations, where were making
groups from 1 to 25 cars loading stations. After
loading the cars were sent to technical stations for
compiling trains in accordance with the layout
plan. In 1965, US began to use the technology of
grain transportation for export to seaports by route
transport [7]. Efficiency of grain transportation
along the routes: with a decrease in the cost of the
station, the more rational use of the capacity of
wagons and throughput of the railways. At the
same time, this technology requires the develop-
ment of access roads and carrying capacity of ele-
vators [10, 11, 12].

Methodology

Loads spaced at regular interval and bridge
crossing at a given speed act as a repeated load,
called beating, appears on the bridge. When the fre-
quency of this repeated load approaches the natural
frequency of the bridge, resonance of the bridge
occurs. The axle loads of the considered 2P (18 ton)
HSLM — (High Speed Load Model) coaches hit the
bridge repeatedly and may induce resonance. In the
case of the KHST running at high-speed, risk of
resonance occurrence is larger than classical trains,
and verification of vibration problems in the high-
speed railway bridge is required during its design to
guarantee the safety of the crossing train, which one
is subordinated to strict crossing conditions. There-

fore, performing dynamic analysis that investigates
resonance of the bridge induced by the bridge—train
interaction constitutes an essential element of the
design [7, 8, 9]. It is necessary to define the critical
speed as the train speed for which resonance of the
bridge occurs. Such critical speed is defined and
based on the notion of resonance phenomenon due
to regularly spaced loads moving at a constant speed
and can be expressed as follows. The critical speeds
corresponding to the dynamic characteristics of the
bridge and the effective beating interval are summa-
rized in Fig. 3. Structures operating at resonance
show extremely sensitive dynamic responses ac-
cording to their damping level. Following, the selec-
tion of damping becomes essential when dealing
with resonance problems. In this study, the damping
ratio of the actual bridge has been determined by
means of field test using a rotary exciter. For details
about the damping ratio used in this study refer to
the Ministry of Construction & Transportation, the
Ministry of Commerce, Industry and Energy, and
the Ministry of Science and Technology [11]. The
damping assumed for the dynamic analysis
considered the Rayleigh damping using the me-
assured actual damping. Field tests have been per-
formed from August to September of 2001 in the
experimental section of the KHST located in the
construction area 5-2 of the Kyeong-bu high-speed
railway line. The tested bridge is a PSCbox bridge.
It is the Yeon-Jae Bridge, which characteristics
make it representative of the bridges adopted for the
KHST. The KHST has been designed for a maxi-
mum design speed of 350 km/h and is, actually,
running at a maximum speed of 300 km/h in the
experimental section situated at a distance of about
117 km far away to the South from Seoul. Field
tests have been performed twice in two years under
identical conditions, except the passengers’ loading
of the passenger coaches.

Findings

The obtained results indicate that the vertical
interval shifts u, (deflections) with simultaneous
load taking into account spatial dynamic behavior
structure and speed of cargo movement is non-
linear dependence on the magnitude of the track
eccentricity. In all calculations relatively high
shifts were obtained at loading speed of 200 km/h.
The greatest range of extrema of vertical shifts is
observed at eccentricity e, = 50 mm; in other cases
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u, amplitude variations are relatively low ampli-
tude. The lateral displacement equations uy, have
maximum if the amount of shift of the track E, =
10 mm. The range of maximum displacements in
longitudinal direction at loading speed of 100 km/h
can be considered as motionless. Further increase
in speed (up to 260-270 km/h) is accompanied by
significant increase of u, displacements and maxi-
mum amplitude of the longitudinal structure.

q
70 |
3.3
I | 0
0.35
2.8 0.8
0.35

Fig. 1. Concrete span construction

Offset Value reduces and returns to the initial
values in speed is 400 km/h. As a rule, the track
magnitude of the eccentricity practically does not
affect the longitudinal and torsional oscillations
span of the bridge.

Fig. 2. View on Yeon-Jae Bridge for KHST

As the lifetime of railway bridges should be
greater than 100 years for economic reasons, it is
necessary to take into account long term considera-
tions for choosing the traffic loads. Once having
made a decision about future loads to be taken into
account, there is no real problem in designing
completely new bridges and for these bridges it is
important to understand that heavier loads do not

significantly influence the costs of bridges. Greater
problems arise however when it is necessary to
upgrade existing lines and existing bridges need to
be modified. In 1991, the ERRI (European Rail
Research Institute) expert group D192 started re-
search work into long term considerations on
bridge loading and carried out a profitability study
with a view to determine the effect of higher axle
loads on the overall costs of bridges. They found
that additional investment costs of only 3% where
occurred when taking a 40% higher design load.
Therefore, a = 1.33 should be adopted for new
bridges. This result is confirmed by a study within
this EU-project «DETAILS»: Even if taking a fac-
tor a = 2,00, that means 100% higher d sign load,
the additional investment costs incurred reach only
10 %.

Velocity, km/h
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Fig. 3. Comparison of the calculations
at SAP2000 and real test of the train movement
under the bridge (2x40 m)

Velocity, km/h
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Fig. 4. Comparison of the calculations
at SAP2000 and real test of the train movement
under the bridge (2x40 m)

The Details project aimed at investigating the
uncertainties concerning the real structural
behavior of composite HSR bridges (i.e. resonance
phenomena, train-bridge interaction effects, global
and local dynamic loads, fatigue behavior, model-
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ing techniques, traffic spectra and exercise con-
ditions) in order to improve the technical knowl-
edge on the actual structural performance of such
composite solutions. To this aim, an innovative
global approach for the structural assessment was
developed and calibrated on suitable case studies,
representative of steel-concrete composite solu-
tions currently adopted in European high-speed
railway lines. Results permitted to elaborate final
guidelines, were reported in chapter 15, for a reli-
able assessment of existing brides and the design
of new ones. In particular, developed guidelines
cover the following aspects of bridge engineering:

1. Experimental dynamic testing of composite
bridges, i.e. indications for a correct identification
of natural vibration modes and resonance phenom-
ena considering the quality of experimental input
data, the typology of excitation sources and the
numerical procedures adopted for structural identi-
fication.

2. Evaluation of train-bridge interaction effects,
i.e. general observations on train bridge dynamic
interaction phenomena, descriptions of modeling
techniques currently adopted to represent vehicle
and structure dynamic properties, specific recom-
mendations for a correct assessment of composite
bridges under high speed-train passages.

3. Finite element (FE) modeling of composite
bridges, i.e. integrated approaches, consisting of
developing and updating numerical FE bridge
models on the basis of experimental structural
identifications, for a correct representation of the
real dynamic behavior of composite bridges con-
sidering also the influence of secondary compo-
nents and boundary conditions.

4. Recommendations for the design of railway
bridges in accordance with the rules of the Euro-
code, Specific instructions related to the Eurocode
standards for the optimal design of the railway
Bridges relative to the class of fatigue of bridge
components, gain factors of vertical loads in ac-
cordance with effective rail traffic, permissible
bridge deformations and vertical displacements.

In modeling the dynamic behavior of spatial
rod system, some nonlinear components of motion
nodes can be lost without taking into account mo-
ments of inertia of the nodes. In Euler-Lagrange
differential equations of the relationship between
angular velocity and angular acceleration, the node
in the components is relative to the main axes of

inertia, characterizing the connection between ver-
tical, horizontal and torsional vibrations of the
structure, as well as energy distribution in the sys-
tem.

When resonance phenomena may influence
significantly the dynamic performance of the
bridge, suitable procedures for the correct evalua-
tion of dynamic response and structural load distri-
bution are needed. The moving load approach and
the train-bridge dynamic interaction approach are
two of the most adopted techniques for this pur-
pose [1.4].

Originality and practical value

In this work, I performed dynamic measure-
ments on the part of the Evon bridge, and also with
the reactionary values from the Yonjaye bridge, the
pre-stressed beam bridge. This bridge is along the
Gyeong-bu high-speed rail. Then I compared re-
sults with standard dynamic performance values
specified by the Eurocode and Korean high-speed
rail. To determine dynamic performance of the
bridges, I measured and analyzed the following
elements: maximum vertical acceleration and
maximum vertical displacement. Most measure-
ments were within the control values. However, on
the Yonjai Bridge some acceleration response is
greater than the regulation value.

Conclusions

The steel composite bridge showed higher
values of displacement and angles of rotation in
comparison with the bridge of the pre-stressed
beams. However, the acceleration response showed
lower values. This result was not the effect of
resonance, which occurs when a train passes
through a steel composite bridge. Therefore, the
component that monitors dynamic performance of
the bridge is not included to calculation. Differ-
ences in the material of the bridge did not lead to
differences in the dynamic characteristics of the
bridges. Since the dynamic responses experimen-
tally obtained in this study were the data obtained
when the train moves at a working speed, comple-
menting numerical analyzes I carry out with differ-
ent train speeds and damping factors. As expected,
the dynamic deviation can be amplified more than
twofold when the speed of the train reaches a criti-
cal speed. In addition, the dynamic gain varies with
the damping coefficient. The measured damping
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ratio has a certain amount of dispersion and calcu-  studies will be directed to determine the coefficient
lated maximum dynamic response varies consid- of input damping taking into account the distribu-
erably due to the input damping coefficient. Future tion of the measured damping coefficient.
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Meta. HaykoBa po6oTa mepenbadae MOPIBHSIHHS pe3yNbTaTiB pyXy BHCOKOIIBHUIKICHOTO MACaKUPCHKOTO IO-
i31a MO MOCTY, OTPUMAaHUX BHACIIIOK MOJENIOBAaHHS METOJOM KiHIICBHX €JIEMEHTIB Yy NMPOrpaMHOMY KOMILIEKCi
SAP2000, Ta peanpHHX BHIPOOYBaHb BOIPOTIHHOTO 3ali300€TOHHOIO 3aNi3HMYHOTO MOCTa. A TakoX aHaji3
YKOPCTKICHUX XapaKTePHUCTHK MPOroHOBHX OynoB. MeToanka. CructeMa 4uceabHOr0 METO/Y, MPEACTaBlIeHa B 11bO-
My JOCIIJDKeHHI, MMOoKa3ye OOIpYHTOBaHI pe3yJjbTaTH, IO CTOCYIOThCS JHUHAMIYHOTO aHalli3y MOBEIIHKH MOCTIB
B YMOBax IIBHUJKICHOTO pyXy NOi37iB. Bu3HaueHo ¢axkTop, 110 BIUIMBAIOTH HA AMHAMIYHY MOBEAIHKY MOCTIB PH
PYXOMHX HaBaHTaXXCHHSX, BIUIMB IPOCKTHUX IapaMeTPiB Ta PyXOMOTO CKJIAJy, a TaKOX B3aEMOJis moi3zia i mpo-
ap0oTiB. CHCTeMa BHUKOPDHCTaHAa Yy BHIVIAI PYXOMHX 30CEPE/DKEHHX CHJI, IO MOJENIOIOTh OCi Moi3ja.
PesyabTaTn. Bynu orpuMani MakcuMaibHI NEpeMilieHHs] i IPUCKOPEHHS B PE3yJbTaTi AMHAMIYHOTO PO3pPaxyHKY
JUIA Pi3HUX MIBHIKOCTEH PyXy IOi3[a Ta MOPIBHSIHI 3 MpaKTUYHUME BUNpoOyBaHHAMH. [lepeBipeHa KOPEKTHICTh
MOJIEJTi POTOHOBOT OYIOBH IIOI0 HEPO3PI3HHUX 3aTi300€TOHHUX MPOTOoHOBHX OynoB. HaykoBa HoBH3HA. B paMkax
poOOTH BHKOPHCTaHI HOBITHI pe3yNbTaTH BUIPOOyBaHb, B TOMY YHCII 3i IIBUAKOCTSIMHE, PO3PaXxOBaHUMH Ha Iepc-
MEKTUBY 3aJII3HUYHUX MMaCaXUPCHKUX MepeBe3eHb. 3a JaHUMHU BUTIPOoOyBaHHS Oyiia po3pobieHa i MOAeIs MpOTOHO-
Boi OyzmoBu. IIpakTHyHa 3HauMMicTb. Pe3ynbTaTH NOCHIKEHb MOXYTh BHKOPHUCTOBYBATHUCS [UIS IUIAHYBaHHS
BIIPOBA/KEHHSI BUCOKOIMIBHAKICHOTO PyXy MOi3/iB 32 ICHYIOUHMH Ta MPOEKTOBAHWMH MPOTITHUMH OyZOBaMH 3alli-
300€TOHHHUX MOCTIB. BUKOHaHO MiAXix 10 po3poOKH KOHCTPYKIIH MPOrOHOBUX OyNOB, sKi OyayTh eeKTUBHI NpU
MPOIYCKY BUCOKOIIBUIKICHUX MACcaKUPChKUX TOI3/IB.

Knmiouosi  cnosa: nuHamiuHa B3a€MOJis; OCTOHHI MOCTH; HEPO3PI3HMHA MICT; MIBUAKICHUH MOT3;
SAP2000

A.T. MAPUHUYEHKO"

1*Ka(b, «MocCTbI ¥ TOHHENY, JJHENPONeTPOBCKUIA HAIIMOHAJIBHBIH YHUBEPCUTET HKEJIE3HOIOPOKHOTO TPAHCIIOPTA
nMeHd akanemuka B. Jlazapsna, yi. Jlasapsua, 2, Taunpo, Ykpaunna, 49010, ten. +38 (063) 183 96 31,
a11. moyra aleksey.marinichenko@gmail.com, ORCID 0000-0002-6115-7162

JUHAMUYECKOE MOBEJIEHUE JIBYXITPOJIETHBIX HEPA3PE3HBIX
KEJE30OBETOHHBIX MOCTOB I1IOJ] BO3JEVCTBUEM
CKOPOCTHBLIX ITOE310B

Hean. Hayunast paboTa npexycMaTrpruBaeT CpaBHEHHE Pe3yNIbTaTOB ABHKEHHSI BBICOKOCKOPOCTHOTO HacCasKUp-
CKOT0 I0€3/1a 10 MOCTY, MOJIy4E€HHBIX BCIEJICTBHE MOJEINPOBAHHUS METOJJOM KOHEUHBIX AJIEMEHTOB B IPOrPaMMHOM
kommiekce SAP2000, 1 peanpHBIX HCHBITAHUN JBYXIPOJIETHOTO XeNe300€TOHHOTO JKENE3HOJOPOXKHOTO MOCTA.
A TaxKe aHalM3 JKECTKOCTHBIX XapaKTEPHCTHK MPOJIETHRIX cTpoeHuid. MeTtoauka. CucTeMa YHCICHHOTO METOAA,
MIPE/CTAaBICHHAsT B 3TOM HCCIIEAOBaHWH, ITOKA3bIBAET OOOCHOBAHHBIC PE3YJIBTAThl, KACAIOUIHECS AWHAMHUYECKOTO
aHaJIM3a MOBEICHHUS MOCTOB B YCIIOBHSIX CKOPOCTHOTO JIBMKEHHUS 1oe3/10B. OmpeneneHsl (HakTOpbl, BIUSIONNE HA
JUHAMHYECKOE TTOBEICHUE MOCTOB IIPU ABIKYIIMXCS Harpy3kax, BIMSHHE MPOCKTHBIX IAPaMETPOB M MOJBUKHOTO
COCTaBa, a TAKXKE B3aMMOEHCTBUE Moe3/a U mponeroB. CucTeMa HCHOIb30BaHa B BHJE IBHXKYIIUXCSI COCPENOTO-
YEHHBIX CHJI, MOJICJIUPYIOIIMX OCH Ioe3/a. Pe3yabTaThl. Beiin mosydyeHbl MakcHMalbHbIE IIEPEMENICHUS U YCKO-
peHHs B pe3ynbTaTe TUHAMHUYECKOTO pacuéTa /Ul pa3sHBIX CKOPOCTEH MBIKEHHS MO€3/1a U CPaBHEHBI C MpaKTHYe-
CKHMMH UCTIBITaHUAMU. [IpoBepeHa KOPPEeKTHOCTh MOEH IMPOJETHOTO CTPOEHHS KacaTeabHO Hepa3pe3HbIX JKese30-
OeToHHBIX MPONETHBIX cTpoeHnid. Hayunasi HoBu3HAa. B pamkax paOoThl MCIIOIB30BaHBI HOBEHINNE PE3yJIbTATHI
WUCOBITAHUMA, B TOM UHCIE€ CO CKOPOCTSMH, pPACCUMTAHHBIMH HAa MEPCHEKTUBY SKEIE3HOAOPOXKHBIX
MACCAKUPCKUX IepeBo30K. [lo MaHHBIM HCHbITaHWS ObUla pa3paboTaHa M MOJENb TPOJIETHOTO CTPOCHHMS.
IIpakTHYyeckast 3HAYMMOCTb. Pe3ynbTaThl UCCIEOBaHUI MOTYT MCIIOIB30BATHCS IS TUIAHUPOBAHUS BHEAPECHUS
BBICOKOCKOPOCTHOTO JIBIDKEHHS TO€3/I0B 110 CYIIECTBYIOIINM H MPOCKTUPYEMBIM MPOJIETHBIM CTPOCHHSM JKEJIE30-
0GeTOHHBIX MOCTOB. BBINOIHEH MOIX0 K Pa3pabOTKe KOHCTPYKIMH MPOJETHBIX CTPOSHHUH, KOTophie OyayT 3ddek-
THUBHBI [IPU TPOIYCKE BEICOKOCKOPOCTHBIX MACCAKUPCKHUX TOE3/I0B.

