Table 1. Bioassay conditions measured by flow cytometry.

Endpoint Fluorescent Dye Cytometer Emission Filter
Viability Propidium iodide (PI) ECD, 610 nm
Esterase activity Fluorescein diacetate (FDA) FITC, 525 nm
Membrane potential 3,3'-dihexyloxacarbocyanine iodide (DIOCy) FITC, 525 nm

The used fluorescent dyes and measured parameters are shown in Table 1. The features of
using this set of biomarkers for determining the aquatic toxicity of particulate matter on marine
organisms were described in our previous works (Pikula et al., 2019; Pikula et al., 2020b).

The morphological changes in the cells were monitored by the Axio Observer Al optical
microscope (Carl Zeiss, Germany).

3 RESULTS AND DISCUSSION

The particle size distribution of coal used in the study was represented by a fine fraction, most
susceptible to dusting under the influence of external factors. Altogether, 300 thousand par-
ticles from the coal sample were examined by micro-Raman spectroscopy and 1 million par-
ticles by flow cytometry. Particles, in general, have oval elongated and broken shapes. The
diameter of majority of particles ranges from 150 nm to 10 um. As shown in Figure la, b, the
predominant amount of coal particles is in the diameter range of about 300 nm. In the
micrometer range, the predominant diameter is 1-2 pm (Figure 1a, c).

It should be noted that the analyzed coal samples taken from the coal seam are represented
by a finer size fraction than coal, which was transported, stored, and then sampled directly at
the territory of the coal terminal (Kirichenko et al., 2019).

L wm [ Top——

Figure 1. Particle size composition of the coal sample. a) micro-Raman spectroscopy data; b) and
c¢) flow cytometry data.
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The results of the exposure of the mollusk M. modiolus hemocytes to the coal suspension
are presented in Figure 2.

The viability was assessed by the absence of DNA cells staining with PI dye (Ostrander,
2005) registered by the absence of changes in the level of cell fluorescence in the ECD emission
channel (Table 1). Dead cells were excluded from the count. According to the results of the
tests, we can conclude that the investigated coal sample did not have a significant effect on the
viability of the mollusk M. modiolus hemocytes. The proportion of alive cells in each measure-
ment series after 2, 4, and 6 hours of exposure to the highest concentration of coal suspension
(1000 mg/L) was almost at the same level as the proportion of alive cells in the control group
for each series (Figure 1a). The greatest fluctuation and spread of values in different series of
measurements was observed for the concentration of coal suspension of 100 mg/L.

The change in the hemocyte esterase activity level after exposure to coal suspension was
recorded as the fluorescence intensity of fluorescein formed due to the cleavage of FDA dye
with cell esterases (Figure 2b). This index makes it possible to assess the enzyme activity and,
therefore, the level of cell metabolism (Fontvieille et al., 1992). We can note that the cell
metabolism activity increased slightly when exposed to coal suspension at concentrations of 1
and 10 mg/L, while concentrations of 100 and 1000 mg/L caused the inhibition of cell metab-
olism. The increase in the time of exposure to coal suspension from 2 to 6 hours did not cause
any further decrease in the cell metabolism level, since each series of measurements (2, 4, and
6 hours) had a similar exposure level.

Maintaining the polarization level of cell membranes is an important indicator characteriz-
ing the ability of cells to perform barrier and metabolic functions that ensure cell activity.
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Figure 2. The change in the state of hemocytes of mollusk M. modiolus after 2, 4, and 6 hours of expos-
ure to coal suspension at concentrations of 1, 10, 100, and 1000 mg/L. a) percentage of alive cells,
b) change in esterase activity of cells, ¢) change in polarization of cell membranes; a.u. — arbitrary units.
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Figure 3. The hemocytes of mollusk M. modiolus after 6 hours of exposure. a) control group, b)
100 mg/L, ¢) 1000 mg/L.

Negatively charged cell membranes bind to the positively charged DiOCg dye (Sabnis et al.,
1997). When cell membrane functions are impaired, their charge decreases and, accordingly,
the bound DiOCg dye is released into the medium (Grégori et al., 2003). As a result of the
mollusk M. modiolus exposure to the coal suspension, no significant effects were observed at
coal suspension concentrations up to 100 mg/L. (Figure 2¢). At the coal suspension concentra-
tion of 1000 mg/L, membrane depolarization of about 20% of alive cells of hemocytes was
observed. A change in the fluorescence level of cell membranes is shown in Figure 3.

It should be noted that the change in polarization of cell membranes during the exposure
for 2, 4, and 6 hours has a common trend, which indicates the absence of an increase in the
negative effect over time in the measurement range.

4 CONCLUSIONS

We did not detect acute toxicological hazard of coal dust particles to the representatives of
marine biota even at extremely high concentrations. There is a decrease in the enzyme activity
and partial depolarization of membranes (an average of 20%) exposed to coal particles. The
observed changes in the state of hemocytes of mollusk M. modiolus suggest that there is
a chronic exposure. Further long-term toxicological studies are needed to identify the effects
of coal dust on marine aquatic organisms.

This study will be continued using the environmental monitoring system which is planned
to be set up at various locations in Nakhodka city.
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ABSTRACT: The raw material industry has a negative impact on the environment. In particu-
lar, it is an air pollution source. In order to improve the air sampling procedure, it is suggested
to use lavsan sample bags. A distinctive feature of these devices is the ease of their use, regener-
ation and transportation, the possibility of their multiple application and averaging air samples
for any period of time. Due to structural features and technical characteristics of bags, the pro-
cedure of their delivery to laboratories from remote observing sites is simplified, as well as air
samples analysis. To establish the feasibility of using proposed sample bags and to assess the
impact of the phosphorite mining enterprise the research was conducted, results of which allow
us to conclude that it is advisable to use these devices for sample collection and transportation.

1 INTRODUCTION

Mineral resources are a complex of raw material stocks in the bowels that can ensure the stable
development of the country’s economy for a significant future (Boyko et al. 2019, Kozlov et al.
2018). Exploitation of natural resources by a mineral resource sector is associated with the
extraction, removal of overburden, ore, coal, oil, gas, groundwater, etc. from geosystems.
Attendant problems of the use of natural resources are man-made impacts on environmental
compartments that cause their changes (Mammadov et al. 2019, Nevskaya et al. 2019). In this
regard, the mineral resource complex has a negative impact on the environment (Krutskikh
2019, Pashkevich et al. 2019), in particular, as a source of emission of a wide range of pollutants
into the atmospheric air. The main pollutants in the air basin are particulate pollutants, sulfur
dioxide, carbon monoxide, nitrogen oxides and volatile organic compounds (State report 2018).

In the total volume of pollutant emissions into the atmosphere from stationary sources, which
amounted to 17,476.2 thousand tons in 2017, the largest contribution was made by sources (by
type of economic activity): “Manufacturing” - 5 802.2 thousand tons, or 33.2% of all emissions
from stationary sources; “Mining” - 4,918.9 thousand tons, or 28.1%; “Provision of electric
energy, gas and steam; air conditioning”- 3,542.6 thousand tons, or 20.3% (State report 2018).

Therefore, in order to carry out effective environmental protection activities, it is necessary
to be provided with sufficient information about the state of the environment, take into
account spatial and temporal factors, the degree of anthropogenic impact, anticipate the pos-
sible consequences of human intervention in the course of natural processes. The tool for
obtaining such information is environmental monitoring (State report 2018).
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2 ENVIRONMENTAL MONITORING SAMPLING

Monitoring conducted by enterprises to assess the impact of their activities on the natural environ-
ment (and, first of all, on the most sensitive component of ecosystems - atmospheric air) can be
both instrumental and calculated. Calculated monitoring allows you to determine the level of pol-
lution based on the data on emissions of pollutants. Thanks to this approach, it is possible to esti-
mate the level of pollution not only at its source, but also at any distance from the industrial
facility. Instrumental monitoring involves sampling on the ground (usually in the area of greatest
pollution) and subsequent laboratory analysis, allowing you to obtain data on the level of air pol-
lution in the zone of a particular enterprise influence. However, it should be noted that the largest
measurement errors occur at the stage of sampling of atmospheric air (Watson et al. 2011). Also
carrying out full-fledged instrumental monitoring is associated with a number of difficulties, for
example, the inability to quickly obtain data from remote areas, the operation of obsolete equip-
ment, as well as sampling methods and devices (Yakunina & Popov 2009).

Basically, sampling methods are divided into 2 groups: aspiration (air suction through
absorption solutions, filters, sorption tubes or grain sorbents placed in the absorber) and sam-
pling in vessels (bottles, gas pipettes and other containers) that are delivered for the further
analysis to the laboratory (Woolfenden 2010).

Air sampling is most often carried out by the aspiration method in order to determine the
concentration of chemical compounds. The method is based on aspiration of a known volume
of air through an absorption material capable of retaining substances to be determined. This
method is used when it is necessary to concentrate the microimpurities in the absorber and to
increase the sensitivity of the analysis method.

As an absorption solution, distilled water or special liquids that dissolve toxic substances or
interact with them are used. Absorbers with solid sorbents are also used: silica gel, activated
carbon, and others. They have a different design: in them, solid sorbents can be stationary or
set in motion by an air current, forming a “fluidized bed”, which contributes to a greater con-
tact of the sorbents with air and improves the absorption of the substance of interest. Sorption
tubes are also used to take and analyze air samples. They are filled with glass powder, impreg-
nated with special solutions for trapping toxic substances. This type of sampling suction sys-
tems is most common for environmental monitoring tasks.

For quick sampling with the availability of sensitive research methods, sampling into various
vessels and containers is used. The type of gas sampling vessel is determined by the nature of the
gas being analyzed and the volume of the sample. It is noteworthy that the volume of the gas
sample should be sufficient for analysis by the selected method and for repeated determinations.

Sample storage conditions are an important factor in the analysis of environmental compo-
nent. For example, air samples taken on active solid sorbents can be stored for a limited time,
in some cases cooling is necessary. Air samples taken in vessels are not recommended to be
stored for a long time, since reactions with oxygen, water vapor, adsorption of the vessel walls
and so on are possible. One of the main problems in determining the concentrations of volatile
substances is associated with this.

Typically, gas samples are taken into the device in which the analysis is performed. If the
analysis cannot be performed at the sampling site, air samples are delivered to the laboratory.
Gas diffusion through some connecting tubes may cause a change in the composition of the
gas sample. The composition of the average sample may vary in the sampling device itself.
Another important factor is the temperature - a significant temperature difference at the time
of selection and during storage can significantly affect the final result of the analysis. There-
fore, when optimizing sampling methods, various aspects should be considered that affect the
concentration of pollutants in the sample.