Kniouesvle cnosa: nuHAMUYECKOE B3aMMOJICHCTBHE; KeNe300€TOHHBIE MOCTHI; HEPa3pe3HOH MOCT; BBICOKOCKO-
poctHoii moe3n; SAP2000
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FEATURES OF DESIGN OF TIED-ARCH BRIDGES WITH FLEXIBLE
INCLINED SUSPENSION HANGERS

Purpose. Investigation and analysis of the hanger arrangement and the structural stability of a Network arch
bridge — a tied-arch bridge with inclined hangers that cross each other at least twice. It is also necessary to make
a comparative analysis with other types of hanger arrangements. Methodology. The authors in their research inves-
tigated a large number of parameters to determine their influence in the force distribution in the arch. Eventually
they determined optimal values for all parameters. These optimal values allowed developing a design guide that
leads to optimal arch design. When solving this problem, the authors used three-dimensional finite element models
and the objective was to determine the most suitable solution for a road bridge, with a span of 100 meters, consisting
of two inclined steel arches, located on a road with two traffic lanes, subjected to medium traffic. The virtual proto-
type of the model is performed by finite element simulator Midas Civil. Findings. In this study, for the bridge deck,
a concrete tie appears to be the best solution considering the structural behavior of network arches, but economic
advantages caused by easier erection may lead to steel or a composite bridge deck as better alternatives. Design re-
quirements and local conditions of each particular bridge project will decide the most economic deck design.
Originality. To ensure passenger comfort and the stability and continuity of the track, deformations of bridges are
constricted. A network arch is a stiff structure with small deflections and therefore suitable to comply with such
demands even for high speed railway traffic. A network arch bridge with a concrete tie usually saves more than half
the steel required for tied arches with vertical hangers and concrete ties. Practical value. Following the study design
advice given in this article leads to savings of about 60 % of structural steel compared with conventional tied arch
bridges with vertical hangers.

Key words: tied-arch bridge; vertical hangers; inclined hangers; arch; theories of hangers system; number of
hangers; angle of hungers

aesthetic qualities [3, 5]. Concurrently, designed
Introduction structures must be sufficiently adaptable to stream-
lined practical implementation at construction,
operation and necessary maintenance. The above
listed requirements condition need for the use and
development of new innovative solutions both at
design and construction of artificial structures. The
first arch bridge with multiple crossing hangers
was designed by Per Tveit and was built in 1963 in
Steinkjer in Norway spanning 80 m, see Figure 1

This paper discusses aspects of designing of
«network arch» type tied-arch bridge superstruc-
tures with the polygonal top chord and flexible
inclined hangers. The P. Tveit and B. Brunn —
F. Schanack theories are explained. In addition, the
authors present results of their own research on
synthesis and classification of foreign practices and
recommendations as to design of such systems.

Current trends in the engineering of artificial [10, 11].
structures are largely driven by the increasingly
stringent requirements for their reliability, carrying
capacity, durability, cost effectiveness and
doi 10.15802/stp2017/114698 © V. O. Samosvat, Zhang Rongling, O. O. Hololobova, S. Y. Buriak, 2017
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Fig. 1. Network arch at Steinkjer (first)
and Bolstadstraumen (second)

In that same year, another two network arches
were constructed. The Bolstadstraumen bridge
spanning 84 m was also designed by Per Tveit and
built in Norway (Fig. 1). Also the Fehmarnsund
bridge in Germany spanning 248 m (Fig. 2). The
Fehmarnsund bridge is clearly a class bigger than
the two Norwegian bridges, not only in span, but
also in load carrying capacity. This bridge accom-
modates two road lanes and a single railway track.

Fig. 2. Fehmarnsund bridge

Purpose

A network arch bridge is a tied arch bridge with
inclined hangers intersecting at least twice [3, 5,
10]. Compared with regular tied arch bridges, i.e.
those with vertical hangers, the network arch
bridge exhibits low moments in both of the chords,
which typically leads to important material
savings. In Figure 3 it can be seen that the network
arch tends to behave like a simple beam, due to its
higher stiffness, leading to small deflections. As
Figures show, partial loading on half of the span
will lead to deflections on the upper and
lower chord in the arch with vertical hangers while
the arch with inclined hangers only observes
deflections on the lower chord.

e [ T

A T T T T T AT T TTTATTTTTATTRTTIY

Fig. 3. Tied arch with one set of inclined hangers
submitted to partial loading

As a consequence, in the arch with vertical
hangers, bending is a decisive factor when it comes
to the choice of the cross-section of the chords. In
the network arch, bending will only occur due to
local loading, and therefore the arch and the tie are
only subjected to axial forces.

At the practical engineering of such type struc-
tures, engineer faces the necessity of solution of
the following problems:

— Definition of optimum design parameters of
the arch, in particular, outline shape, rise height,
construction;

— Choice of hanger net construction scheme;

— Determination of reasonable hanger inclina-
tion angle;

— Calculation of the most rational number of
hangers;

— Analysis of solution cost-effectiveness as
compared to superstructures with vertical hangers;

This paper presents selection of information
both from foreign practice of this type bridge de-
signing and construction, and from the author’s
own researches. It outlines and formulates general
principles of designing the superstructures with the
inclined hangers and provides general recommen-

doi 10.15802/stp2017/114698
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dations for the practical designing of such super-
structures.

Methodology

An analysis was made for a road bridge with
100 meters span consisting of two circular hollow
steel arches with a radius of 82 meters and
a maximum height of 17 meters, connected at ends
by circular hollow section tie-beams. The arches
are inclined inward 15 degrees after the tie-beam
axis. Arches are connected at the bottom by means
of variable height double T section crossbeams
positioned at equal distance of 5 meters and at the
top are connected by means of circular hollow sec-
tions bracings. A reinforced concrete top slab
linked by elastic connectors to the crossbeams
completes the composite deck. The virtual proto-
type of the model is performed by finite element
simulator, Midas Civil.

Findings

Vertical Hanger System (Langer System)

Fig. 4. Tied arch bridge with Langer configuration
of hangers

In this configuration the compression forces in
the arch increases with the number of hangers as
shown in Figure 6. It was observed that with in-
creasing number of hangers, compression increases
in the arches, while the hanger’s axial efforts de-
crease as in Figure 5.

Bending moment decreases with the increasing
number of hangers, and this difference is remark-
able when the number of hangers is lower and the
bending moments in the arch grow rapidly as
shown in Figure 7.

The tie beam axial efforts variations do not ap-
pear in the system with vertical hangers, but the
hanger number variation significantly influences
the bending moment in the beam because the
hangers play the role of elastic supports for tie
beam as in Figure 8.

In this configuration the bending moment dic-
tate the arch sections and the best results for the
100 meters span studied was found for the 20
hanger configuration.

As a consequence, in the arch with vertical
hangers, bending is a decisive factor when it comes
to the choice of the cross-section of the chords.

Hanger Axial
L= |
= |
£ 2000
3
=
o 1500
1000 115
Ll N | 5 :
4]
[ 1d } 1 [ i ] i
Mr. hangers

Fig. 5. Variation of axial force in hangers in vertical
system depending on the hanger number
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Fig. 6. Variation of axial force in arch in vertical
system depending on the hanger number
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Fig. 7. Bending moment variation in arch in vertical
system depending on the hanger number
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Tie beam bending moment
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Fig. 8. Bending moment variation in tie beam in vertical
system depending on the hanger number

Inclined Hanger System with Constant Slope
(P. Tveit theory, Nielsen System)

P. Tveit theory, this method follows the same
concept as the previous one [9, 10]. In this case,
however, the slope of each hanger varies follow-
ing, for instance, a linear function like Ap= a.x+p,
where x is the number of the hanger, o and B are
the parameters that make the hanger arrangement
vary along the length of the arch [4, 5, 10]. A gen-
eral case is illustrated in Figure 9 Assigning a con-
stant slope is a particular case of this configuration,
when a is taken as 0.

//////////Z///////,

, [

/

[~, startangle @ Pr-:=hp
L

Fig. 9. Tveit net construction scheme

The construction of reverse hangers is carried
in inversed manner. Thus the hanger inclination
angle variation is considered positive from the
right to the left; in the shown scheme, hanger incli-
nation angle becomes steeper from the left to the
right [7].

To simplify the manufacturing process and for
a uniform distribution of the moment, and to re-
duce the buckling length in many cases the hangers
are disposed at equal distances along the arc [8]. In
this case, the unknowns are the locations of nodes
on the tie beam. An alternative is to arrange the
hangers at equal distances along the tie beam and
the arc node locations are the unknowns.

In this system, the hangers are disposed at
equal distances along the arches. Angle with the
horizontal plane was set 40 degrees.

As shown in Figure 11, relaxed hangers number
is relatively high in this arrangement. As with the
horizontal angle is greater, the higher the number
of the relaxed hangers. In each case analyzed the
hangers at the ends were always relaxed.

In Figure 14 we can see that arch compression
tends to decrease with the increasing angle to the
horizontal plane. This is explained by the fact that
more inclined hangers are less tensioned, due to
the small horizontal component of the force. The
range most effective for this opening is between 60
to 80 degrees. Bending moments in arches shown
in Figure 12. Indicate that the suspensions above
75 degrees inclinations involve large bending mo-
ments in arches.

In Figure 15 we can see that tie beam axial
force tend to increase with the increasing angle
while bending moment shown in Figure 13 is in-
fluenced only by the angles over 70 degrees .

As a conclusion to this configuration, the light-
er the bridge, more inclined hangers are necessary
and more hangers are relaxed. Still, this configura-
tion determines sections that lead to about 40%
smaller material consumption than in the vertical
arrangement of hangers.

Hangers axial
E 4000
F soo L
4

o 20 an (] B0 100

Fig. 10. Variation of axial force in hangers
in NIELSEN system depending on the angle

Relaxed hangers

Riedaxed Hahpeda
P

(i} 20 &0 i HO 100

Fig. 11. Number of relaxed hangers in NIELSEN
system depending on the angle
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Fig. 12. Bending moment variation in arch
in NIELSEN system depending on the angle
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Fig. 13. Bending moment variation in tie beam in
NIELSEN system depending on the angle
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Fig. 14. Axial force variation in arch in NIELSEN
system depending on the angle
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Fig. 15. Axial force variation in tie beam in NIELSEN
system depending on the angle

Inclined Hanger System with Variable Slope
(B. Brunn and F. Schanack theory, Nielsen System)

B. Brunn and F. Schanack theory is based on
the arch thrust line and implies the constant value
of hanger inclination angle [1, 2, 5]. This model
shows that if the forces in each hanger were ap-
proximately equal, the «resulting force» would lie
on the radii of the arch circle Figurel6.

" v".’""""""’.’_’ 'Rsuug force’
RS BB e
s BB

Fig. 16. B. Brunn and F. Schanack net construction
scheme

Hence, and in order to simulate a similar struc-
tural behavior in the network arch configuration,
Brunn and Schanack have defined that the first
intersection between hangers below the arch
should aim the radii of the arch circle [1, 2]. This
way, the only variable involved is the angle be-
tween hangers when they cross each other, as illus-
trated in Figure 17. Here, the hangers are placed
with equal space along the upper chord. Through-
out this investigation, the angle marked in grey
will be the key variable.

Fig. 17. The variable involved

In this system, each set of hangers starting at
angle start and then increase or decrease along the
bridge. In this study it was considered a first angle
of 55 degrees and a wvariation of 0.5 de-
grees/hanger.

Fig. 22 shows that maximum axial force in the
arch tends to be smaller as the inclination is great-
er. Bending moment results from the analysis show
that the more inclined hangers, the smaller bending
moment as in Figure 20.

The hanger angle variation does not appear to
significantly influence the tie beam axial force
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Figure 23. Bending moments along the beam de-

creases with increasing angle in Figure 21.
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Fig. 18. Axial force variation in hangers in inclined
hanger system with variable slope depending on the
angle variation
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Fig. 19. Number of relaxed hangers in inclined hanger
system with variable slope depending on the angle
variation

Unlike hanger system with constant inclination,
for this span were obtained unfavorable results,
which in turn lead to larger sections, namely higher
costs. However, comparing to a system with verti-
cal hangers, in this configuration we get a 30%
lighter structure and relaxation of the hangers re-
mains the problem.
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Fig. 20. Bending moment variation in arch in inclined
hanger system with variable slope depending on the
angle variation
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Fig. 21. Bending moment variation in tie beam in
inclined hanger system with variable slope depending
on the angle variation
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Fig. 22. Axial force variation in arch in inclined hanger
system with variable slope depending on the angle
variation
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Fig. 23. Axial force variation in tie beam in inclined
hanger system with variable slope depending on the
angle variation

Originality and practical value

The research conducted by author shows that
both nets could be recommended for the practical
implementation, and difference between the values
of strength criteria of superstructure elements
makes about 5%. It may be said that the Brunn-
Schanack net provides somewhat less stress value
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over the top chord (since it generally provides
steeper hanger inclination angles), while the Tveit
net allows reduction of maximum stresses in hang-
ers and bottom chord of superstructure.

Conclusions

Hanger inclination angles

Following key parameter at the superstructure
design is value of hanger inclination angles with
respect to the top chord. Considering fatigue,
a crossing angle slightly bigger than 45° will give
best results, whereas small maximum internal forc-
es occur for angles of about 55°.Results of the re-
search conducted by author show that the best rec-
ommended range of values of hanger inclination
angle with respect to the top chord makes 55-70
degrees.

Too small angles (<45-50°) result in increased
forces in hangers, in addition, at the extreme shal-
low inclination angles, net is overly condensed to
the middle of superstructure, which in turn impairs
its static performance.

When angle values tend to 90°, the system
shows increase in strain-stress state indices of su-
perstructure elements (due to the system tendency
to work as the configuration with vertical hangers).

Number of hangers

Important criterion of the inclined ties system
performance evaluation is determination of number
of hangers, panel pitch over the top chord.
Figure 25 shows the curve of effective superstruc-

ture element stress coefficient vs. number of hang-
ers.

Ko
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Fig. 24. Curve of superstructure strain-stress state
indices vs. number of hangers

Relationship between the number of hangers
and superstructure strain-stress state is not linear,
but rather hyperbolic with expressed asymptote.
Further reduction of number of hangers results in
increase in the rate of change of superstructure
strain-stress state criteria. The hangers and hanger
connections 100 m network arch should be
equipped with about 48 hangers per arch plane,
which has economical and structural reasons. The
extra costs caused by additional hangers and their
connections have to be balanced against the mate-
rial costs that can be saved due to smaller internal
forces in arches and tie.

Generally, tied-arch bridge superstructures with
the inclined hangers are very efficient systems, and
under most circumstances, these can successfully
compete with other superstructure configurations
even in case of relatively long (400—600 m) span
length.
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OCOBEHHOCTHU HPOEKTUPOBAHHUA KOMBUHUPOBAHHBIX
APOYHbBIX MOCTOB C T'MNBKUMH HAKJIOHHBIMH NOAIBECKAMMH

Lens. B Hay4HO# paboTe npeamonaraeTcs IPOBECTH UCCIISNOBAHUE W aHAJIM3 KOHCTPYKLIMH ITOJBECOK: & HMCH-
HO — YCTOIYMBOCTH apOYHbIX KOMOWHHPOBAHHBIX MOCTOBBIX CHCTEM C TMOKMMH HAaKJIOHHBIMH MOABECKAMH, KOTO-
pBle IepecekaroT APYr Apyra Kak MHHHMYM JABaXABL Taxke HE0OXOIMMO CleNaTh CpPaBHUTCNIBHBIA aHAIH3
C IPYrMMH BHIAMH KOHCTPYKLHMI moasecok. Meroauka. B paGote aBropamu ucciemyercsi OONbIIOE KOJINYECTBO
[apaMeTpoB, ONPENeNSIONNX WX BIMSHHE Ha paclpeneleHue YCWIMil B apke. B mTore mng Bcex IapameTpoB
OIIPE/ICNIAIOTCS.  ONTHUMaNbHbIE 3HAaueHWs. Ha OCHOBe OSTHX ONTHUMAaNbHBIX 3HAYCHUH pa3padaThIBalOTCA
PEKOMEHIALNH K NPOEKTUPOBAHHIO, KOTOPBIC MOCITYKaT ONTUMH3ALUK POSKTUPOBAHUS apOuyHOM cucTeMbl. [liist
WCCJIEIOBAHMUSI OTOM  MpoOJEeMBbl  ABTOPHl  HCIIOJNB3YIOT TPEXMEPHYIO MOJENIb  KOHEYHBIX  JJIEMEHTOB
U SKCIIEPUMEHTAIbHBIM IIyTeM OIpeIeAoT Hauboee MOoAXOAAIIee PEeHUe I aBTOMOOMIBHOTO MOCTa ¢ IIpoJie-
ToM 100 METpOB, COCTOSILETO U3 ABYX CTAJIBHBIX apOK, PACHOJIOKEHHBIX Ha JIOPOTe C ABYMsI TI0JIOCAMH JIBMDKCHHS,
u cpegHero tpaduka. Pacuer BUPTyaIbHOTO ITPOTOTHIIA MOJIETH OCYLIECTBIISICTCS METOZOM KOHEYHBIX 3JIEMEHTOB
B mporpamMmmHOM Komiuiekce Midas Civil. PesyabTtatsl. B uccnemoBannmu Oanku MocTa OCTOHHAs 3aTsDKKa
MPECTABIISACTCS JYYIIUM DPEILICHHEM, YYUTHIBas pabOTy KOHCTPYKLHMM CeT4aThix apok. Ho sKoHOMHueckue
MIPEUMYIIIECTBA, OCHOBAHHbIC Ha OOJICTYCHHOM MOHTaXe, MOTYT IIPUBECTH K TOMY, YTO CTalbHAasl WM KOMIIO3UTHAS
Gamku MocTta OyayT Oosee BRITOOHON aidpTepHATHBOW. [IpoexTHBIE TpeOOBaHMS M MECTHBIE YCIOBUS Ka)KIOTO
KOHKPETHOTO MOCTa OyAyT ONpeneiaTb JydllMd OKOHOMHUYSCKHH 3(GQeKkT mnpu NPOeKTUPOBAHUH.
Hayunasi HoBuM3HA. /I oOecnieyeHns KOMGMOPTHOCTH MAaCCaXHUPOB, CTAOMIBHOCTH M HENIPEPHIBHOCTH JBHIKECHHS
MYTH YMEHBIIAIOTCS JedopMalui MOCTOBBIX KOHCTpykuuii. CerdaTtas apka IpeJCTaBIIsSET COOOW IKECTKYIO
KOHCTPYKIIMIO C HEOONBIIMMH OTKJIOHEHMSMH M TI03TOMY YJOBJIETBOPSET TPEOOBaHUSAM Jaxe IS
BBICOKOCKOPOCTHBIX JKEJIE3HOAOPOXKHBIX jgopor. Ceryarble apo4YHbIE MOCTBI C OCTOHHOM 3aTsDKKOW OOBIYHO
SKOHOMST OoJiee TIOJIOBHHBI CTall, HEOOXOJMUMOM JUIS CBS3KH apKH C BEPTHUKAJIbHBIMHU IOJBECKaMH M OETOHHOM
3aTspkkoi.  IlpakTmyeckast 3HauuMocth. [lo pesynbraTtaM JaHHOTO — HCCIENOBaHMS  KOHCTPYKTHUBHBIC
PEKOMEHIAINY, yKa3aHHbIE B CTAThe, IPUBOASAT K SKOHOMHUH 0K0J0 60 % KOHCTPYKIIMOHHOW CTaJIH, O CPaBHEHUIO
¢ OOBIYHBIMHA KOMOMHHPOBAHHBIMU aPOYHBIMH MOCTaMH C BEPTHKAIBEHBIMHU MTOJBECKAMH.
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OCOBJIMBOCTI NPOEKTYBAHHA KOMBIHOBAHUX APOYHUX
MOCTIB I3 THYYKUMHA TIOXUJIMMHU HIIBICKAMHA

Merta. B naykoBiii po0OoTi nependavyaeTbCsi MPOBECTU AOCHIDKEHHS 1 aHali3 KOHCTPYKLIT MiJBiCOK: a came —
CTIMKOCTI apOYHUX KOMOIHOBaHMX MOCTOBHX CHCTEM i3 THyYKMMH HOXWJIMMH HiJIBICKaMH, SKi NEPETUHAIOTh OJIUH
OTHOTO SIK MiHIMYM JBidi. Takok HE0oOXimTHO 3pOOWUTH MOPIBHAIBHUHA aHaNi3 i3 IHIIUMH BUAaMU KOHCTPYKIIH
miaBicok. MeToauka. Y poOOTi aBTOpaMU JOCITIKYEThCS BeTHKa KUTBKICTh IMapaMeTpiB, SKi BU3HAYAIOTH iX BILUTUB
Ha PO3MOIN 3yCHIIb B apIiii. Y MiACYMKY Ul BCIX IMapaMeTpiB BU3HAYAIOTHCS ONTHUMAalbHI 3HaUYeHHS. Ha 0CcHOBI 1ux
ONTHMAIBHUX 3HAYCHb PO3POOIIIOTHCS PEKOMEHJAii MO0 MPOEKTYBAaHHS, SKi CIYryBaTUMYTh ONTHMi3amii
MIPOEKTYBAaHHS apOYHOi CHCTEMH. Y JOCHiKEHHI Ii€] MPOOIEeMH aBTOpU BUKOPHUCTOBYIOTH TPUBUMIPHY MOJIENb
KIHIIEBUX €JICMEHTIB Ta EKCIICPUMEHTAIBHUAM IIJISIXOM BH3HAYAIOTh HAHKpaIIe PIIICHHS 15l aBTOMOOUIFHOTO MOCTY
3 mposboToM 100 MeTpiB, 110 CKITATAETHCS 3 IBOX CTAJICBHX apOK, PO3TAllIOBAHUX HA JJOPO3i 3 IBOMa CMYT'aMH PyXY,
Ta cepeaHboro Ttpadiky. Po3paxyHOK BIpTyadbHOrO MPOTOTHIY MOZCTI 3IHCHIOETHCS METOIOM KIHIIEBUX
eneMeHTIB y mporpamaomy kominiekci Midas Civil. Pe3yabTaTi. Y mocnipkeHHI Oamkd MocTa OCTOHHA 3aTsDKKa
MIPE/CTABISETHCS KPAIIUM PIlIEHHSIM, BPaxoBYIOUH pOoOOTY KOHCTPYKIIi CITYaCTHX apoK. Ajle eKOHOMIiYHI IepeBa-
TH, 3aCHOBaHI Ha IOJICTIIEHOMY MOHTaXi, MOXYTb IPU3BECTH JIO TOTO, IO CTajlbHAa a00 KOMITO3UTHA OAJIKU MOCTa
OyIOyTh Kpamlol ambTepHATHBOIO. [IpOCKTHI BUMOTH Ta MiCIIEBI YMOBH KOXKHOTO KOHKPETHOTO MOCTY OyIyTh
BU3HAYATH KPAIINii eKOHOMIYHUH eeKT npu npoekryBanHi. HaykoBa HoBu3Ha. J{71s1 3a0e3medeHHs KOMPOPTHOCTI
MACaKUPiB, CTAOITFHOCTI Ta OE3MEepPepBHOCTI PyXy MHUIAXY 3MCHIIYIOTHCS Iedopmarii MOCTOBHX KOHCTPYKIIIH.
Cirgacra apka sBIIsiE COOOI0 KOPCTKY KOHCTPYKIIIO 3 HEBETUKUMH BiIXIJICHHSIMU 1 TOMY 3aIJOBOJIBHSIE BHMOTaM
HaBiTh IS BUCOKOIIBHIKICHUX 3aMi3HWYHHUX Jopir. CiTdacTi apodHi MOCTH 3 OCTOHHOIO 3aTSDKKOIO 3a3BHYaid
€KOHOMJIATH OibIe TOJOBHHH CTajli, HEOOXIAHOI /Ui 3B'SI3KYy apKH 3 BEPTHUKAIBHUMH MiIBICKAMU Ta OSTOHHOIO
3arspkkoro. IlpakTnyHa 3HaumMmicThb. 3a pe3yjbTaTaM JI@HOTO JIOCHI/DKEHHS KOHCTPYKTHBHI peKOMeHMallii,
HaBEJICHI B CTATTi, MPHU3BOJASATH 10 €KOHOMIi Oin3bko 60 % KOHCTPYKLIHHOI CTaii, B MOPIBHAHHI 31 3BUYAHUMHU
KOMOIHOBaHMMH apOYHHMHU MOCTaMH 3 BEPTUKAIBHUMHU ITi[BICKAMHU.

Kmiouosi cnosa: ciTyacTuii apovHHN MICT, BEPTHKAIbHI IIJBICKU; MOXWII MiABICKH; apka; Teopii CUCTEM
MiZBICOK; KUTBKICTh MiZBICOK; KYT HAXUJIY ITiIBICOK
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AOCIIKEHHS I'TAPABJIITYHOI'O BIIJIMBY HA TEXHOJIOI'TYHY
CTIMKICTb METPOTYHEJIIO MIVIKOI'O 3AKJIATAHHA
B HAMUBHUX MACHUBAX

Merta. Ha ocHOBI aHami3y pe3ynbTaTiB KOMI FOTEPHOTO MOJICTIOBAHHS Ta Ta00paTOPHUX JOCHTIHKEHb Y HAyKOBIl
poOoTi HEOOXiZHO BCTAHOBHUTH 3aJICKHICTh BIUIMBY 3MiH TiAPaBIIYHOTO PiBHA IPYHTOBHX BOJ Ha CTIHKICTh
00pOoOKM TyHENIB METpPOIMOJITeHY 3a paxyHOK pO3BUTKY JAedopmaliiii OTO4yHUOro HAMHUBHOTO MAacHUBY.
Metoauka. MeToanuHy OCHOBY KOMIUICKCY NOCIIIDKEHb CKJIAJAlOTh aHAJi3 Ta y3arajJbHEHHsS BITOMHUX HAayKOBHX
pe3yNbTaTiB Ta MPaKTUYHOTO JIOCBiAy IIPOTHO3YBaHHsS 1 monepekeHHs nedopmaiiidi oOpoOOK TyHeNmiB Ta
OTOYYIOYOTO IPYHTOBOTO MAacUBY, a TAKOXX KOMII'IOTEpHE MOJEIIOBAHHS KPUTHYHOIO HANpYKEHO-1e(hOPMOBAHOTO
CTaHy OOpOOKH TYHEIO IpH 3MiHi TiJpaBJIiqHOrO PiBHS IPYHTOBUX BOJ. Pe3yabTaTn. B mpoliieci TexHOIOTIYHOTO
CHOpYJUKEHHS Ta MiJ Ai€ro Oe3HANpHUX MiJ3eMHUX BOJ MPHW €KCIuTyaTanii TYHENiB JIiHIH METpOIIOJIITEHy MIJIKOTO
3aKJIafaHHS CTIMKICTh CYNITBHO-CEKIIHHOI OOpOOKM 3a0e3MeUyeThCs 3aBISKH PIBHOMIPHOMY TiPOCTATUYHOMY
0o0THCKaHHIO OOpOOKH, MpPU IIbOMY OCIJaHHS TYHEIIO 3HAaXOIIThCS B MEXax JONMYCTHMMHUX 3HadeHb. PesynbraTn
JTOCTIKeHb TIOKa3YIOTh, IO TPH 3MiHI PiBHA MiI3eMHUX BOJ IO OOWABA OOKH TYHENIO0 MOXXE BHHHKATH PI3HUHN
rinpocTaTiyHUid TUCK. IIpW [bpOMY 3 SBISIETBCS MNEPEPO3NONI HANpPyKEHb IPYHTOBOTO MAacHBY HAaBKOJIO
MONEePEYHOT0 Mepepizy TYHENIo, a Iie, B CBOK 4Yepry, NPU3BOJMTH A0 BUHUKHEHHS NOIATKOBHX HEPIBHOMIpHHX
nedopmaniil Ta pO3KPUTTA TPIIIUH 00poOKK TyHENIo Mix yac exciuryaTtanii. HaykoBa HoBu3HA. ABTOpamMu poOOTH
BIEpLIE BCTAHOBJICHO BIUIMB 3MiHHM TiAPOCTATHYHOIO THCKY, IO MO)KE BHHHKATH BHACIIJOK KOJMBAHHS DIBHS
MiA3eMHUX BOJI, HA CYIIUTFHO-CEKIIiHY 00pOOKY TYHENiB JIiHiil METPOIIOIITEHY MUJIKOTO 3aKJIalaHHs Yepe3 BTOpUHHE
ociaHHs IpyHTy. Bu3HaueHi yMOBM BHMHHKHEHHS BTOPMHHOTO OCIIaHHS IPYHTY Ta BCTAQHOBIICHO XapakTep
MpOTiKaHHS JeopMaliil y mepioj eKcIuTyaTallii TyHeiB MiTKoro 3akianaands. [lpakTuuna 3HaunmicTs. Ha cranii
MPOEKTYBaHHsI JIIHIM METPOIOJIITEHY MIJIKOrO 3aKJaJlaHHsl HEeOOXiJIHO BpaxOBYBaTH MOJMIJIMBICTh HEPIBHOMIPHOTO
OcCiZIaHHsI Bl Jii TiAPOCTaTUYHOIO THCKY B Iepios ekciutyaTarii. Lle 103BoMuTh yHUKHYTH 10JaTKOBHX JAehopMariii y
Ce30HHMH TEpiojl, 3MEHIINTH KIJIbKICTh ITOTOYHHMX PEMOHTIB, MiABHIIWTH HAJAIHHICTH Ta 30UIBLIIMTH TEpMiH
eKCIuTyaTallii KOHCTPYKIIiit 0OpOOKH TYHEIIiB.

Kniouosi cnosa: CTIHKICTD MacuBY; HalpyKeHO-Ie(OpMOBaHMH cTaH; TiIpOJUHAMIUYHMK BIUIMB; OOpoOKa
TYHEIII0; HAMUBHUI MacuB

L[bOMY TPAHCIIOPTHE CHOJIY4YEHHS B HOBOYTBOPEHHUX
Beryn MiKpopaiioHax 3a0e3Me"yeThCS THISIMH
METPOIIONITEHy MINKOTO 3aKiaJaHHA. AHai3
paHile MpoBeACHNUX JOCHIKeHb [ 1-3, 5] mokasye,
IO XapaKTepPHUMM O3HAKAMU HAaMHUBHHMX IDYHTIB
BOJIOHACHUEHHX MiIaHux MAaCHBiB
€  HepiBHOMIpHICTh  (pakimiiHOro  CKJamy
3 HasIBHICTIO 3HAYHOI KUTHKOCTI MATYBATHX YacTOK,

Benuky KiTbKICTh YKPaTHCBKHUX MICT YTBOPEHO
no Oeperax BojouM. Bin cepeauan XX cTOMITTS
PO3BUTOK BENUKHUX MiCT BigOyBaBcs 4epe3
PO3MINPEHHS 3a0yI0BH Y TOMY YHCITI i HAMABaHHIIM
I'PYHTOBHX MAaCHBIB Y MeKaX piukoBoi moimu. [Ipu
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a0COMOTHHI TiApOCTaTUUHUHA po3monin
HaIpy>kKeHb Ta MIPAKTUYHO BiJICYTHE 3YCIUICHHS MK
JaCTKaMHU IPYyHTY, AKi 3HAXOIATHCS
y cycnen3oBaHoMmy craHi. CyKymHICTh IHX,
3MIHHMX y 4aci, (akTopiB TpPHU3BOIUTH JO
0e3repepBHOTO IePEPO3MOILTY HaIpyKeHb
Yy MacwHBi, Y HaCJiJIOK YOTO MOTIPUIYEThCS CTIHKICTD
BOJIOHACHUYEHHUX IPYHTIB, BHHHUKAIOTH JJOJATKOBI
nedopmariii, SKi BIUTMBAIOTH Ha Mi3€MHI CIIOPY/IH.
ToMy mOCTiKEHHS TIAPOJIUHAMIYHOTO BILTUBY
Ha CTIMKICTh MiA3EMHUX CIIOPYI METPOIOJITEHIB
MIJIKOTO 3aKJIaIaHHS € aKTyaJbHOIO 33/1a9elO.

Meta

JJ1st BCTAaHOBIICHHS BIUIMBY 3MiH TiIpaBiliqvHOTO
piBHS TIPYHTOBUX BOA Ha CTIMKiCTb 0OpOOKH
TYHETIB METPOMOJIiTeHy Oyia mocTaBleHa 3amava
JIOCHIDKEHHS eKCIUTyaTaliiHoT HaIMHOCTI
METPOTYHENIB B YMOBaX BOJOHACHYEHHX IMiLIAHUX
IPYHTIB 1pu Oe3nepepBHOMY (PYHKIIOHYBaHHI
MAariCTpajJbHAX  TPaHCHOPTHUX  TMOTOKIB, IO
XapaKkTepHO I METaroMiCiB.

MeTtoauka

st oTpEMaHHS TEOPETUYHUX JIAHUX aBTOPaAMH
BUKOHAHO Yy3araJbHEHHS BIJOMHX 3 JITEpaTypH
pe3ybTaTIB AOCTIIKEHb TUHAMIYHOTO BIUIMBY Ha
TEXHOJIOTIYHY  CTiliKicTh  00poOOK  TyHENiB
METPOTOJITeHIB MiJIKOro 3aKknananus [ 1-10].

MeTtoan4Hy OCHOBY KOMILIEKCY AOCIHiIKEHb
CKJIAJI: aHajli3 HAyKOBUX pe3yjibTaTiB Ta
MPaKTUIHOTO JOCBI MYy POTHO3YBaHHS AehopMarlii
00po6oK TYHEJiB B 3aJISKHOCTI BiJ[
HaIpy>KeHO-1e()OPMOBAHOTO CTaHy OTOYYIOYOTrO
I'PyHTOBOTO MAacHBY, KOMII'IOTEPHE MOJETIOBAHHS
KPUTUYHOTO PO3BUTKY IMepeMillleHb 0OpOoOKH
TYHEJIO IIPH 3MiHi TipaBIiyHOTO PiBHS IPYHTOBHX
BOJI.