Currently, various devices are used in the Russian Federation for air sampling: direct sorption
and indicator tubes, various types of absorption vessels (for example, Zaitsev, Richter vessels with
a porous plate), cooled traps, syringes, gas pipettes and others. Most of these devices have several
disadvantages. For example, when using sorption tubes, the concentration of substances in the
sample decreases as a result of adsorption by the tube material, and during subsequent analysis of
the sample, false peaks may appear on the gas chromatogram (as a result of desorption of
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previously adsorbed substances). The use of syringes and gas pipettes does not comply with the
regulatory and technical documentation for sampling (due to the time of sampling), as well as
these devices do not allow storing air samples. Moreover, many sampling devices require consider-
able time for their regeneration, as well as the preliminary preparation of special sorbents and
absorption solutions. These shortcomings indicate the need for modernization of the monitoring
network, in particular, the introduction of new methods and devices for air sampling for the sub-
sequent determination of the pollutant content in the air.

It should be noted that in recent years, sample bags have increasingly been used for sampling
around the world (Watson et al. 2011). They are devices for sampling air, which are used both for
basic gases and for specific substances. These bags can be made of various materials (teflon,
lavsan, fluoroplastic, polyvinylidene fluoride, fluoroethylene propylene, aluminum film, etc.). The
leaders in the production of sampling bags are considered to be Restek (USA), SKC (USA), Cole-
Parmer (USA), Merck (Germany), GL Sciences (The Netherlands).

In support of the feasibility and advisability of using these sampling devices, many studies
have been carried out around the world. For instance, some scientists consider the problem of
storage stability (Akdeniz et al. 2011, Laor et al. 2010); in other works the question regarding
the sample loss is raised (Sironi et al. 2014, Kim & Kim 2012); there are also some works on
the different types of bags (Kim et al. 2012, Laor et al. 2010) and materials (Salo & Makinen
2019) comparison. Of particular interest is the study of comparing commercial and homemade
bags (Parker et al. 2010, Abruzzi et al. 2019). All in all, the results allowed concluding that air
sample bags can be an alternative to the widely used sampling devices and are suitable for
many areas, including industrial hygiene, landfill (biogas), ambient air, indoor air and station-
ary source testing. The disadvantage of these devices is their high cost, often the inability to
reuse, as well as the inability to store some volatile organic compounds.

For the needs of industrial environmental control and atmospheric air monitoring in the
Russian Federation, which includes the regular determination of the pollutant concentrations
over immense territories and in remote areas, as well as for studying the content of specific
compounds in samples, there is no universal sampling device. This is due to the need to fulfill
a number of conditions: ease of sampling, ease of the device regeneration, a low background
level of substances in the device, economic affordability, the possibility of long-term storage
of samples and comparisons with established environmental standards.

In order to improve the atmospheric air sampling procedure, the authors propose the use of
lavsan sample bags, which allow subsequent determining of the concentrations of pollutants
that are characteristic of mineral resource complex enterprises. Due to the design features and
technical characteristics of the bags, the procedure of their delivery to laboratories from
remote observation points and analysis of air samples is simplified, and the cost of devices is
reduced.

To establish the feasibility and advisability of using the proposed sample bags with the par-
ticipation of the authors numerous studies were carried out: the concentrations of pollutants
at control points without sampling were determined and also in laboratory conditions with
preliminary sampling of atmospheric air into the lavsan bags (Volkodaeva & Volodina 2017);
the optimal methods for the sample bags regeneration were identified (Volkodaeva et al.
2019b); the possibility of using these devices at the border of the sanitary protection zone was
demonstrated (Volkodaeva et al. 2019a).

3 SAMPLE BAGS APPLICATION

Sample bags made of polymer films are intended to be used for the collection and storage of
gaseous samples for subsequent analysis on laboratory equipment (chromatographs, station-
ary gas analyzers, etc.). The bags can be used to control the pollution of the atmosphere, air
of the working area, industrial emissions, as well as to control production processes in the
chemical, petrochemical, pharmaceutical, food industries, medicine, agriculture, etc.

Sampling in bags is carried out by means of portable sampling pumps or vacuum samplers.
The capacity of the packages can vary from 0.5 to 100 liters. The bags are equipped with
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various fittings: stainless steel, polypropylene, teflon, designed both for sampling from the bag
with a syringe, and using an external pump. The number of fittings may also vary.

Compared to other sampling devices (gas pipettes, gas syringes, etc.), bags of polymer films
have several advantages:

« flexibility: a variety of organic and inorganic compounds can be sampled and stored in bags;

* high stability of sample storage;

« the ability to automatically average samples over a 20-minute (or other) time interval;

« the ability to automatically adapt the sample to the conditions of analysis (temperature and
pressure);

« the variety of fitting types and their quantity;

* lightness, strength and durability.

A study of a great variety of sample bags produced by world leaders, as well as Russian
manufacturers, showed that there is no appropriate device for the collection, storage and
transportation of samples of volatile organic compounds (control of such compounds is man-
datory in large cities and near enterprises-sources of these substances) for the purpose of
environmental monitoring of atmospheric air. Some samples are disposable and cannot be
regenerated, others are not able to hold the specific contaminants necessary for determination,
and others are equipped with fittings that are inconvenient to use. Thus, the absence of
a suitable sampling device leads to the search for technical solutions to optimize the procedure
of sample collection, storage, transportation, as well as the procedure of bags regeneration.

Currently, the monitoring of the content of volatile organic compounds in the air is carried
out over vast territories. It implies sampling on site and delivering air samples to specialized
laboratories. Due to the remoteness of some observation points, as well as the load of analyt-
ical equipment in laboratories, the solution is to increase the storage time of samples in bags.