PesyabTaTtn

VYigpHeHHsT MicbKOi 3a0yJOBM Ta aBapiiiHi
CHUTYaIlii Ha TIIPOTEXHIYHUX KOMYHIKAIIisIX CYTTEBO
3MIHIOIOTh  TIEPBICHI  TiPOTEOJIOTIYHI  YMOBH
TEXHOTEHHOTO MAaCHBY, SIKI CyTTEBO BiJPi3HSIOTHCS
BiJl TIJPOJIOTIYHUX JaHUX HA CTaJil MPOCKTYBaHHSI
METpPOIIONITeHY. Y HACTIIOK IThOTO BWHHKAIOTH

MOPYIICHHSI eKCIUTyaTarlii JIII0Y0ro
METPOIMOJiTeHy, sKi, Ha mpukiagi OOOJOHBCHKOT
ritku  KWiBCBKOTO  METpONONITeHY, MOXKYTb

MPUBOIUTH bi (o) BTpaTH TepMETUYHOCTI
rigpoizomnsmii Ta CYTPOBO)KYBaTHUCh
MOTPATUITHHSAM BOJH T2 BHHOCOM IPYHTIB Y TYHEb.

s IIPOTHO3YBaHHS Mait0y THBOT
eKCIUTyaTamifHo1 HAIIIHOCTI ISTHOK
METPOIIONITeHY, IO 3HAXOMATHCSI B TOMIOHUX
yMOBaXx, Oyo BUKOHaHO MO/JIEITIOBaHHSI

HanpyXeHO-1e(QOpPMOBAHOTO CTaHy OOpOOKH TMix
JIi€I0 TIEPETOKIB IPYHTOBUX BO/I.

JeranbHo TpoaHANi30BaHI yMOBH AUISHKH

Cupeupko—Ileuepcbkoi JiHii B Mexax
XapKiBCHKOTO ~ BIITraly’KeHHS. Y  HaMHBHOMY
MacuBsi, IPE/ICTaBICHOMY HepEeBaKHO

BOJIOHACMYEHUMHM ITICKAMH, OCKIJIBKH, CYIICKU Ta
CYIIMHKM TPHCYTHI B HE3HAYHid KITBKOCTI,
BHSIBJICHA HE3HA4YHA [IJSHKA 3aTOp(OBAHOCTI

(puc.1).

Puc. 1. ImxeHepHO-T€0JIOTYHI YMOBH METPOTYHEIIO
Miikoro 3akiananas Cupenbko-Iledeperkol miHii

Fig. 1. Engineering and geological conditions for the
metro-tunnel of shallow depth, Syretsko-Pechersk line

Di3UK0-MeXaHiIYH1 XapaKTepUCTUKHU TPYHTIB IIi€l
JIUTSTHKY JIHIT METPOTIOIiTeHY HaBeleHi B Taduuii 1.

OcCoONMBICTIO YMOB IIi€l JUISHKH € 3MIHHHIA
piBEHb  MEpeTHHAaHHS  MiA3€MHUM  IOTOKOM
BEPTHKAIIEHOTO nepepizy TYHEITIO (Bixm
MnepeBuIllleHHs Ha 1,2 M Haja NEpeKpUTTIM 10
nepenany Ha BucoTi 4,4 M Biag piBHS JIOTKOBOL
YaCTHHU TYHEIIO).

Bbesnocepenano B MacHBi TyHEIb
posramoBanuii moxmino ( mig yxuiaoMm 4%o) npu
3MiHHIN ruouHi (1,8-5,2 M) BiJl I€HHOI TOBEPXHIi.
KoHcTpykmisi TyHemo mpeAcTaBleHa CTaHIAPTH-
30BaHOK0 CYIJILHOCEKIHHOW 00podkoto (CCO)
y  BUDIAOI  3ami300€TOHHOI  MPSMOKYTHOL
KOHCTPYKIIii KOpoOKOBOTO 1epepisy (puc. 2).

3a J0MOMOTOI0 TPOTpPaMHUX 3aco0iB  Oyiu
3MOZICJIbOBAHI CTajlii TEXHOJOTIYHOTO MPOIECY
CTIIOPYKEHHS METPOTYHEIO TpaHIIEHHUM
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CHoco0OM, SIKi BKIIIOYAIOTh: 3a0WMBKY IIMYHTOBOTO
OTOPOJUKEHHS,  OCYIICHHS  KOTJIOBaHy  3a
JIOTIOMOT OO BOJIOTIOHMKEHHS PiBHS IPYHTOBHUX BOJ
Ha Tmepiox OyIiBHMUITBA, BUHMAaHHS IPYHTIB IO
piBHSL JIOTKOBOi YacTHHH, MOHTYBaHHsS OOpOOKH
CCO, 3BOpOTHE 3aCHITAHHSI TA BITYYCHHS IIITYHTIB.

Tabnuns 1

®DizuKo-MexaHiyHi XapaKTepUCTHKHU IPYHTIB

Table 1
Physical and mechanical characteristics of soils
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Puc. 2. Koncrpyxkuis 06po6ku CCO TyHesro
MIJIKOTO 3aKjIaJaHHs

Fig. 2. The construction design of tunnel ESP
of shallow depth

[ocnigoBHE MOMAETIOBAHHS TEXHOJOTII POOIT
JO3BOJIMIIO  OTPUMAaTH TapamMeTpu  PO3MOJILTY
HaIpy>keHO-1e()OpMOBAHOTO CTaHy  IpPYHTIB
HAaBKOJIO KOHCTPYKIIii 3 BpaxyBaHHsIM iHTETpaIbHOT
Iii HAPyT Ha KOXXHOMY eTalli poOiT, sIKe CYTTEBO
BiIPI3HSIETHCS BiJ IEpBiCHOTO TIpHpoaHOT0. OaHIM
3 €JIEMEHTIB CYTTEBOTO BILUIMBY Ha PO3IIOILT HAIIPYT
€ MOXJIMBICTh 3aJIMIICHHS OKPEMHUX IIMyHTHH (3a
JIOCBIZIOM «(IAT «KuismeTpoOym» OJISt
BIUTy4EHHX Tasb He nepeButrye 30—40 %).

Ha ocranHbOMy eTami BiHOBJIIOBAJNACh Jist
TiIPOCTATUYHOTO THUCKY TPYHTOBHX BOJA Ta
OITIHIOBABCSl  HANPYKCHO-ACPOPMOBAHUN  CTaH
MacuBy. bByJl0 BCTaHOBJICHO, MO CTIHKICTh CTIH
KOTJIOBaHY  CyTTEBO  TOpPYyIIyBajiach, TOMY
mepenbadeHo  AOJaBaHHA B KOHCTPYKIIIO
OTOPOJKEHHS KOTIIOBAaHY PO3MIPHUX €JIEMEHTIB.

Hami 3a JOTIOMOT 010 HOPMAaTHUBHOTO
nporpamHoro komruiekcy «SCAD» Oynu cTBopeHi
KiJIbKa KOMIT FOTepHHUX MOJeNeld 3 BpaxXyBaHHIM
HEPIBHOMIPHOTO THUCKYy TIPYHTOBHX BOJ Ta
WMOBIpHUM  MIAMHUBOM 3  IHIIOTO  OOKY.
KoHcTpykitist 00poOKy 3MoIeTh0BaHA EJIEMEHTOM —
TUTATO0, OCHOBA IIiJ] JIOTKOBOIO YaCTUHOIO CEKIIii
TYHEII0 MOJICIIOEThCS  KOS(DIllIEHTOM  TOCTENs
(BiHKIJIEpOBA OCHOBA), HABAHTAKECHHS BiJl IPYHTY Ta
MiA3eMHUX BOJX Ha CTiHM ceKuil  3amaHo
PIBHOMIpHO-PO3NOiIEHMM THUCKOM. BemnunHa
migMuBY 3MiHIOBanacs B Mexax 0-30 %.

BiamoBimHO 10  OTPUMAHOTO  PO3IOALTY
HaBaHTaKEHb BU3HAYCHI MOKa3HUKHU
Hanpy>KeHO-1e(pOPMOBAHOTO CTaHy KOHCTPYKIIil
00po6kwu (puc. 3).

Crin 3a3HAYHTH, 110 ripocTaTuuHe
OOTHCKAHHS KOHCTPYKIIi TIPYHTOBUMH BOJaMH
3a0e3redye pIBHOMIpDHUN Tepepo3NoAisl Hampyr
B Hei, 03 BHHUKHCHHS KPUTUYHHMX CTaHiB,
a 3arajibHe OCIJJaHHS KOHCTPYKIli HE TEPEBUIILYE
3,8 MM. TakuM YHMHOM BCTQHOBJICHO, IIO BIUIMB
Oe3HaIlpHOTO TOPHW3OHTY TPYHTOBHX BOJ Ha
CTIHKICTh KOHCTPYKIIii € 0OMEKEHHM.

3a HasBHOCTI TipaBIiyHOrO IpajliEeHTy B MacuBi
BUHHKAE HampaBiieHa (QiIbTpaIisi, HAIPSIMOK SKOi
0OYMOBITIOETHCSI PI3HUIICIO T[VIMOMH PIBHSA BOJU.
Halibinpin ckmagHUM MPENCTaBISEThCS BUMAJOK,

KOJIN mia3eMHl IIOTOKHA MPOTIKAIOTh
MePIEHANKYIJIAPHO OCi  TyHenro. BiamosimHwmid
aHaJi3  TigPOreoJOTiYHMX  YMOB  JO3BOJIUB
MPUTTYCTUTH MOJJIUBICTh BUHUKHEHHS
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OappakHoro e(ekTy Ha JAUISHII I[epeTUHAHHS
MiI36MHOTO TIOTOKY 1 CLIOPYAM TYHEITIO.
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Puc. 3. BeprukanbHi nedopmarii KOHCTpYKIIT 00poOKH
npu 30 %-My mIMUBY, MM

Fig. 3. Vertical deformations of the construction design
at 30% of washout, mm

BHacninok  1mpOro  BUHHMKAE  JIOKAIBHUI
nepenifiioM IPYHTOBUX BOJ Y3IOBX OOKOBOi
CTIHKM TYHENI, SKHA MOXE TIPU3BECTH JIO
MepeIMBaHHS YaCTUHU TIOTOKY 4Yepe3 CKIICTiHHS
00poOKM 1 TMOAANBIIOTO CHAJaHHS PIBHSA BOJIU
3 TPOTHIEXKHOI CTOpOHM TyHemo. Ll poOoua
rimoresa Oyra TIpUITHATA 3 TIeBHIMH
MPUITYIIEHHSAMU Uil BU3HAYCHHS J0JATKOBUX
HEepiBHOMIpHHX nedopMalliii Criopyam.

3rimHO 3 mier0 Tinore3 Oyima  cTBOpeHa
KOMIT'IOTepHa MOJIENb 3 ypaxyBaHHSM BHUMHBaHHS
IPYHTY 3-TJI OCHOBH TYyHeNI0. Y pe3yibTaTi
MOJICTFOBaHHs OyJI0 BCTAHOBIICHO, IO HA JUISHIN
TYHEJIO, sIKa TIEPEKPUBAETHCS ITiA3EMHUM ITOTOKOM,
BUHHKAIOTh I0JaTKOB1 nedopmartii
HEPiBHOMIPHOT'O OCaKEeHHA TyHeIIo (puc. 4, 5).

Iett edexT mMiaTBEPIKEHO NPH TIOBTOPHOMY
nepepaxyHKy Hampy»XeHOro CTaHy OOpoOKu 3a
nporpamoro «SCADy, sikuii moka3zas, 10 IEPETOKU
BOIM 4Yepe3 MEPEeKPHUTTS OOpOOKU MPHU3BOIUTEH 0
PO3MUBaHHSI ITPYHTOBOI OCHOBH ITiJl IPOTHIICKHOIO
JO HampsAMKy IIOTOKY CTiHKOIO  00poOKH,
y pe3yiabTaTi dYOro BHHHUKAE HEPIBHOMIpHE
HaBaHTAKEHHS Ha JIOTKOBY YaCTHHY TYHEIO, IO
MIOCHITIOE PO3MHB OCHOBH.

Hacrtymne 3MeHmieHHs
B OCHOBI TYHEIO BHKIHKAE
eKCIUTyaTallifHuX Hampyr Ha OJHIH

IoNli  oOmupaHH
KOHIICHTPAITi 0
CTOpPOHI

00pobku (puc. 6.). A me, y CBOWO 4epry,
MIPHU3BOIUTH IO HEPIBHOMIPHOI OCAIKH TYHEIIO.
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Puc.4. XapakTep HepiBHOMIpHOI OCaIK1 TYHEIIO

Fig. 4. Nature of the uneven settlement of the tunnel

Puc. 5. Cymapsi geopmariii ocamKeHHs TyHEII0
npu 30 %-My miaMUBY, MM

Fig. 5. Total deformations of the tunnel precipitation
at 30% of washout, mm
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Puc. 6. HepiBHOMIipHMIi Hanpy>KeHUi cTaH 00poOKU 1pH
po3muBaHHi ocHOBH IpH 30 %-My migMUBY, T-M/M

Fig. 6. Uneven stress state of the treatment when the
water erosion of base at 30% of washing-out, t- m/m
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3a  pesynbTaraMH  PO3paxyHKiB Oyna
nmoOymoBaHa 3aJIEKHICTh MOXIHUBOTO KPEHY Bif
YTBOPEHOTO HEPIBHOMIPHOTO Tepenanay piBHI
MiZ3eMHUX BOJ 10 00uBa OOKH TyHeIo (puc. 7).

3 pUCYHKY 7 BHIHO, IO BiIXWJIEHHS TYHEIIO
NPy PO3MHUBAHHI OCHOBH HOCHTH HEIIHIHHHHA
xapakTep. [Ipy oMy B caMHX EKCTpeMaJbHUX
yMOBaX, KOJHM 3 OAHOTO OOKy HaMHBHI IPYHTH
TTOBHICTIO 3HAXOJSAThCS Y BOJAOHACHYEHOMY CTaHi, a
3 iHmoro ©OOKy  BOJOHAaCHYECHHI  IPYHTH
3HAXOMAATHCSI Ha PiBHI MiJOMIBH TyHENIO (TOOTO
niepe]] MepelinBOM 4epe3 CKJICMiHHS 00po0Kn), 0e3
pPO3MHUBY TIJOIMBH BIiAXWICHHS TYHETIO BiIl OCi
craHoBUTEL 62,09 MM. BiamoBigHo 31 301IBIIEHHSM
CTYNICHIO PO3MHBAHHS IPYHTY B OCHOBI TYHEJIIO,
KpeH Oy/ie 30UTbIIyBaTHCh 1 CTaHOBUTH: mpu 10 %
PO3MHUBI OCHOBM BiIXWICHHS TyHemo 81,23 mMwM;
mpu 20 % — 118,08 mm; mipu 30 % — 175,83 mMm; ipu
40 % — 260,26 Mm.
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Puc. 7. BinxuieHHs TyHEJIO BiJ] BEpTUKAIBHOT
0cCi B 3aJIGKHOCTI BiJl TpallieHTa YKIIOHY PiBHSI
MiI3EMHNAX BOI

Fig. 7. Deviation of the tunnel from
the vertical axis depending on the gradient of
groundwater level

HaykoBa HOBH3HA Ta IPAKTUYHA
3HAYMMICTH

ABTOpaMH po0OOTH  BIEpIE BCTAHOBJICHO
3aJIEKHICTh BIIXWICHHS TYHEIIO METPOTIOJITEHY
MIJIKOTO 3aKjaJlaHHs BiJ] BEPTUKAJIBHOI OCI Bif
rpafieHTa YKIOHY pIBHA WiI3eMHHX BOZ, ILO
BUHHMKAE 33 paxyHOK pPO3MHUBAHHSA TIPYHTOBOI

OCHOBH TIiJi IPOTHJICKHOIO 0 HAMPSIMKY IMOTOKY
cTinku 00poOku. lledl mporec NpPU3BOAUTH JO
BTOPUHHOTO  OCiaHHS, HOCHUTh  HEIHIHHHHA
XapakTep 1 ISl HECTIMKMX HAMWUBHHUX IPYHTIB M.
KueBa xommBaethest (y mexax Bim 62,09 MM 1o
260,26 MM B 3aJIOKHOCTI BiJl CTYTCHS PO3MHBY
MIJOIIBH TYHEJIIO).

Bu3HaueHi yMOBM BHHUKHEHHS BTOPHHHOTO
OCiJTaHHS TYHEII0 METPOIIONIITeHY, SKEe BUHHUKAE
BHACJIIIOK HEPIBHOMIPHOTO HAaBaHTAKEHHS Ha
JIOTKOBY YaCTHHY TYHEITIO (32 paXyHOK JIOKaJIbHOTO
MeperiiioMy TPYHTOBHX BOJ Y3HOBX OOKOBOI
CTIHKM TYHENI0), Ta BCTAHOBJICHO XapakTep
MpoTikaHHs JedopMalliii B mepios; eKciuryararii
TYHEJIiB MIJIKOTO 3aKIIaJaHHS.

Ha cranii mpoekTyBaHHS JiHIH METPOIOIITEHY
MIJKOTO 3aKiIaJlaHHs HEOOXIiHO BPaxOBYBaTH
MOJKJIUBICTh HEPIBHOMIPHOTO OCiJaHHS Bif Aii
TiIpOCTATHYHOTO THUCKY B mepio excruryaTarii. e
IO3BOJIUTh YHUKHYTH JOJATKOBUX nedopmariiit
y CE30HHUH MepioJ], 3SMEHIIUTH KUTbKICTh IIOTOYHHUX
PEMOHTIB Ta MiJBUIIMTA HAIIHHICT 1 TEpMiH
eKCILTyaTaii KOHCTPYKITi 00pOoOKH TyHENIB.

BucnoBxku

1. Y mporeci TEXHOJIOTIYHOTO CIIOPY/KEHHS Ta
i Ji€r0 Oe3HAImpHUX IMiI3eMHHUX BOJ CTIHKICThH
CYLJIbHOCEKIIHHOT ~ 00poOKHM  3a0e3medyeThes
3aBISKH piBHOMipHOMY TiIpOCTaTHYHOMY
00THCKaHHIO OOpOOKH, a OCiTaHHA TPU HOMY
3HaXOMAATHCS B MEKaX AOIYCTHUMUX 3HAUEHb.

2.V Micusx NepeTHHY MiI3eMHOTO IOTOKY
1 CHOPYAX TYHEIIO0 MOXYTh BUHUKATH MEPETiKaHHS
BOIM dYepe3 MEPEeKPUTTs] TYHENI 3 HAacTyNHUM
OJTHOCTOPOHHIM PO3MHBaHHSIM TPAaHTOBOI OCHOBH,
IO MPU3BOAUTH 10 BTPATH IMOMEPEYHOI CTIMKOCTI
CHOpPYAM 1, SK HAcHigOK, MAO0 BUHUKHEHHS
HeOe3NevYHuX KOHIGHTpaliii Hampyr B OiuHii
1 JIOTKOBI# YacTHHI 00pPOOKHU.
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NCCIIEJOBAHUA THAPABJIUNYECKOI'O BJIMAHUA HA
TEXHOJIOTUYECKYIO YCTOMYUBOCTHh METPOTOHHEJIA
MEJIKOI'O 3AJTIO’KEHHUSA B HAMBIBHBIX MACCHUBAX

Leas. Ha ocHOBe aHanu3a pe3ysibTaTOB KOMIIBIOTEPHOTO MOJICIHMPOBAHHS W JIA0OPATOPHBIX HCCIIEAOBAHHI
B Hay4HOH paboTe HEOOXOAMMO YCTAHOBUTh 3aBUCHMOCTb BIHMSHUS H3MEHEHHH THAPABINYECKOTO YPOBHS
TPYHTOBBIX BOJ| Ha YCTOHYMBOCTb OOpabOTKH TOHHENECH METPOIOJNUTEHA 3a CYeT pas3BUTHs JedopManuii
OKPYIKAIOIIEr0 HAMBIBHOTO MaccuBa. Meroanka. MeTOIHYECKYI0 OCHOBY KOMIDIEKCA MCCIICIOBAHHN COCTABILIIOT
aHanmmu3, OOOOLICHWE W3BECTHBIX HAYYHBIX pE3yIbTATOB ¥ IPAKTHYCCKOTO OIBITA IPOTHO3UPOBAHHS,
OpenynpekaeHus aepopmanuii  00pabOTOK TOHHEJIEH © OKPYKAIOIIEro T'PYHTOBOIO MAacCHBAa, a TakKKe
KOMITBIOTEPHOE MOJICIHUPOBAHNE KPUTHIECKOTO HAINPSDKCHHO-Ae(POPMUPOBAHHOTO COCTOSHHUSI 0OPabOTKH TOHHEISI
OpY M3MEHEHHWH THIPABIMYECKOrO0 YPOBHS TIPYHTOBBIX BOJ. Pe3ynbTaThl. B mpomecce TEXHOIOIHYECKOTrO
COOPYIKEHUsSI U [IOJ1 ISUCTBHEM OE3HAMOPHBIX MOA3EMHBIX BOJ IIPH SKCILTyaTALMH TOHHENESH JIMHII METPOIIOIUTeHA
MEJIKOTO 3aJI0KEHUsI YCTOHYMBOCTD CILIOIIB-CEKIIMOHHOW 00paboTKH oOecrieunBaeTcst Ojaroaaps paBHOMEPHOMY
TUAPOCTATUYCCKOMY O6)KaTI/IIO, Ipyu 3TOM OCaJKM TOHHEJIA HaxXOIAATCA B IpEaciaxX AdOIMYyCTUMbIX 3HAYCHUM.
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PesynbraThl uccnenoBaHUN MOKA3bIBAIOT, YTO TP U3MEHEHHUH YPOBHS IOJ3EMHBIX BOJ C 00CUX CTOPOH TOHHENS
MOJKET BO3HHKATH Pa3HOC THUAPOCTATHUYCCKOE NaBiicHHE. [Ipu 3TOM MOSIBIISETCS MepepacipeieicHue HarpsHKCHUH
FPYHTOBOTO MacCHBa BOKPYT MOIMEPEYHOr0 CEYCHUS] TOHHEIS, a 3TO, B CBOIO OUYepEe/ib, PUBOJUT K BOSHUKHOBEHHUIO
JIOTIOJIHUTEJIBHBIX HEPABHOMEPHBIX AeOpMalMii M PACKPBITHSI TPEIUH O0pabOTKM TOHHENsI BO BpeMms
skcrutyataiu. Hayunasih HOBHM3HA. ABTOpaMd pa0OThl BIEPBbIC YCTAHOBJICHO BIHMSHHUE H3MCHCHUS
THJPOCTATUYECKOTO AABJICHHsI, KOTOPOE MOXKET BO3HHKATH BCIIEACTBHE KOJIEOAHHs YPOBHs IOJ3EMHBIX BOJ Ha
CIUIONIb-CEKIIMOHHYI0 00pabOTKy TOHHENeW JIMHHKA METPOIOJIMTEHA MEJKOI0 3aJI0KEHHs 332 CYET BTOPUYHOTO
ocenanus rpyHta. OTmpeneneHbl YCIOBHS BO3HHUKHOBEHHUS BTOPUYHOIO OCaJgKa TPYHTa M YCTaHOBJICH
XapakTep MpoTeKaHus  AedopMaiuii B MEepPHOA  OKCIUTyaTallud  TOHHEJICH  MEJIKOro  3aJ0)KCHUS.
IpakTnyeckasi 3HAYAMOCTb. Ha cTaguu NOPOCKTHPOBAHUS JIMHUM METPOIOJIMTEHA MEJIKOTO 3aJI0KCHHS
HEOOXOJUMO YYHTHIBATH BO3MOXXHOCTh HEPAaBHOMEPHOH OCaJKH OT [ICHCTBHUS THAPOCTATUYCCKOTO aBJICHUS
B MICPUO]T KCILTyaTallU. DTO MO3BOJIUT H30€XKaTh JOTOIHATEIHHBIX IehOpMannil B CE30HHBII MEPHOJI, YMCHBIIIUTH
KOJIMYECTBO TEKYIUX PEMOHTOB, TIOBBICUTh HAJCKHOCTh U YBEIIMYUTh CPOK SKCIUTyaTalUl KOHCTPYKIUH 00pabOoTKH
TOHHEJNEH.

Kniouesvie cnosa: yCcTONUMBOCTH MacCHBA; HAMPSHKCHHO-NEC(OPMHUPOBAHHOE COCTOSHUC, THIPOAHMHAMHYCCKOEC
BIIMSIHAC; 00pabOTKa TOHHEJSI;, HAMBIBHOW MacCHB
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RESEARCH OF HYDRAULIC IMPACT ON THE TECHNOLOGICAL
STABILITY OF SHALLOW METROTUNNEL IN DREDGING MASSIVES

Purpose. On the basis of the results analysis of the computer simulation and laboratory studies it is necessary to
determine the changes impact dependence of the hydraulic level of groundwater on the tunnels processing stability in
the underground due to the deformations development of the surrounding dredging massif. Methodology. The
methodological basis of the research complex consists of the analysis, generalization of known scientific results and
practical experience of forecasting and preconditioning of deformations of tunnel and surrounding soil mass
processing, as well as computer simulation of the critical stress-strain state of the tunnel processing at changes in the
hydraulic level of groundwater. Findings. In the process of technological construction and under the non-pressure
groundwaters impact, when operating tunnels of subway lines of shallow foundation, the stability of all-section
machining is ensured due to the uniform hydrostatic reduction of processing. At this the sediments are within the
permissible values. The results of the research show that different levels of hydrostatic pressure can occur when the
groundwater level changes from both sides of the tunnel. At the same time, there is a redistribution of stresses of the
soil mass around the cross section of the tunnel, which, in turn, leads to the appearance of additional non-uniform
deformations and the opening of cracks in the tunnels during operation. Originality. The authors of the work firstly
established the effect of changes in hydrostatic pressure, which may arise due to fluctuations in the level of
groundwater on the whole-section processing of tunnels of metro lines of shallow foundation due to secondary
sedimentation. The conditions of occurrence of the secondary sediment have been determined and the nature of the
deformation course has been established during the operation of the shallow subway. Practical value. At the stage of
designing the metro lines of the shallow foundation, it is necessary to take into account the possibility of uneven
precipitation from the action of hydrostatic pressure during operation. This will avoid additional deformations during
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the seasonal period, reduce the number of current repairs, increase reliability and the useful life of the tunnel
processing structures.

10.

Keywords: stability of the massif; stress-strain state; hydrodynamic effect; processing of a tunnel; dredging massif
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OCOBEHHOCTH 30JIbl TEILJIOBBIX DJIEKTPOCTAHIIUHA
KAK 3AITIOJIHUTEJIA JJId BETOHOB

Henas. Hay4nas pabora mocesinieHa pa3paboTKe HAYyYHO-TEXHUYECKUX OCHOB IPOM3BOJACTBA M MCHOJIB30BAHUS
OetoHoB Ha ocHOBe 3011 TOC. Meroauka. MccienoBansl cBoiictsa 3016 TOC, a Takke 0COOEHHOCTH €€ IOBEIECHMS
B OCTOHHOIM CMeCH B KauecTBE MEJIKOTO 3aloJIHUTeNA. [lokazaHo, 4To B 30100€TOHE THAPOJIM3 U THUApATALMS 1ie-
MEHTa IPOUCXOMAT B OKPY)KEHHH aKTHBHOM CPeIbl — 30JIbI, HMEIOLIEH OrPOMHYIO YACJIBHYIO ITOBEPXHOCTh. DTO Cy-
IIECTBEHHO BIIMSET Ha XOJ yKa3aHHBIX MPOLECCOB M KAU4eCTBO I0JIy4aeMbIX OeToHOB. [IpeioxkeHa HOBast TEXHOJIO-
rust mpuMeneHust 301 TOC mis nmpuroToBieHus OETOHHOM cMecH. VIcTBITaHbI BHOPOYIUIOTHEHHBIE M BHOPOBaKyYy-
MHPOBaHHbIE OETOHBI ONTHMAILHOTO COCTaBa Ha IIUIAKe M 30JI€, a TAK)Ke Ha TPAHUTHOM IeOHe U 3oie. [[is cpaBHe-
HUS TPUBENICHbl XapaKTEPUCTUKU OOBIYHBIX OETOHOB (Ha TpPAaHUTHOM MIeOHE M KBapLEBOM IIECKe).
Pesyabrarbl. Pe3ynbraThl HCHBITAHUN TTOKa3al BO3MOKHOCTB IOJIy4eHHst OeToHOB kiaccoB C20/25-C25/30 na
ocHoBe nuakoB 1 301 TOC npu yMepeHHBIX pacxoaax neMeHTa. [loka3aHo, 4To OETOHBI Ha TPAAMIIMOHHBIX 3aI0JI-
HHUTEJISIX MMEIOT MEHBIIYIO MPOYHOCTh, YeM OETOHBI, IJie B KAUeCTBE MEJIKOTO 3allOJHUTENS MCIOJIb30BaHa 30I1a.
Pe3ynbTaThl BEIMOJHEHHBIX HCCIEIOBAHUN CIIOCOOCTBYIOT YBEIHMUCHHIO OOBEMOB HCIIOIL30BAHMS 30JbI B CTPOH-
TENbCTBE, YTO pelIaeT NpodieMy 3aloHUTeNeH, a Takoke yTuu3anuu otxonos TOC. Hayuynas HoBu3Ha. Paspabo-
TaHBI HOBEIE CIIOCO0 M TEXHONOTHS Hcmoib3oBanus 3011 TOC B GeToHax. 3000€TOHHAS CMECh UMEET palfiOHANIb-
HYIO IIOJBM)XHOCTb, IIPH KOTOPOH JOCTHIaeTcsi HanOoJblIas NMPOYHOCTh BaKyyM30J100eTOHa. DTa MPOYHOCTDH II0
CPaBHEHHUIO C MPOYHOCTHIO BHOPOYIIIOTHEHHOTO 30JI00eTOHA M3 OETOHHOM cMmecH ¢ moABMXKHOCTBIO 11 Gombmie
B 2 u Oonee pa3za. [lpakTuyeckas 3HaUYUMOCThb. [IpuBeneHs! Gu3nko-xummdeckue cBoiictaa 3061 TOC kak 3amod-
HUTes s 0eToHOB. [loka3aHo CylIeCTBEHHOE OTIIMYKE 30JIbI OT OOBIUHBIX 3arosiHuTeneii. O00CHOBaHa XUMMYE-
CKasl aKTHMBHOCTb 30Jibl. IIpeioskeHbl 0coOble yCIOBHs TBEPJCHUS LIEMEHTA B Cllyyae HMCIOJIB30BAHUS 30JIbI Kak
3anojaHuTeNs Ui 6eToHoB.OOOCHOBAHBI MPEUMYIIECTBA 30JIbI MEpel TPAJAUIMOHHBIM 3aloJHUTENeM. Pe3ynbTraTsl
UCCIIEJOBAaHUH CIIOCOOCTBYIOT MacCOBOMY NpUMEHEHHIO 301 TOC B CTPOUTENLCTBE, OIYUCHUIO U3AEIHN U3 Tpea-
JIO)KEHHBIX OETOHOB HU3KOW CTOMMOCTH C BHICOKUMH (PU3UKO-MEXaHUUECKUMH cBoiicTBaMH. OcOOCHHO BBICOKA (-
(heKTHBHOCTB 30JIBI KaK 3arOoJHUTENS B BHOPOBaKYyMHPOBAaHHBIX OETOHAX.

Kniouesvie cnosa: 3oma TOC; cBOWCTBA; 3a0IHUTENN; OETOH; (JOPMOBaHKE; BHOPOBAKYYMHPOBaHHE

Beenenne mux OETOHOB M CTPOUTENBHBIX PacTBOpoB [3, 5,

10].
YTunnszanus 30561 U IIIAKOB TEIUIOBBIX JIIEK- ]

TPOCTAHLIMN SIBJISIETCS. OJHOM M3 BaXKHEHIIMX 3KO-
ean

norudeckux npobdinem [12, 14-16]. Bomusu morm-

HBIX TEIUIOBBIX 3JIEKTPOCTAHIMN HAKOIMINCH COT- PazpaboTrka BbICOKOI((EKTUBHBIX TEXHOJIOTHIT

HM MHJUTHOHOB TOHH 3THX MAaTepHAlIOB, YTO HAHO-  HCIONL30BaHus 301 TOC B GeToHaX.

CUT CYIIECTBEHHBI Bpelx OKpyKawolell cpene.

OnHuM W3 TyTeH peleHus dTOW MPOOJIEMBI SIBIIS- Meronuxa

€TCsS HCIOJIb30BaHHE TaK Ha3bIBACMbIX JIEXKaJIbIX

301 U IUIAKOB B CTPOMTEIHCTBE KaK COCTABIISIO-

ABTOpaMu uccliefioBaHbl cBoicTBa 30561 TOC,
BJIMAIOLINE Ha CBOIicTBa OCTOHOB Ha €€ OCHOBE,
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a Takke pa3zpaboTaHa TEXHOJIOTHS MPUMEHEHUS
3011 TOC 11 PUrOTOBJICHUS OETOHHOM CMeCH.

MuHepanoruueckuii cocTaB 30JIbI 3aBUCUT OT
BHJIa Ucoab3yeMoro Ha TOC TOIIMBa U YCIOBHMA
ero cxuranus. B Hell conepKuTcs METaKaosMH,
KBapIl Pa3IMYHBIX MOAM(UKAIMN, Y-TIHMHO3EM,
MYJUIUT, PA3NIU4YHbIE COCIUHEHUS >Keje3a, CEPHU-
CThI€ COCIMHEHUS W ApPYyrHe BELIECTBA, HO YXKe
B OYCHb HE3HAYUTEIHLHOM KonmuecTBe [1]. Mune-
paJIOTHYECKHI cOCTaB 307 MpeAomlpeaenseT HxX
aKTHUBHOCTb, XMMMUYECKHI COCTaB U HEKOTOpHIE
JIpyrue CBOMCTBaA.