The authors propose to make some changes to the design of the sample bag, namely, to
improve the seams and fittings of the device. The use of reinforced double seams has
a positive effect on the duration of storage of samples and less diffusion of pollutants through
the seams of the bag - the most fragile part of the sampling device. There is also a need for
better cleaning of devices, which can be achieved by identifying the optimal regeneration
method, as well as placing an additional fitting on the opposite side of the bag.

4 SAMPLE BAG DESIGN OPTIMIZATION

The authors propose to make changes to the design of the sample bags, as well as to use the
identified effective ways of regenerating these devices.

The manufacture of sample bags from an ultra-pure lavsan film with a thickness of 50 um
can be considered the optimal solution, because with the small weight of the bag the barrier
functions necessary for storing the samples are performed. The material prevents the diffusion
of gases through the walls of the bag, which is similar to preserving the air sample inside the
device. The usage of double seams increases the storage time of volatile organic compounds in
atmospheric air samples. Seams are made by the agency of a welding machine.

Moreover, it is also possible to place a fluoroplastic tube with a diameter of 1-2 mm in the
space between two seams (Figure 1). This tube, located around the entire perimeter of the bag,
will make it possible to make a kind of frame and at the same time reduce the likelihood of
deformation of the device and, as a result, loss of atmospheric air sample.

The use of two polypropylene fittings increases the “flexibility” of the sampling. In other
words, it allows taking samples in different conditions, varying the way the bag is attached to
the sample feeder and the sampling speed, and also improves the quality of the bag regener-
ation by the through-bag purging.

Another feature of lavsan sample bags is the possibility of their multiple use. For the pur-
pose of this, devices should be regenerated properly. The authors propose the use of ozone
and nitrogen as gases for cleaning bags. The choice of a regeneration method is based on the
physicochemical characteristics of substances acting as purifiers (Volkodaeva et al. 2019b).
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Figure 1. Sample bag with a fluoroplastic tube.

From an environmental point of view, lavsan material can be recycled and disposed of.
There are two main ways of processing polyethylene terephthalate: mechanical and physico-
chemical; biological methods are actively developing (Yoshida et al. 2016). Moreover, poly-
propylene processing is practiced. It includes the stages of sorting, crushing and temperature
exposure, granulation.

Thus, the proposed characteristics of the sample bags make it possible to obtain reliable
data from remote areas (relevant for objects of the mineral resource complex), as well as to
conduct numerous sampling while monitoring air quality at the border of the sanitary protec-
tion zone. It should be noted that there are various ways to recycle and dispose of the material
from which the bags are made.

5 FIELD STUDY

To assess the impact of the phosphorite mining enterprise, measurements were made on site
and 20-minute air samples with an hourly interval during the active phase of the production
process were taken. As a part of the study, the concentrations of the following pollutants were
determined: benzene, toluene, ethylbenzene, isomers of xylene, styrene, acetone.

In order to obtain more complete and representative environmental information about the
state of the air basin, as well as to conduct a comparative experiment, the authors decided to
use several different devices for sampling (in addition to direct measurements on site). Such
devices were sorption tubes (filled with Carbopack™ B), Tedlar® sample bags (manufactured
by SKC) and homemade lavsan sample bags. The measurements on site were carried out by
the agency of portable gas chromatograph FGH (manufactured by Research and Production
Company Ekan).

Samples were taken in an open field, without obstacles to capture pollutants from the lee-
ward side of the source of pollution at the border of the sanitary protection zone.

After sampling, all samples were delivered to the laboratory within three hours for further
analysis (by means of a gas chromatograph FGH).

The averaged results of determining the pollutant concentrations in different ways are pre-
sented in Table 1 and Figure 2.

The results of direct measurements made on site should be considered as reference, since
such measurements do not have factors affecting the sample such as its storage and transpor-
tation. Moreover, background concentrations of sampling devices can also distort the final
result.

According to the research, all the devices used provide fairly good stability of the sam-
ples during their transportation and preservation of volatile organic compounds. How-
ever, there is a decrease in the concentration of pollutants in the samples due to
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Table 1. Averaged results of determining the pollutant concentrations in samples of atmospheric air.

Preliminary Preliminary Preliminary

Direct measurements sampling in sampling in sampling in

Pollutant (on site) sorption tubes  Tedlar® bags lavsan bags
benzene (mg/m3) 0.023 0.011 0.015 0.018
toluene (mg/m3) 0.091 0.124 0.065 0.071
ethylbenzene (mg/m3) 0.018 0.009 0.012 0.015
m-xylene (mg/m3) 0.184 0.104 0.122 0.151
p-xylene (mg/m3) 0.159 0.113 0.135 0.142
o-xylene (mg/m3) 0.078 0.043 0.061 0.068
styrene (mg/m3) 0.002 <0.001 0.001 0.002
acetone (mg/m3) 0.016 0.007 0.004 0.011
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Figure 2. Comparison of results of a quantitative measurement of pollutants.

volatilization, adsorption (in the case of tubes) or deposition (on the inner walls of the
bags). An exception is the result of the determination of toluene, collected using sorption
tubes, which may be caused by the desorption of previously adsorbed substances. The
correlation coefficient between the results of direct measurements and measurements
using sorption tubes amounted to 0.86, Tedlar® bags - 0.98, lavsan bags - 0.99. The dis-
crepancies between the values obtained during measurements on site and during the ana-
lysis of samples taken in bags under laboratory conditions vary within a few tens
of percent, which is acceptable when conducting such studies.