HctuHHast IIOTHOCTH OTACIBHBIX (PAKIIHIA 3071
B OOINBINEH YacTH TOIUIMBA MOXET KOJeOaThCs
B TIpezenax oT 2 10 5 r/cM’. Bolbiast mIoTHOCT
OTJIENBHBIX COCTABIISAIOLINX 30JbI OOBACHAETCS
TEM, 4TO B Hell Mpeo0IaaroT YaCTHIIBI, COCTOSIIINE
B OCHOBHOM M3 COEIMHEHMH JKejie3a WU MUHEpa-
JIOB, CO 3HAYUTENBHOW IUIOTHOCTHIO. Pa3Has wc-
TUHHAS IUIOTHOCTh YaCTHUYEK 30JIbl, MOJYYCHHBIX
MpPU CKUTAHUHM OJHOTO U TOTO K€ TOIUIMBA, CBS3a-
Ha C PA3NMYHBIM XHUMHYECKHM COCTABOM OTJENb-
HbeIX Qpakuuit. B. X. Kukac ycraHoBui, 4yto jer-
KHe (Qpaknmud C WUCTHHHOW IUIOTHOCTHIO MEHee
2,4 r/eM’ cozmepsKaT GOJBIIOE KOTHIECTBO KPEMHE-
3eMa U TJIMHO3EeMa U MOYTH HE cojaep)kaT cBoOO-
HOU M3BeCTU. ['MAPOMOIYNb STHX (QpaKUIuii OueHb
Hm3kui. C yBEeTMYCHHEM WCTUHHOW IUIOTHOCTH
30J161 BO3pacTaeT U ee TuApOMOoAyib. Hanmyummu-
MU BSDKYIIUMH CBOWCTBaAMH OOJIAJar0T (Ppakiuu
C UCTHHHOM MIOTHOCTRIO 3,1-3,3 F/CM3, COCTaB-
nstrorre oxoJio 10 % 3016l

HecMmotps Ha Gonblioe pasnuyue B MoOKaszare-
JSIX WCTUHHON TIUIOTHOCTH OTHENBHBIX (paKiuid
301161, OOBIYHO cpenHee 3HAUY€HHE WCTHHHON
TUIOTHOCTH BCEW TPOOBI 30JBI AN  Pa3IHUUHBIX
BUJIOB YIJIsl KONEONETCSl B Y3KHX THpeaenax —
2,2-2.4 r/em’ [13].

[InoTHOCTH 30JIBI B HACBITHOM COCTOSHHUHM KO-
nebnercs B npenenax 600—1 300 KI/M® B BO MHO-
TOM 3aBHCHUT OT TEMIIEPATyphl CXUTAHUSI TOIINBA.
HanGompryro mIoTHOCTs UMeeT cyxas 3oia. [Ipu
HEOOIBIIOM YBIQKHEHHH TUIOTHOCTH 30JIbI PE3KO
CHUXXAeTCsl, a IMpU JalbHEHUIIEM YBEIUYCHUH
BIIQ&YKHOCTH — IIOCTEIIEHHO Bo3pacTaeT (puc. 1).
[lpr BHOPOYIUIOTHEHHH TUIOTHOCTH CYXOH 30JIBI
noBsiIaercs npumepHo Ha 10 %, a BraxkHOI — Ha
25-30 %.

YriepoaucTasi COCTaBISIONIAs 30J1 JOCTATOYHO
xopoio u3ydyena. Mmeercss 0oJbIIoe KOIMYECTBO

Ty OJIMKAIIH 110 3TOH mpodiemMe. HamMu nmpuBeeHbI
HEKOTOPHIE U3 HUX.

B 3anamHo-Cubupckom ¢unuane AkxageMuu
crpoutenbcTBa U apxurektypel CCCP nns uccre-
IOBaHMUA XapakTepa MeTamopdusMa, KOTOPHIH
MpeTepreBaeT yrojb MPU CTOPAaHUM B TOINKAX KOT-
noB TOC, ObLIM BBITIOJHEHB XUMUYECKHE, TEPMO-
rpadudeckre 1 MUKPOCTPYKTYpHBIE aHAJIN3BI MO-
JIOTOTO KAaMEHHOTO YT, HECTOPEBIIMX YaCTHIL
U MUHepalbHON Yactu 30156l [9, 11]. Mccnenoa-
HUSMU JTOKa3aHO, YTO B 30JI¢ HECTOPEBIIUE YaCTH-
Bl — 3TO YAaCTHUIIBI KOKCa U Moiykokca. OueHp Xo-
POIIO UCCIIEOBAHO BIMSHHUE HECTOPEBIINX YaCTHUIL
Ha CBOWCTBA 30100€TOHOB, B TOM YHCIIE HA MOPO-
30CTOUKOCTh. IlonmydeHsl BIIOJHE YOBJIETBOPH-
TEeJbHbIE PE3yIbTaTHI.

l\
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Puc. 1. IT10THOCTE 30161 B 3aBUCUMOCTH OT
€€ BIIaJKHOCTH

Fig. 1. Density of ash depending
on its humidity

l'umpaBnndeckyro  aKTHBHOCTh  aMOP(HBIX
KOMIIOHEHTOB 30J MOXKHO Da3/IeJUTh Ha JBa OC-
HOBHBIX BUJA!

— TUApaBINYECKas aKTUBHOCTh aMOp(H30BaH-
HOTO TJIMHUCTOTO BEIIEeCTBA;

— TruapaBJIn4deCcKasd AKTHUBHOCTH
CTEKJIA.

Ilpu cropaHuu OpraHUYECKOM YAaCTH TOILJIMBA
TJIMHUCTBIC NPUMECHU, KOTOPBLIC BXOAAT B MHUHEC-
paIbHYIO 4YacThb TOIUIMBA, JETHAPATUPYIOTCS
u amopdusupyrorcs. TemnepaTypHble WHTEPBAIBI
ACrupataiiu TJIMHUCTOIO BEIIECTBA 3aBUCAT OT
€ro MUHEPaJIOTHYecKoro cocrana. [lepBoHauaabHO
BBIJIETISIETCST OCHOBHASI 4acTh BOJBI Oe3 paspyliie-
HUSI KPUCTAJUIMUECKOH pelieTku MuHepana. [locie
3TOTO MOJIy4eHHBIH MaTepuajn OTiIn4aeTcs mo ¢u-
3UYECKUM CBONCTBaM OT HCXOJHOTO MHHEpaia,
MMEET UCKAKEHHYIO KPUCTAITMIECKYIO CTPYKTYPY
W TOBBIIICHHYIO PEAKIMOHHYI) CHOCOOHOCTb.

IIJIaKoOBOI'o
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JlanpHeillliee HarpeBaHuE MPUBOJUT K OKOHYa-
TEIbHOMY O00E3BOXHBAHHUIO M Pa3pPyIIEHUIO KpH-
CTAJNIMYECKON PEIIeTKH TJIMHUCTOIO0 MHHEpaa,
B pe3ylbTaTe 4ero odpasyercs aMOp(HBIH mare-
pual, COCTOAIIMA M3 OYeHb JUCIEPCHON MeXaHH-
YECKOM CMECH OKHUCJIOB KPEMHUS, allOMUHUS, JKe-
ne3a, maraus u ap. OMHOBpPEMEHHO 3a CUeT peak-
i B TBEpIO# (haze KPUCTALIU3YIOTCS: MarHe3u-
anpHas mmuHens  MgO-Al,O3;, CHILIMMAaHUT,
MarHeTUT WM TeMAaTUT U MO3[IHEE MYIUTUT U KpH-
crobammt. Kak orMedanock paHee, B BBICOKOTIIH-
HO3EMHCTBHIX (KAOJMHHUTOBBIX) TJIIMHAX BO3MOXKHO
obpazoBanue y — Al,O; [2].

[Ipu nmanpHelmeM NOBBIIIEHUN TEMIIEPaTypPhl
HA4YMHAETCS CIIEKaHWe aMOP(H30BAHHOTO TIIMHU-
CTOT'O B€HICCTBA 3a CYUET ITOABJICHUA JICTKOIIJIABKUX
OBTEKTHUK Ha KOHTaKTaX aMopQHBIX (a3 pasHOTO
cocCTaBa, a 3aTeM IPONCXOIUT IUIaBIeHHe aMophu-
30BaHHOTO BEIIECTRA.

YkazaHHblE 0COOCHHOCTH (Pa30BBIX MpeBpalle-
HUN TIMHUCTOTO BENIECTBA MHHEPAIBHON 4YacTh
YIJISl TIPU €T0 CKUTAHWH MPHUBOIAT K IOSBICHUIO
B 30J1aX Pa3lMYHBIX 110 COCTaBy M CBOHCTBaM (a3,
00BEIMHEHHBIX YCJIOBHO B CIIEAYIONIUE TPU TPYII-
TIBI:

1)He MONHOCTHIO ACTUAPATUPOBAHHOE U aMOp-
(u30BaHHOE TIIMHHCTOE BEILIECTBO, COXpaHAIOLICE
WCKQXEHHYIO0 KPUCTAJUIMYECKYIO PEIIeTKy W CIO-
c06H0e K peruapartanyu; I KaOJIMHUTOBBIX TJIMH
Takas (paza HOCUT Ha3BaHUE METAKAOIUHUTA;

2)amop(r30BaHHOE, HO HE CIIEKIIeecs Belle-
CTBO, KOTOPOE XapaKTEepPH3yeTCsl BEChbMa Pa3BUTOM
YAETHHONH TOBEPXHOCTHIO U COCTOUT B OCHOBHOM
U3 OYeHb JHCIEPCHON MeEXaHW4YEeCKOH CMecH
aMop(HOTO KpeMHe3eMa U TIINHO3EeMa;

3)cmekmieecs ¥ 4YaCTUYHO (C TMOBEPXHOCTH ar-
pEraToB) OCTEKJIIEHHOE BEILECTBO, MMEIOIIEE 3Ha-
YUTEIHHO MEHBIIYIO YEIbHYIO IIOBEPXHOCTb.

®a3pl mepBoil rpynmnel (0COOEHHO METaKaoJu-
HUT) XapaKTePU3YITCS HauOOJbIIEH THpaBIUYe-
CKOH aKTHMBHOCTBIO 110 CPAaBHEHUIO C IPYTHMH.

Wnentudukamuio mpoaIyKTOB B3aUMOICHCTBHUS
MEXKAY U3BCCTHIO U BCIICCTBAMU B YKa3aHHBIX (1)3-
3ax B HOPMAaJbHBIX yCIOBHSAX mpoBen B. Crtpat-
muaT [2]. [lpuMeHssi onTHYecKue, XUMUIECKUE U
peHTreHorpaduaeckue METOIbI UCCIEIOBAHUS, OH
YCTaHOBWJI HAJMYUE CIEAYIOUIEH peakluu Mexay
METaKAOJUHUTOM H U3BECTHIO:

A1203 . 2SlOz+3 ,5C8.0+HHQO:1 ,SCaO . SIOZ . IlH20+
+2Ca0-Al,0;-Si0;,'nH,0

Yrto kacaeTcsl THUIPABIMYECKON aKTHBHOCTHU
IIJIAKOBOTO CTEKJIa, TO HEOOXOAMMO OTMETUTh
crnenyrolee. B 3ToM cTekiIe OCHOBHBIM CTEKJI000-
pasyromuM KOMIOHEHTOM SIBIISIETCSI KPEMHE3EM.
B cooTtBeTcTBHM C OOIIEIPUHATHIMU TEOPHUSMHU
CTPOCHHUS CTEKJIAa OOBIYHO CUUTAIOT, YTO NIITAKOBOE
CTEKJIO TPECTABISAET COO0H MUKPOHEOTHOPOTHBIN
Marepuall, COCTOSIIMN M3 Yy4acTKOB OJIHOPOJHOMU
CTPYKTYPBbI, CBSI3aHHBIX MPOCIOWKaMHU aMOP(HOTro
HEOJHOPOIHOTO BEIIECTBA.

OKCIIepUMEHTaIbHBIE WCCIENOBAHUS ITOCIE]-
HUX JIET MOKa3bIBAIOT, YTO ISl CHJIMKATHBIX pac-
IUTABOB XapaKTepHa TEHJACHIUS K arperamnuu
CTPYKTYPHBIX 3JIEMEHTOB — HOHHBIX TPYIITUPOBOK
CXOIHOTO COCTaBa, NMPUBOASAIINX K METacTaOMIIb-
HOW JIMKBallMW paciiiaBa. Takue MOHHBIC TPYIIIH-
POBKH B 3aBUCHMOCTH OT MX COCTaBa M CTPOCHUS
Ha3BaHsl P. M. Miomtepom amopdutamu wim KpH-
crauutaMu [2]. AMOpPUTBI HE SIBISIOTCS 3apo-
JeIIamMu KpucTauioB. Ho nHorma B cBoeM cocrase
OHH MOTYT UX UMETh.

Pazmepsl amMmophUTOB KOJIEOIIOTCS B TTHPOKHUX
MpeJieNiax U MOTYT JOCTUTaTh HECKOIBKUX MHUKPO-
HOB. KpHCTamIMTEI UMEIOT 3HAYUTEITFHO MEHBIIINE
pasmepsl. [lo pesynprataMm peHTTeHOCTPYKTYPHBIX
WCCIIEIOBAaHUN pa3Mephl KPUCTAILIUTOB B HATpHe-
BO- U KaJBIIMCBOCWIMKATHBIX CTEKJIaX HE IMPEBbI-
maroT 10-25 aM.

Pe3ynbrarhl ucCenoBaHUN IMOKA3BIBAIOT, YTO
B 30J1aX TEIUIOBBIX AJIEKTPOCTAHIMA B aMOppuUTax
MPOUCXOAUT KOHIEHTpPAIUs KaTHOHOB JIByXBa-
JICHTHOTO JKeje3a, KaJdbIsl 1 MarHus. 3HAYNTENb-
HO pPEXE B POJH KATHOHOB (PUTYypHUPYIOT alfOMH-
HUH U TpexBaJeHTHOe kene30. OCHOBHOCTD Bellle-
cTBa aMop(uTa, KaK MPaBHIIO, BBIIIE OCHOBHOCTH
BXOJISIIIIMX B MX COCTaB MUHEPAJIOB [2, 4].

AHWOHBI, BXOJSIUE B COCTaB aMop(uroB
U B PENIETKY KPUCTAILIUTOB, MPEACTABICHBI KpeM-
He(aTFOMO )KUCIIOPOTHBIMH rpyIIaMu
(Si04Y), (S1,0,%) mmm (ALSIO;") 1 (SiOy),.

Amopdutsl, peodnamammue B COCTaBe IuIa-
KOBBIX CTEKOJI, UMEIOT PBIXIYI0 CYOMUKPOCTPYK-
Typy U OTHOCHUTEIHHO BBICOKYIO MPOHUIIAEMOCTH,
00yCIIOBIIGHHYI0 HAJIMYHEM ITyCTOT MEXIy HWOH-
HBIMH TpynmmpoBkamu. [103ToMy OHH O4€HB JeTKO
THIIPATUPYIOTCA W THUAPOJIM3UPYIOTCS. DTH CO00-
paKeHUs TOJITBEPKIAAOTCS TMOBBINICHHONW PEaKIIH-
OHHOHM CITOCOOHOCTBIO CTEKOJ, COOTBETCTBYIOIIHMX
M0 COCTaBy MHHEpaJaM I[UIAKOB, W COCTOSIINX
TJIABHBIM 00pa3oM U3 aMOp(UTOB.
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T'mapaBnyuueckas aKkTUBHOCTh KPHUCTAJIUTOB
B CTEKJIE, UCXO/s U3 UMEIOIINXCA pe3yJbTaTOB UC-
CJEeTIOBaHM, TaK)Ke MPEBHIIIAET aKTUBHOCTH COOT-
BETCTBYIOIIMX MHHEPANOB, IPU 3TOM HaIpaBICHUE
MPOIIECCOB THApATAIlMU WIIW TUIPOIU3a U XapaKTep
THIPATHBIX HOBOOOPA30BaHUN HE H3MEHSFOTCS.

AKTHBHOCTh TPOMEXYTOYHOTO aMop(HOTO
BEIIIECTBA IIJIJAKOBOTO CTEKJIa OMpPENeaeTcsl COOT-
HOIIICHWEM TJIMHO3eMa W KpemHe3zema. UeM 00b-
e B HEM TJIMHO3eMa, TeM Jierde, ObICTPEe OHO
THIPATHPYETCS B MIENIOYHOM WIN Cylb(haTHO-
LIEJIOYHON Cpene.

Kpemuezemucroe mnpoMexyTOUHOE BEIIECTBO
pearupyeT ¢ TUAPATOM OKHUCH KaJIbLIUsI ME/IJICHHEE,
geM TIIHHO3EMHUCTO-KpEMHE3eMICTOe (IIPH OJMHa-
KOBBIX YCJIOBHUSX TBEPACHUS).

B o0mem ciydae muakoBoe CTEKIIO SBISETCS
MaTepualioM, COJIEpXKalluM YIOpsAIOYeHHbIE yda-
CTKH, OJM3KHE MO COCTaBy (aMOP(UTHI) U CTpOe-
HUIO (KPUCTAJUIUTHI) C OYEHb BBICOKOW YyIETBHOM
MIOBEPXHOCTBIO, & TaKXK€ HEYNOPSIJAOYEHHbIC TJIH-
HO3EMHUCTO-KPEMHE3EMUCThIE TPOCIONKH MEXITY
TaKUMHU YYACTKaMH.

Takum 00pa3oM, TIpH KCIIOITB30BAHUH 30JIbI KaK
3aIOJIHUTENS JUIi OETOHOB, LIEMEHT HAaXOIUTCS
B OCOOBIX yCJOBUAX. B 0ObIUHOM OETOHE IIEMEHT
MOJIBEPraeTcsl TUAPOIN3Y U THApATAlUU B YCIOBU-
SIX OKPY>KE€HHS €ro OTHOCUTEIBHO KPYIHBIM 3aroJ-
HUTEJIEM — MAJIOAKTUBHOW Cpelod ¢ HE3HAUUTEIb-
HOH yZeNbHON NOBEPXHOCTHIO. LleMeHT B 3TOM City-
Yyae TBEpJEeT B MPOIYKTaX COOCTBEHHOTO THAPOIH-
3a. B mpoTHBOMOIOKHOCTh ATOMY, IPHU 30J€ Kak
3aroJHUTENE, TUAPOJIM3 M TUApATaludd LEMEHTa
MIPOUCXOAUT B OKPYKEHUU AKTUBHOM CPEIbl — 30JIbI,
HMMEIOIIEH OrPOMHYIO YAETbHYIO TTOBEPXHOCTh, YTO
CYIIECTBEHHO BJIMSAET HA XOJA OJTUX IPOILECCOB
Y KaueCTBO IMOJTy4yaeMbIX OeTOHOB [6, 17].

PesyabTartsl

IIpu mnpoBeneHUM HCCIENOBAHUM HCIHBITAHbI
BUOPOYIJIOTHEHHBIE W BUOPOBAKYyMHpPOBaHHBIC
0OETOHBI ONITUMANIBFHOTO COCTaBa Ha IIIAKE U 30IIe,
a TaKXe Ha rpaHUTHOM mebHe u 3oie. Jlns cpas-
HEHUS TIPUBEJCHBI XapaKTEPUCTUKUA OOBIYHBIX Oe-
TOHOB (Ha TPAaHUTHOM IIEOHE U KBapIIEBOM ITIECKE).
[ToaBMXHOCTE OETOHHOW CMECH XapaKTepH30Ba-
nack ocaakoit konyca — OK = 3—4 cm. U3 kaxmaoro
BrJa OSTOHHOW cMecu (opMoBaIM 0Opaslbl pas-
MepoM 15x15x7 cm g ompeneneHus MIOTHOCTH
¥ TpoYHOCTH OEeTOHa B Bo3pacte 28 CYTOK NpH

CIEIYIOMNX PEXUMaxX W CIoco0ax YIUIOTHEHUS.
W3 noasmxHO#M OeTOHHON cMecu 00pasiisl popMo-
BaJy BUOPAIMOHHBIM CHOCOOOM TMPOJOIKUTEIb-
HOcThI0 25-30 ¢, BHOpOBaKyyMHpPOBAaHHBEIE — TIO-
cie TMpeaBapUTEIILHOTO BHOPOYIUIOTHEHUS (TIpo-
noymkuTenabHOCThI0 10—-15 ¢), moaBepranu Bakyy-
MUpOBaHUIO Tpu paspexkernnn 0,7  (MOTHBIN
BaKyyM MpPHHAT 3a €AWHHUILY) MPOJOIDKUTEIHHO-
CThI0 6 MuH. B mporiecce BakyyMHpPOBaHHUS TpHU-
MEHSUIH TIePUONYECKOe BUOPUpOBaHUE ([[BA TIPH-
ema 1o 10—12 c gepe3 Kaxxaple 2 MUH).

CocTaBbl OSTOHOB W pe3yJIbTaThl WX HUCIIBITA-
HUS TIPUBEJICHBI B Ta0I. 1.

Pe3ynpraTel WCHBITAHWHA MMOKAa3ald BO3MOXK-
HOCTh ToNydeHus OeroHOoB KiaccoB C20/25—
C25/30 Ha ocHoBe mIakoB u 301 TOC mpu yme-
PEHHBIX pacxojaax IeMeHTa. [laHHbIe TOKa3bIBAIOT,
yTO0 OETOHBI Ha TPAAWIIMOHHBIX 3aTOJHHUTEISIX
HUMEIOT MEHBIIIYIO MPOYHOCTh, YeM OETOHBI, B KO-
TOPBIX B KaYECTBE MEJKOTO 3aIllOJHUTENS MCIIONb-
30BaHa 307a.

OcobeHHO HEO0OXOIUMO OTMETHTHh aKTyallb-
HOCTh MacCOBOTO UCIOJIb30BaHHS 30JIbI B KAUECTBE
MEJIKOTO 3arOJHHUTENS sl OETOHOB. DTO CBA3aHO
HE TOJNBKO C HEOOXOJMMOCTBIO YTHIIM3AIUU OT-
POMHBIX 00BEMOB JaHHOTO MaTepHaja B OTBaJax,
HO ¥ C CYIIECTBYIOIIMM B HacTosIee Bpems aedu-
[UTOM TPAIWIIMOHHOTO MEJKOTO 3aIllOIHUTENS.
Pemenuto mpobiemsl yrunuzanuu otxoaoB TOC
CIoCcOOCTBYET UCHONB30BAaHKUE 30JbI YHOCA IS
MTPOU3BOCTBA 30JI00ETOHOB.

IIpu BeINOSHEHUH UCCTIEOBAHUNM HAMHU YUTEHBI
pa3zpabotku smoHCKkUX yueHsIx M. KokyOy
u [1. fimaga [7, 8]. Ovu g noBbimeHUs 3¢ dek-
TUBHOCTH HCITONB30BAHUS 30JIbI TPEIIOKIIH €e
MpeIBapUTEILHO MIEPEMEIINBATh C BOJOM 10 00pa-
30BaHUs IIJJaMa C OTHOIIEHUEM BOBI K 30JI¢ OKO-
710 50 %. DTO MOBBICUIO OJHOPOAHOCTH CBOICTB
OeToHa U 00Jer1nio KOHTPOJIb ero kauecTsa. [Ipu
STOM MOXET OBITh NMPUMEHEHa NIaXe CMECh JBYX
pa3IMYHBIX BUAOB 30Jbl. [IOCKOJBKY TOIOOHBIM
coco00OM MOXHO TOJTOTaBJIHMBATH 30JIBI BO Bpe-
MEHU CXBaTBIBAIONIMECS M YIUIOTHSIOUIUECS, UMe-
IOII[E B COCTAaBE arperarbl, MUKPO- U MaKpPOKOHT-
JIoMepaThl, NpejjiaraéMblii TEXHOJIOTUYECKUN TIpU-
€M HMeeT OuYeHb OOJIbIIOe MpaKTU4ecKoe 3Haue-
Hue. Kpome Toro, mpu 3ToM 3aMETHO YJIydIIaeTcs
yn00000pabaTeiBaeMOCTh 30J00ETOHHBIX CMecer
W J0AroBedHOCTh OeroHa. Ilo MHeHWIO aBTOpOB
YKa3aHHBIX Pa0OT, MPUYMHAMHU YIYYIICHUS YIO-
0000pabaTeIBAEMOCTH ¥ JOJNTOBEYHOCTH OETOHA
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MIpH TIPUMEHEHUH TaK Ha3bIBAEMOTO «IIJIAMOBOTO
METO/a» SIBISIETCSI pa300IIeHUE BOJION OTACIBHBIX
YaCTHUI 30JIbI TyTEM Pa3pyIICHUS arperaTtoB, MUK-

po- 1 MakpokoHriiomeparoB. Kpome aroro ynans-
€TCA BO3IYX, 3aKJIIOYEHHBINA B nmopax MExay 4dac-
THI[AMU 30JI6I.

Tabnuma 1

COCTaB, MJOTHOCTDb H MPOYHOCTD 30/I0IIIJTAKOBBIX M OOBIYHBIX 0ETOHOB

Table 1

Composition, density and strength of ash-and-slag and ordinary concretes

Pacxo/l MaTepHAOB, K/\ BubpoymnnorHenHslii| BubpoBakyyMupoBaHHBII
0eToH OeToH
£ a s 4 a s
Budero BN g || 2 e | g | By | BEL| By | BEs
= S 5 S 8 5 B X £xE s £ xE
5 Iy = < = A S 2 g 8= S = 58 9=
= = = S = = & =
= = g = = g
Ha mnake n 3ome | 0,67 | 314 | 224 |1441| - - 209 2 188 23,8 2226 31,8
Harpanntiom | 60 | 339 | 941 | — | 1558 | — | 212 | 2350 | 266 2430 38,5
mebHe u 3051€
Ha rpanutHOM
miebHe u kBapie- | 0,63 | 340 - - | 1250 | 670 182 2442 24,3 2473 32,4
BOM IIECKE

basupysich Ha 3THX pe3ynbTaTax, MPeIoKeH-
Has HAMH TEXHOJOTHs IPHIOTOBJICHUS 305100€-
TOHHOW CMECH CBOJHTCS K ciedyromemy. B po-
TOPHOM CMECHTENIe TOTOBST 30JIBHBIN IIIJIaM C BO-
IO30JIBHBIM cooTHoIeHueM 0,5 (¢ yduetoMm mepe-
MEHHOM BIQXKHOCTH 30Jbl, IOCTYHAIOWIEH 3
oTBana). 3aTeM B MPUTOTOBIEHHBIN MUIAM J03U-
PYIOT IIEMEHT |, (TIpy HEOOXOIUMOCTH) JTOIOJHHU-
TEJNBHOE KOJIMYECTBO BOJBI, 3aTEM NPHUTOTABIHBA-
10T 30J100€TOHHYIO CMECh HEOOXOAMMOH TIaCTHY-
HocTH. IIpu hopMoBaHwMM M3ACTUN U3 TAKOW CMECH
METO/IOM BHOpPOBAaKYYMHUPOBAHHUS M3IUIIHSS BOZAA
3aTBOpEHHUs yaaisieTcs. B pesynbrare 3TOT0 moiy-
YarOT XOPOIIO YIUIOTHEHHBIH 30100€TOH C BBICO-
KOH CTPYKTYpPHOH IIPOYHOCTBIO, IIO3BOJIAIOIIEH
MPOM3BOJUTH HEMEJICHHYIO pacnanyOKy, U Ipoy-
HOCTBIO B BO3pacTe 28 CyTOK.

Hmxe mpuBeneHs! pe3ynbTaThl HAIIMX JKCIIe-
PUMEHTaNbHBIX HCCIEJOBaHUA MO ONTHMH3ALUH
cocTtaBa 30JI00€TOHHOH cMecH IJisi BaKyyMHpPOBa-
HUs 10 peuiaraeMoil TexHosioruy. Vcrnonb3oanu
30J100€TOHHYIO CMecCh cocTaBa 1:4 (IleMeHT: 307a).
3a cueT M3MEHEHHs PacxoAa BOIbI MOABHKHOCTD
30JI00€TOHHOW CMECH M3MEHSUIA B IIUPOKUX IIpe-
nmenax (ot OK = 2-3 cm go OK = 12-14 cm). U3
Takoi cMmecu (opMoBaIM 00paslbsl BUOPOBaKyYy-
MUpPOBaHUEM W ([l CpaBHEHHS) BHOPAIMOHHBIM
crroco6om. Buapl 00pas3iioB, pesKUMBI YIDIOTHCHHS

ObUIN TE XK€, YTO U B HPEABIAYIIUX HCCIIEIOBAHU-
ax. [Ipu popmMoBannu 00pa3LoB U3 KECTKON CMeCH
MPOIOJKUTENLHOCTD YIUIOTHEHHSI BUOPUPOBAHUEM
cocrasisuia 60-65 c.

TlonyueHHble pe3ynbTaThl UCCIEIOBAHUI TPH-
BeACHBI B Ta0i. 2. 13 mpuBeaeHHBIX NaHHBIX BH[-
HO, YTO PAaLMOHAIBHON IOJIBM)KHOCTBIO 305100€-
TOHHOW CMeCH X BAaKyyMUPOBAHHUS SIBJIAETCS
OK = 8-10 cm. IIpu Tako# mOABMKHOCTH JOCTUTA-
eTcs HauOOoJblIas MPOYHOCTh BaKyyM30JI00€TOHa.
Ora NPOYHOCTh, IO CPABHEHHIO C IPOYHOCTHIO
30JI00€TOHAa W3 TIOJBHKHON OETOHHOW CMeECH,
Oonpuie ee B 2 u Oonee pa3a. BuOpoyrioTHeHHBIH
30J100€TOH MOJIyYeH ¢ MAKCUMAJIbHON POYHOCTHIO
U3 cMech C KecTkocTeio 15-20c. Cremyet
OTMETHTB, YTO MPOYHOCTh BaKyyM30J00eTOHa Ha
30-40 % Oonbuie, yeM y BUOPOYIUIOTHEHHOTO Oe-
TOHA U3 KECTKOM CMECH.

Hayunas HOBH3HA M MpaKTHYeCKast
3HAYMMOCThH

ABTOpamMu pa3paboTaHBl HOBBIE CIIOCO0O M TeX-
HoJyorusi ucnonb3oBanus 301 TOC B OetoHax. Pe-
3yJIBTaThl MCCIEIOBAHMUN CIIOCOOCTBYIOT MacCoBO-
My npumeHeHuro 301 TOC B CTpOUTENbCTBE, MO-
JYYCHUIO W3JEIUH W3 NPEAJIOKECHHBIX OETOHOB
HU3KOM CTOMMOCTH C  BBICOKMMH  (PH3HKO-
MEXaHHUYECKHUMHU CBOHCTBAMHU.
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Tabnuma 2

IInoTHOCTHL M MPOYHOCTH BUOPOYIIOTHEHHBIX H BHOPOBAKYYMHPOBAHBIX 30JI00€TOHOB

301l TOC Kak 3amojHUTENS 11 OETOHOB, HOKa-
3BIBAIOT CYIIECTBEHHOE OTIMYHE 3016l OT OOBIU-
HBIX 3aIOJTHUTENCH 1 000CHOBBIBAIOT XUMHUCCKYIO

Table 2
Density and strength of vibrated and vibrovacuumized ash concrete
BubpoymnnotHeHHbli 6eToH BubpoBakyymupoBaHHbIil 6eTOH
B beronnoit n I Konnuectso m I
JIOTHOCTD, POYHOCTB, . JIOTHOCTbD, POYHOCTB,
emeet B/ Kkr/m° Mlla “3‘3“6‘“’“2” B/ Kr/m’ Mlla

BOJBI, J1/M
IToasmwxkabie cMecH, OK (cm):

2.3 1,93 1586 6,2 95 1,53 1 620 11,9

5...6 2,12 1577 4,9 112 1,58 1631 13,1

8..9 2,31 1569 2,9 126 1,62 1 642 14,4
11...12 2,41 1 560 - 133 1,69 1635 14,2
13...14 2,52 1553 - 136 1,72 1 628 13,9

Kectkue cmecH, KECTKOCTh (CEK.):

5...6 1,53 1590 9,0 - - - -
10...15 1,46 1 605 9,8 - - - -
17...20 1,40 1620 9,1 - - - -
22...25 1,33 1616 8.8 - - - -

[IEMEHTa B CIIy4ae WCIIOJNIb30BAaHUS 30116 KaK 3a-
BriBoabl TIOJTHUTETISL JJIsl OETOHOB JTOKA3BIBAIOT MPEHMYIIE-
CTBa 30JbI Mepe] TPaIULMOHHBIM 3allOJHHUTEINIEM,
YeM JIOCTHTAeTCS 3HAYHUTENBHOE TOBBIIICHUE
npouHocTH. OTMedeHa BbICOKas 3(P(HEKTHBHOCTD
30JIbI B BUOPOBAaKyyYMHUPOBAHHBIX OCTOHAX.

[IpuBeneHHble (DU3MKO-XMMUYECKHAE CBOWCTBA

aKTUBHOCTb 30ibl. OcoOble YCIOBHSA TBEpIEHUS
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bapanos, A. T. 3ono0eton siueuctoiii u mwiotHb / A. T. Bapanos, I'. A. Byxesuu. — Mocksa : Ctpoiinzaar,
1960. — 226 c.

BeToHbI U U3/IeUs U3 MUIAKOBBIX U 30JIbHBIX MaTepuaioB / A. B. Bomxkenckuii, FO. C. Bypos, b. H. Bunorpa-
JoB [u 11p.]. — Mocksa : Ctpoituznat, 1969. — 392 c.

BypaBuyk, H. 1. Mcnonk3oBanue TeXHOTeHHOTO ChIphbs B TexHojoruu O6eronoB / H. U. Bypasuyk // World
Science : ¢0. Tp. koH(. (29—30 urons 2016 r., Kapnossr Bapsr — Mocksa). — Kupos, 2016. — C. 34-45.
Bomxkenckuii, A. B. IIpuMeHeHne 30J1 ¥ TOIUIMBHBIX IIJIAKOB B IPOM3BOJICTBE CTPOUTEIBHBIX MaTepuasioB /
A. B. Bomkenckuii, . A. Banos, b. H. Bunorpagos. — Mocksa : Ctpoiiuznart, 1984. — 250 c.
BricokokauecTBeHHbIE MOAM(MHIMPOBAaHHBIC OSTOHBI C CIOJIB30BAaHUEM BSDKYIIETO HA OCHOBE PEaKIMOHHOAK-
THBHOrO MuUHepamsHoro kommoHeHta / C.-A. HO. Myprazaes, M. III. CamamanoBa, P. I'. bucynranos,
T. C.-A. Myptazaesa // CtpoutenbHbie MaTepuaibl. — 2016. — Ne 8. — C. 74-79.