All in all, the results obtained during the research allow us to conclude that it is possible
and advisable to use devices for sampling and transportation of samples, in particular, lavsan
sample bags, in order to control the quality of atmospheric air. Despite a slight decrease in
pollutant concentrations in lavsan bags, the use of these devices for the purposes of environ-
mental monitoring is a good alternative to outdated methods.

It should also be noted that the results of this study, similar to the results reflected in the
Abruzzi’s research (Abruzzi et al. 2019), show that homemade containers are a good alternative
to commercial ones for storing air samples and further analysis by chromatographic method.
The Abruzzi’s work also says about the possibility of stable storage of samples in homemade
borosilicate glass containers for up to 96 hours, while in our lavsan bags the time of stable stor-
age is about 72 hours. However, lavsan bags are also suitable for volatile organic compounds
sampling and it is easier to transport and store them due to their light weight and shape.
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Moreover, Kim’s research (Kim et al. 2012) on the storage of volatile organic compounds
in polyester aluminum (PEA) and polyvinyl fluoride (PVF) sample bags showed more stable
storage of substances in PEA containers than in PVF ones. Homemade lavsan sample bags
showed similar results in our research.

6 CONCLUSION

The raw material industry has a significant negative impact on the environment and atmos-
pheric air, in particular. In this regard, it is mandatory to conduct continuous air quality
monitoring both at the facilities themselves and at the border of the sanitary protection zone,
which implies sampling. Since widely used methods and devices have certain drawbacks, the
authors propose the use of lavsan sample bags. When using these bags, it becomes possible to
average the air samples over different time intervals, to deliver the samples from distant obser-
vation points to the laboratory for subsequent analysis. Bags can be used multiply, which is
also a cost-effective solution for monitoring systems of different levels. In support of the feasi-
bility and advisability of using these sampling devices, many studies have been carried out
around the world.

In a similar vein authors conducted an experiment in order to compare different sam-
pling devices — sorption tubes, manufactured and homemade sample bags. According to
the research, all the devices used provide fairly good stability of the samples during their
transportation and volatile organic compounds preservation. The discrepancies between
the values obtained during measurements on site and during the analysis of samples
taken in bags vary within a few tens of percent, which is acceptable when conducting
such studies. Homemade lavsan sample bags also showed good results and, consequently,
could be used for environmental monitoring purposes despite a slight decrease in pollu-
tant concentrations in them.

Thus, the optimization of the sampling system through the introduction of specialized bags will
improve the quality and speed of obtaining reliable information necessary for decision-making on
environmental protection, as well as assessing effectiveness of nature protection measures.
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ABSTRACT: Mostly, municipal solid waste in Russia is disposed of in landfills. It is known
that the main problems in landfill reclamation are the leachate purification and the applica-
tion of a fertile layer. The most commonly used technology of leachate purification nowadays
is reverse osmosis, but the result of this method are two substances: clean water and new
waste — concentrate. The creation of a fertile layer is related to the destruction of natural land.
A new method of leachate utilization without the generation of new waste is presented in this
paper. Also, it is proposed to use the biological potential of the organic waste fraction to
create a fertile layer. As a result, a resource-saving scheme for landfill reclamation using waste
potential has been developed.

1 INTRODUCTION

About 35 to 40 million tons of municipal solid waste (MSW) are annually generated in
Russia. Only 4-5% of them are sent for recycling while the remaining waste is disposed of in
landfills and dumps. However, this type of waste management is the least preferred according
to the hierarchy of accepted methods (Wilson, 1999, Umanets, 2014, Yousefloo, 2020).

Under the influence of biological, physical and chemical factors, the processes of substance
transformation occur in the body of MSW landfill. The formed leachate and biogas determine
the polluting effect of MSW landfills on the environment (Gourc, 2010, Popovych, 2020,
Wilson, 1999). MSW landfills remain sources of pollutants despite the observance of protect-
ive measures on the spot. Problems associated with the emission of MSW transformation
products remain even after the closure of landfills. Therefore, it is necessary to conduct landfill
reclamation.

Reclamation is a combination of engineering, technical and sanitary-hygienic measures that
allow to restore the ecological balance of the environment near landfills. Reclamation is div-
ided into technical and biological stages. The technical stage includes the selection of technolo-
gies for collecting, purifying and utilizing biogas and leachate as well as slopes formation and
application of recultivation layers, the final of which is a fertile soil layer. The biological stage
is a set of agrotechnical and phytomeliorative measures to restore the territory of closed
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landfills. The main economic and environmental problems in landfill reclamation are related
to purification and disposal of the leachate, as well as the creation of a fertile layer (Lassini,
1999, Weng, 2015).

2 LITERATURE REVIEW

Most of the MSW landfills currently operating in Russia are not equipped with a local leach-
ate treatment station. The most common way to reduce leachate during landfill operation is
its recirculation. However, this does not solve the problem completely and becomes impossible
to use after landfill reclamation (He, 2005). Therefore, an important issue in the technical
stage of reclamation is the selection and installation of a treatment plant.