Edexrunuii cniocid Bukopucranns 3omu TEC B OyaiBaunrsi / M. B. CaBunpkuii, I. A. Cokosos, M. A. Cro-
poxyk, A. P. A6bacoBa // CTpouTenbCcTBO, MaTepualioBeicHHe, MalllMHOCTpoeHue : ¢0. Hay4. Tp. / [IpumHe-
MIPOB. TOC. aKaJl. CTP-Ba M apXUTEKTyphl. — JlHemponerposck, 2016. — Bemm. 91. — C. 133-140.

doi 10.15802/stp2017/113200 © H. A. Cropoxyxk, T. M. IlaBnenko, A. P. A66acosa, 2017



ISSN 2307-3489 (Print), ISSN 2307-6666 (Online)

Hayxka Ta nporpec Tpancropty. BicHuk J[HIponeTpoBcbKOro
HAaI[lOHAIBHOTO YHIBEPCHTETY 3aJIi3HUYHOr0 Tpancmopty, 2017, Ne 5 (71)

TPAHCIIOPTHE BY AIBHULITBO

7. Koky0y, M. 3ona u 301bHbIe 1IeMeHThI (0CHOBHOM aokian) / M. KokyOy // IIsaThlii MexayHap. KOHrpecc 1o
xumun 1iemenrta (7—11 okrsopst 1968 r., Tokuo) / cokp. mep. ¢ auri. u pen. O. I[1. Muemnosa-IlerpocsHa,
0. M. byrrta, B. U. Carapuna, A. U. boiikoBoil. — Mocksa, 1973. — C. 405-416.

8.  Koky0y, M. llemenTsl ¢ mo0aBKkoii 305bI-yHOCa (0cHOBHOM nokian) / M. Kokyoy, /. SImana ; mox oOur. pe.
A. C. bongpipea // lllectoli MexxayHap. KOHIpecc 1O XMMHUH 1IeMeHTa : Tpyabl. — Mocksa, 1976. — T. 3 : Lle-
MEHTHI 1 ux cBoicTBa. — C. 8§3-94.

9. Tlomos, H. A. Xapakrepucrrka HecropeBmux yactui B 301ax TOC / H. A. Tlonos, H. A. lBanos // Tpynsr /
3ananno-Cubupckuii ¢punran AH CCCP. — HoBocubupek, 1961. — Boim. 5 — C. 342-347.

10. Casuukuii, H. B. Bakyym6eToH — oco0s1ii Bug 6erona / H. B. Casunkuii, T. M. [1aBnenko, A. P. A6Gacosa //
Beron u xenezoberon. —2016. — Ne 2. — C. 21-25.

11. ®enpann, H. . O6 ocobeHHOCTAX HECropeBmiero TommmBa B 301ax TOC u ero BAMSHUS Ha CBOKWCTBA 301100¢e-
toHOB / H. Y. ®enpiann // CtpouTenbHble MaTepuansl. — 1963. — Ne 4. — C. 9—12.

12. Xnommmpkuii, O. O. Cran, nmpobaeMu Ta MEPCHNEKTUBH MEPEPOOKH 30JIONLIIAKOBUX BiIXOMIB TETUIOCIEKTPO-
cranuii Ykpaiun / O. O. Xnonuuekuit // ScienceRise. — 2014. — T. 4, Ne 2 (4). — C. 23-28.
doi: 10.15587/2313-8416.2014.28511

13. DddexTrBHBIC 30/IbHBIE IEMEHTHI Ha OCHOBE JieTyuux 30i1 TBepabix Toruue / B. X. Kukac, O. U. Ilukcaps,
A. A. Xaiin, U. A Jlayn // lllecToii MexayHap. KOHIpece MO XUMUH 1ieMeHTa. — Mocksa, 1976. - T. 3. - C. 112—
114.

14. A comprehensive review on the applications of coal fly ash / Z. T. Yao, J. H. Tang, Y. Q. Xi, X. S. Ji, L. Q. Ge,
M. S. Xia, P. K. Sarker // Earth-Science Reviews. —2015. — Vol. 141 — P. 105-121.

15. A new quantification method based on SEM-EDS to assess fly ash composition and study the reaction of its
individual components in hydrating cement paste / P. T. Durdzinski, C. F. Dunant, M. Ben Haha, K. L. Scriv-
ener // Cement and Concrete Research. - 2015, - Vol 73. - P. 111-122.
doi: 10.1016/j.cemconres.2015.02.008.

16. Modification of phase evolution in alkali-activated blast furnace slag by the incorporation of fly ash / I. Ismail,
S. A. Bernal, J. L. Provis, R. San Nicolas, J. S. J. Van Deventer, S. Hamdan // Cement and Concrete
Composites. —2014. — Vol. 45. — P. 125-135. doi: 10.1016/j.cemconcomp.2013.09.006.

17. Savitskyi, N. Properties of thermal power plants ash and concretes made on its basis / N. Savitskyi,
T. Pavlenko, A. Abbasova // Theoretical Foundations of Civil Engineering. — Warsaw, 2014. — Vol. 22. — P. 33—
38.

M. A. CTOPOXYK"", T. M. [TABJIEHKO?", A. P. ABBACOBA*"

"Kag. «Texuonoris 6y1iBenbHuX MaTepiaiis, BUpoGiB Ta KOHCTPYKLLiii», Jlep KABHIMNA BAILII HABYANBHHI 3aKIa
«[IpupHinpoBckKka ep)kaBHA akaieMis Oy iBHULITBA Ta apXiTeKTypu», By YepHumescekoro, 24-a, Jlninpo, Ykpaina,

49600, Texn. +38 (050) 607 48 77, en. nowra storozhukpsacea@gmail.com, ORCID 0000-0002-3132-8864

*Kad. «TexHomoris Gy 1iBeIbHIX MaTepiaiB, BUPOGIB Ta KOHCTPYKLiit», Jep/KaBHUIl BULLMHA HaBYAIbHUIN 3aKI1a]1
«[IpugHinpoBCchKa NepkaBHA akageMis OyIiBHHLTBA Ta apXiTEKTypH», Byl UepHuIIeBcrKoro, 24-a, JIHinpo, YkpaiHa,

49600, Texn. +38 (066) 574 20 57, exn. nowrta tmj@ukr.net, ORCID 0000-0003-4325-7562

*HayxoBo-gocinaa maGoparopis, JlepxaBuuii BUuit HaBuabHuit 3aKkmaz «[IpHIHIIPOBChKA IepaBHA aKkageMis Gy IiBHHEITBA
Ta apXiTeKTypm», Byl UepHumeBcrkoro, 24-a, JlHinpo, Yxpaina, 49600, ten. +38 (050) 743 39 37,

e moita abbasova003@gmail.com, ORCID 0000-0001-9643-5305

OCOBJIMBOCTI 30JI1 TEIIOBUX EJEKTPOCTAHIIIN SK
3AITOBHIOBAYA VI BETOHIB

Mera. HaykoBa po6oTa mpucBsideHa po3poOIli HAyKOBO-TEXHIYHUX OCHOB BHPOOHHIITBA Ta BUKOPHUCTaHHS Oe-
ToHiB Ha ocHOBI 301 TEC. Meroauka. Jlocmimkero BiactuBocTi 3o TEC, a Takok 0cOOIUBOCTI 11 MOBEAIHKH
B OCTOHHIH cymimi K qpiOHOTO 3anmoBHIOBava. [loka3aHo, 0 B 307100€TOHI TiApOITi3 Ta TiIpaTallis IIeMeHTy Bigoy-
BAaIOTHCA B OTOYCHHI AKTHBHOT'O CEPEIOBHUINA — 30JIM, L0 Ma€ BEIMYE3HY IMTOMY HOBepxHIO. Lle icToTHO BIMBae
Ha XiJ 3a3HAYCHHX IIPOLECIB 1 SKICTh OIEp>KyBaHMX OCTOHIB. 3alpPOIIOHOBaHA HOBA TEXHOJIOTIS 3aCTOCYBAaHHS 30T
TEC muis npuroryBanHst 0eToHHOI cyMirii. BunpoOyBaHi BiOpoyIIiibHEHI Ta BiOpOBaKyyMOBaHi1 OETOHH ONTHMaJIb-
HOTO CKJIaJy Ha IIIaKy i1 3071, a TAKOXK Ha TpaHiTHOMY mieOeHi i 30ii. J[s mOpiBHSIHHS HaBEICHI XapaKTCPUCTHKH
3BUYaliHUX OCTOHIB (Ha rpaHiTHOMY IeOeHi i KBaploBoMy IicKy). PesyabTaTn. PesynsraTtn BunpoOyBaHb rokasa-
JIM MOJIMBICTH oTpuMaHHs OeToHiB kiaciB C20/25...C25/30 na ocHoBi nmakis i 301 TEC npu nomipHUX BUTpaTax
nemeHty. IlokazaHo, mo OeTOHM Ha TpajWLIMHUX 3allOBHIOBAYaX MalOTh MEHIIY MIIHICTb, HIXK OCTOHH, B SIKHX
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B AKOCTi IpiOHOTO 3arOBHIOBaYa BUKOPHCTaHA 30J1a. Pe3ynbTaTH BHKOHAHHMX JOCIHIIKEHb CIPHSIOTH 301IBIICHHIO
00cATiB BUKOPUCTAHHS 30J7M B OYAiBHUIITBI, [0 BHPINIye MPOOJIEeMy 3allOBHIOBAUiB, a TAKOX YTHIII3alii BiIXO/iB
TEC. HaykoBa HoBU3HA. Po3po0ieHo HOBI criocobu Ta TexHonoris BukopuctanHsa 301 TEC B 6etoHax. 3omo0e-
TOHHA CyMilll Ma€ PalliOHAJIBHY PYXJIMBICTb, NP SIKIH JOCATaeThcs HaOULIbIIA MIIHICTH BaKyyM3oio0eroHy. Lls
MIIHICTh B MOPIBHSHHI 3 MIlIHICTIO BiOPOYIIIJILHEHOTO 30J00€TOHY 3 OCTOHHOI cyMiili 3 pyxnusictio [11 Buie
B 2 Ta Oinbiue pazu. [IpakTuyna 3naunmicts. HaBeneno ¢isuko-ximiuni BiactuBocti 30iau TEC sik 3anoBHIoBaua
quist 6eroHiB. [loka3aHo cyTTeBY BiAMIHHICTH 30JM BiJ 3BMYAiHMX 3aroBHIOBadiB. OOIpyHTOBaHA XiMiYHA aKTHB-
HicTb 30mmu. [TokazaHo 0coOJIMBI yMOBH TBEpiHHS IIEMEHTY B Pa3i BUKOPUCTAHHS 30JIM SIK 3allOBHIOBaYa Juisi OeTo-
HiB. HaBeneHo nepeBaru 30iM nepe; TPaAMLIMHUM 3allOBHIOBaYeM. Pe3ynbTaTi AOCIiKEHb CHPUSIIOTH MaCOBOMY
3actocyBanHi0 3011 TEC B OymiBHAIITBI, OTpUMaHHIO BHPOOIB i3 3alIpONOHOBAHNX OCTOHIB HU3BKOI BAPTOCTI 3 BHCO-
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FEATURES OF ASH OF THERMAL POWER PLANTS AS AGGREGATE
FOR CONCRETES

Purpose. The scientific work is dedicated to development of scientific-technical bases of production and appli-
cation of concrete on the basis of ashes of thermal power plants (TPP). Methodology. The properties of TPP ash, as
well as the peculiarities of its behavior in a concrete mix as a fine aggregate, have been studied. It is shown that the
hydrolysis and hydration of cement occur in the active environment of ash, which has a huge specific surface area.
This significantly affects the course of these processes and the quality of the concrete produced. A new technology
of application of ash of TPP for preparation of concrete mixes is offered. Vibrated and vibrovacuumized concretes
of optimum composition from slag and ash, as well as from granite crushed stone and ash, are tested. The chara-
cteristics of ordinary concrete (from granite crushed stone and quartz sand) are given to compare. Findings. The
results of the tests showed the possibility of obtaining concretes of class C20/25...C25/30 on the basis of slag and
ash of TPP at a limited consumption of cement. It is shown that the concrete with traditional aggregates has a lower
strength than the concrete, which has ash as fine aggregate. This research results contribute to the increased use
of ash in construction that solves the problem of aggregates as well as thermal power plants waste recycling.
Originality. New method and technology of application of TPP ashes in concrete are developed. Ash concrete mix
has rational flowability, which produces the greatest strength of ash vacuum concrete. This strength is twice or more
as large as the strength of vibrated ash concrete mix with flowability S1. Practical value. The physico-chemical
properties of TPP ash as aggregate for concrete are presented. Significant difference of ash from ordinary aggregates
is shown. Chemical activity of the ash is justified. The special conditions of cement hardening in the case of using
ash as aggregate for concrete are presented. The advantages of ash over traditional aggregate are shown. The re-
search results contribute to the mass application of TPP ash in construction and obtaining the products from the pro-
posed concrete of low cost with high physical-mechanical properties. Ash as an aggregate has a particularly high
efficiency in vibrovacuumized concrete.

Key words. ash of thermal power plants; properties; aggregates; concrete; moulding; vibrovacuumizing
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ORCID. BizomocTi mpo aBTOpiB MOJAIOTHCS TPhOMa MOBAMH — YKPaiHCHKOIO, POCIHCEKOIO Ta aHTITIHCEKOIO;

5) OpwuriHan eKCepTHOTO BUCHOBKY.

VYeara! 3rigHo 3 Mi>kKHApOIHMMH CTAHZAPTAMH SKOCTi HAYKOBHUX My0.IiKaniii HeoOXiZTHUM €: HASBHICTH aB-
Topchbkux posmupenux (250-300 ciiB) 1 cTpykTypoBaHHX pe3toMe (pedepatiB — abstracts), y T.4. aHMTIHCHKOIO MO-
BOIO, PEIIeH31H, MPUCTATEHHNX CITUCKIB JIITEpPaTypH B POMaHCEKOMY an(aBiTi TOIIO.

Bukiag ocHOBHOro MaTepiaiy cTaTTi IOBHHEH MATH TAKI eJ1eMeHTH:

—  BCTYIH: IOCTaHOBKA MMPOOJICMH, aHaJII3 OCTAHHIX JTOCIIIXKCHb,

- MeTy;

—  METOAMKY: BUKJIaJl OCHOBHOTO Marepiaiy JIOCITIPKEHHS 3 IOBHUM OOIPYHTYBaHHSM OTPUMAaHUX HAYKOBHX
pe3ynbTariB. JJOKJIaHO ONMUCYIOTh 3arajlbHy METOAMKY JOCIHIKEHHS, 00 HOro pe3ysabTaTH MO OyTH BiATBOpE-
Hi: OIIMCYETHCS TIOCIIOBHICTh BUKOHAHHS JOCIIKEHHSI, OOTPYHTOBYETHCS BHOIp BUKOPUCTOBYBAHHX 1 BUKJIAIA€Th-
sl CyTh TIPOIIOHOBAaHHX METOJIB 1 MO, 3MICTOBHO BU3HAYA€ETHCS, IO CaMe JOCHIIKYBaIOCS KOXKHIM METOJIOM;

—  Ppe3yJbTaTH: MICTATh EKCIICPUMEHTAIIbHI YA TEOPSTUYHI JJaHi, OTPHUMaHi B pOOOTI, [UII JEMOHCTpaIlii Toro,
10 OTPUMAHO HOBE pillieHHs mpobieMu, i oo podoTa € 3HAYHUM KPOKOM BIIEpe] Y MOPIBHSAHHI 3 MOTIEpEIHIMU J0-
cnimpkennsamu. Jlani nogatwoTtees y hopmi Tabnuik, rpadikis, aiarpam, piBHsiHb, GpoTorpadiii, pUCyHKIB, CTATUCTHY-
HUMH OIliHKamu. Pe3ynbraTe moBUHHI OyTH BHKJIAIEHI KOPOTKO i YiTKO, IPH LBOMY MICTHTH AOCHTH iH(popMariii
JUTS OIIHKH 3pO0JIEHIX BUCHOBKIB, TAKOX Mae OyTH OYEBHIHO, YOMY LIS aHAJIi3y oOpaHi came Iii JaHi;

—  HayKOBY HOBM3HY Ta MPaKTHYHY 3HAYMMicTh. HaykoBa HOBH3HA OTPUMAaHUX PE3yJIbTATIB BUKIIAIAETHCS
apryMeHTOBaHO, KOPOTKO 1 4iTko. /[0 HayKOBOT HOBHU3HM HE MOXKHA BIIHOCHUTH TPHUKIAIHI pe3yibraTu (Crocodwu,
MPUCTPOI, METOJIUKH, CXEMH, alropuTMu). [IpakTuyHe 3Ha4YEHHS OTPUMAaHUX PE3yJbTaTiB CTAHOBIATH BiIOMOCTI
PO BUKOPHCTAHHS PE3YJIbTaTiB JOCIIKEHb a00 peKOMEHAIlI1 3 IX BUKOPHCTaHHS;

—  BHCHOBKH: HEOOXiJTHO HAaBECTH JOCATHYTI KUIBKICHI Ta SKICHI MOKa3HWKU JOCITI/DKEHHS, BUKJIACTH PEKO-
MeH/aIi1 3 X BUKOPUCTAHHS.

3 ycix nuTaHb 3BepTaliTecs 10 peaakiii ;KypHaJIy 3a aJpecolo:
HayxoBo-texniuna 6i0miotexa (aya. 166),
JHinpomeTpoBChKMi HalliOHANPHIN YHIBEPCHUTET 3aIi3HUYHOTO TPAHCIIOPTY iMeHi akanemika B. Jlazapsna,
By JlazapsHa, 2, M. J{ninpo, YkpaiHa,
49010
e-mail: visnik@diit.edu.ua

Caiit xxypHamny: http://stp.diit.edu.ua/
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