The main methods for purifying the leachate can be divided into biological (aerobic and
anaerobic), mechanical (sedimentation, filtration, separation) and physicochemical (coagula-
tion, flocculation, flotation, ion exchange, sorption, micro and ultrafiltration, reverse osmosis,
ozonation, electrolysis, ultraviolet radiation) (Henze, 1995, Renou, 2008, Salem, 2008, Silva,
2004, Trebouet, 2001). To achieve a high degree of purification, a combination of these
methods is necessary. The most commonly used technology nowadays is reverse osmosis with
preliminary mechanical and/or physicochemical treatment of the leachate. The permeate (puri-
fied water) obtained as a result of such a purification scheme corresponds to the quality
required for its discharge to surface water (Renou, 2008). On the other hand, the use of reverse
osmosis leads to the formation of a concentrate representing 25-50% of the raw leachate,
which is itself a new form of waste that must be disposed of.

The second problem of the technical stage of reclamation is applying the fertile layer which
is necessary for the realization of the biological stage. The creation of this reclamation layer is
an environmental and economic problem due to the shortage of soil. It is estimated that up to
10 000 m> of fertile soil is required for the reclamation of 1 hectare of landfill, which corres-
ponds to the destruction of 5 hectares of natural land. It should be kept in mind that when
using mineral loam soils as a recultivation layer, the processes of humus formation occur very
slowly. In fact, in 15 years, only 1.5-2 cm of a continuous humus horizon is formed. In order
to save natural resources and accelerate biological processes during reclamation work, the soil
can be replaced with organogenic substrates from MSW (Ilinykh, 2015, Awasthi, 2020). The
high biological potential of these substrates that are due to their rich plant nutrients and humi-
fied organic matter content is universally recognized (Bolan, 2013, Gauhey, 1953).

Waste composting can be carried out in biodrums or in storage pits by the field method.
Before composting, it is necessary to sort waste. The activation of biological processes based
on the microflora contained in the compostable mass is ensured by aeration using a compost
turner (Werf, 2000). The rotating shaft of the turner mixes the mass of the storage pits in such
a way that it keeps its trapezoidal shape.

The processes that occur during composting of waste can be divided into 3 phases. The first is
characterized by the rapid reproduction of mesophilic microorganisms at an optimal tempera-
ture of 20-35 °C. Easily biodegradable organic compounds, mainly found in food waste (carbo-
hydrates, organic acids, proteins), serve as an energy source for bacteria. As a result of their
vital activity, thermal energy is released, which contributes to the heating of the composted
material to a temperature of 50 °C. In the second phase, this increase in temperature creates
favorable conditions for the development of thermophilic microorganisms, which, as a result of
their vital activity, increases even more the heat generation and accelerate the decomposition of
organic substances. The temperature of the composted material rises to 55-60 °C. The third
phase is a slow drop in temperature, indicating the exhaustion of easily decomposable organic
compounds. At this stage, a part of the thermophilic microflora dies and the other part goes
into a state of spore formation. The mesophilic microflora begins to multiply again due to its
more diverse and powerful enzymatic system, with the help of which more stable organic com-
pounds (fiber, lignin) are decomposed. Antibiotic substances with bactericidal properties pro-
duced by the biothermal process inhibit the development or cause the death of pathogenic
microflora (zhu, 2019, Jain, 2020, Ilinykh, 2015, Liwarska-Bizukoje, 2001).
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3 METHODS AND MATERIALS OF INVESTIGATION

The objects of this study consisted of the leachate from one of the MSW landfills of the Lenin-
grad Region, the stabilized leachate and the technogenic soil. The leachate stabilized by solidi-
fication was obtained at different periods of time (six samples). The technogenic soil (ten
samples) was produced by field composting of sorted municipal solid waste.

In the course of this research, the heavy metals content and agrochemical indicators of the
studied objects have been determined. The analysis of the heavy metals content was carried
out by Inductively Coupled Plasma Optical Emission Spectroscopy (ICP OES). The toxicity
of the stabilized leachate was determined by biotesting. The organic carbon content was deter-
mined by the Tyurin method. The active forms of phosphorus were determined by the
Denizha colorimetric method after effectuating a Kirsanov extraction. The analysis of the
active forms of potassium was carried out using a PAZh-2 flame analyzer from a Kirsanov
extract. The active forms of nitrogen were determined by the colorimetric method; nitrate
nitrogen with disulfophenolic acid and ammonium with the Nessler reagent.

4 THE RESULTS AND DISCUSSION

4.1 Leachate utilization

In the course of this research, a new technology for the leachate utilization based on a change
in the aggregation state of a liquid into a solid product has been developed. This new product
is obtained by the mechanical mixing of the leachate with special reagents. The process is div-
ided in two main stages: the first stage consists of water coagulation, the result of which is the
basis for the activation of the second stage - hardening of the mixture due to the formation of
mineral components. Various known compounds widely used for MSW leachate purification
(Trebouet, 2001) serve as coagulation activators in the present technology. The selection of
a particular coagulant depends on the chemical composition of the raw leachate. The main
binder additive is the mineral residue from the burning of oil shale in thermal power plants.

The high porosity of the particles of the binder additive leads to the sorption of neutraliza-
tion reaction soluble products and other soluble impurities of the leachate. Also, as
a consequence of chemical reactions, poorly soluble humates of heavy metals are formed.
During the mixing of the components, gases are released and are sent to a gas purification
filter based on fibrous composite material. The composition of the resulting gases includes
nitrogen dioxide (NO,), carbon monoxide (CO), hydrogen sulfide (H,S), nitric oxide (NO)
and methane (CHy). A plastic paste-like mass of material obtained after mixing components is
formed, which hardens and gains strength within 21 days.

The chemical composition of the leachate depends on a number of factors. The main ones
are the morphological composition of the deposited waste and the landfill stage of life, which
corresponds to a certain stage of biochemical and physicochemical transformation of the
waste. The leachate is conditionally divided into “young” and “old” according to its chemical
composition. The “young” leachate is formed at the first stages of waste decomposition in the
acetogenic phase after the 2-7 years of waste storage. The “old” leachate is formed at the
methanogenic stages (salem, 2008). Depending on the amount of organic carbon (COD and
BOD), basic anions and heavy metals (HM) in the leachate, the ratio of the main components
when converting the leachate to a solid product can be varied for obtaining a high-quality
product.

The studied leachate was determined as “old” and the appropriate ratio of components and
mixing have been selected, after which, a product of solidification was obtained. The content
of the active forms of HM in the new product is presented in Table 1.

The total content of HM in this product is presented in Table 2. These concentrations repre-
sent the average contents in the six samples.

From the data obtained, it follows that the content of heavy metals in the solid product
does not exceed permissible concentrations for settlement soils.
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Table 1. Active form of heavy metals content in the solid product.

Heavy metal (active form) Concentration, mg/kg LOC*, mg/kg
Ni* 1.1+ 4.0

Co?* <1.0 5.0

Cu?t <1.0 3.0

Mn>* 28.0+4,2 80.0

Cr** and Cr" 1.7+ 6.0

Pb>* 2.7+ 6.0

Zn** 5.3+ 23.0

* Level of concern from the Hygienic Standards 2.1.7.2041-06.

Table 2. Total heavy metals content in the solid product.

Heavy metal (total) Concentration, mg/kg LOC*, mg/kg
Hg 0.068+0.0078 2.1
As 10.02+0.83 10.0
Ni 3.60£0.32 80.0
Co 1.43+0.14 -

Cu 2.21%£0.17 132.0
Mn 72.0+4.3 1500
Cr 6.02+0.54 -

Pb 7.9810.61 130.0
Zn 16.0x1.1 220.0
Cd 0.162+0.015 2.0

* Level of concern from the Hygienic Standards 2.1.7.2511-09.

The toxicological studies carried out on white rats and guinea pigs as well as the bioassays
realized on Daphnia magna Straus and Chlorella vulgaris did not show any toxic effects of the
product (Table 3, 4).

The resulting solid product is proposed to be used during reclamation as a leveling layer
(when grinded to a fraction of 1-5 mm diameter), and also as a drainage layer under a fertile
soil (when crushed to a fraction of 20-40 mm diameter). Moreover, this product can be used
as an inert material when refilling waste during the operation of the MSW landfills and for
building roads to the facility. Thus, the leachate is converted into a solid product without
receiving new waste and can be implemented directly at its production site.

4.2 Creation of the fertile layer

In the course of this work, it was confirmed that 180 days are needed for obtaining the prod-
uct of waste field composting in Saint-Petersburg climate. However, the use of additional bio-
logical additives can reduce the ripening time of the product, i.e. the technogenic soil, to 90
days. Currently, due to the relevance of using the potential of MSW landfills, various modifi-
cations of biological additives with antimicrobial effects have been designed to accelerate the
decomposition of organic substances. Tests on the influence of several Russian brands of bio-
logical additives on the raw mass of sorted waste have revealed a more rapid humus formation
and, consequently, a faster ripening of technogenic soil.

The chemical composition of the technogenic soil obtained after field composting of sorted
waste is presented in Table 5.

According to the obtained data, the technogenic soil is a very agrochemically favorable sub-
strate for plant growth and significantly exceeds the sod-podzolic soil in terms of nutrient con-
tent. The total content of heavy metals does not exceed the normative indicators for composts
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Table 3. Toxicological studies of the new solid product on laboratory animals.
Russian normative document on
Indicator Units Research results the research method

Acute toxicity by intragas-
tric gavage DLso (white
rats)

Inhalation hazard by static
inhalation inoculation,
(n.c.), exposure for 2 hours,
(white rats)

Skin-irritant effect (white
rats)

-singly

-repeatedly

Irritation of the mucous
membranes of the eyes
(guinea pigs)

mg/kg DLso>5000

The volatile components did not
cause irritation of the mucous

membranes of the eyes and
upper respiratory tract. The
death of animals was not
recorded.

points 0
points 0

points 0

Instruction 1.1.11-12-35-2004
“Experimental research require-
ments for primary toxicological
evaluation and hygienic regula-
tion of substances”
“Recommendations for prelim-
inary assessment of chemical
substance toxicity by accelerated
method”

Methodical guidelines Ne2102-79
“Assessment of the impact of
harmful chemical compounds
on the skin and the justification
of extremely acceptable levels of
skin contamination”

Methodical guidelines Ne 2196-
80 “Setting up studies of irritat-
ing properties and justification
of maximum permissible con-
centrations of selectively acting
irritating substances in the air of
the working area”

Table 4. Toxicological studies of the new solid product by bioassays.

Permissible Russian normative document on the
Indicator Units Research results level research method
Dilution of the % A<10 FR 1.39.2007.03222 “Methods for
extract tested on 24h  48h 72h 9h determining water toxicity and water
the hydrobionts: extracts from soil, sewage sludge,
-without dilution 0 0 0 waste on mortality and fertility
-control 0 0 0 changes of Daphnia”
Sensitivity of % +9,6 -30<I<+20 FR 1.39.2015.20001 “Method of the
Chlorella at mul- measurement of the optical density of
tiple rates of cultures of Chlorella algae for the
dilution: determination of drinking, fresh, nat-
-without dilution ural and waste water, water extracts
-control 0 from soil, sewage sludge, and waste

toxicity”

from MSW. It should be noted that the bioavailable forms of HM are even less (Kabata-
Pendias, 2001). Despite that it is not planned to use the plants that naturally sprouted on the
technogenic soil for feed, results have shown that these plants were within the standards of

fodder crops of farm ani

mals.
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Table 5. Chemical composition of the technogenic soil.

Elements Concentration Measurement units
C total 11.3+0.8 %

N total 0.54+0.07 %

C:N 20.9 unit fraction
N-NHy, (active form) 22.4%1.3 mg/kg
N-NOj (active form) 31.2+2.5 mg/kg

P (active form) 343+31 mg/kg

K (active form) 339+20 mg/kg

Cu (total) 103+7 mg/kg

Zn (total) 20819 mg/kg

Pb (total) 1348 mg/kg

Cd (total) 3.3240.28 mg/kg

Ni (total) 31.4%2.3 mg/kg

Mn (total) 4.50%0.39 mg/kg

Hg (total) 4.21%£0.33 mg/kg

As (total) 2.13%0.17 mg/kg

Thus, the technogenic soil obtained from the organic part of MSW is a rational and afford-
able method for replacing the fertile layer during reclamation.

4.3 Use of the MSW potential in landfill reclamation

During landfill reclamation, the following layers are used: a drainage layer to collect biogas,
a waterproof layer to isolate the landfill body, a drainage layer to drain surface water and
a fertile soil layer (Figure 1).

According to the obtained data, a method for landfill reclamation using the potential of
waste coming to landfill is proposed. The product of the leachate solidification can serve as
a drainage layer and technogenic soil as a fertile soil. The scheme of using waste transform-
ation products during reclamation is presented in Figure 2.

Today, many landfills of the Russian Federation created at the end of the last century need
to be reclaimed, and therefore the development of a landfill reclamation scheme using the
potential of waste is relevant and opportune.

Sy it bbb b b vy,

Lid b b

=

mogie

Figure 1. Reclamation layers of landfill: 1 — fertile layer, 2 — drainage layer for water, 3 — waterproof
layer (clay), 4 — drainage layer for biogas.
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Figure 2. Scheme of using waste transformation products during reclamation.

5 CONCLUSIONS

1. A new method for the utilization of leachate has been developed, which allows the leachate
to be converted into a solid product without generating new waste;

2. The content of heavy metals in the solid product did not exceed permissible concentrations
for settlement soils and thus, does not represent a secondary source of pollution. Moreover,
the toxicological studies confirmed the safety of this product;

3. It was confirmed that the technogenic soil obtained from the organic fraction of MSW has
the necessary agrochemical parameters for its use as a fertile layer;

4. A resource-saving scheme for landfill reclamation using waste transformation products as
reclamation layers was presented, which is economically and environmentally friendly.
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ABSTRACT: This study is dedicated to realization closed biotechnology using Chlorella sor-
okiniana microalgae. It is a new source of valuable components for various kinds of industry
and for obtaining energy such as biofuel and biogas. This technology includes several main
stages: microalgae cultivation; extraction of lipids, pigments, pectic substances and caroten-
oids from the biomass; creation sorption materials based on residual biomass of microalgae
for water treatment; using residual biomass and saturated sorbents as a fuel, as a co-substrate
for organic waste fermentation and as fertilizers. It is shown that the realization of presented
biotechnology allows to use each product on every step of the technology.

1 INTRODUCTION

Nowadays, biomass of different microalga species is used widely in various industries such as:
the ecological industry, in water purification, biotechnology, pharmacy, in the food industry
and for biofuel production. Green microalgae grow fast. They do not require large soil terri-
tories like in the case of conventional food crops and they can be cultivated in closed or open
cultivation systems (cultivators and photobioreactors) (Azad, 2019). And they need provision
of light, nutrients and aeration. Microalgae is a source of many valuable components such as:
lipids, proteins, pigments, carotenoids, pectic substances. These components are extracted
from the biomass and can be used in different fields of production.

One of the main ecological problems is water pollution by organic and inorganic sub-
stances. Fresh water is widely used in different fields of industry, for agricultural and domestic
needs; after technological processes wastewater is formed. They contain various kinds of pol-
lutants including suspended particles and dissolved ones. Often, they are toxic, for example
heavy metal ions (Afroze, 2018). Microalgae are good sorption materials for water purifica-
tion (Abdel-Raouf, 2012). It is possible to grow them with the use of wastewater as a nutrient
medium or to use their residual biomass which is formed after extraction valuable
components.

Sorption is the one of the effective methods for water treatment. It is a process of concentra-
tion pollutants on the surface or the porous area of the material (sorbent). If it occurs on the
surface of solid material, the adsorption arises. If liquid or gas phase is used as a sorbent, and
in this case, contaminants are concentrated in the volume of the phase, the absorption occurs
(Gregg, 1982; Dabrowski, 2001). At the same time, sorption is a complicated method. There-
fore, it is important to develop research in this field, accumulate new knowledge, find new
materials which can be used as sorbents, establish modern modification methods for sorption
materials creation. Herewith, technologies which are invented for a solution of some problems
have not to be the reason of other difficulties, it is important to apply them in a complex way.

Thus, innovative biotechnology multiple use of Chlorella sorokiniana microalgae was devel-
oped. It includes stages from biomass cultivation, extraction of pigments, lipids and pectic
substances, creation sorption materials based on residual biomass for water treatment, and
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end up with biogas production by organic waste fermentation with residual biomass and sat-
urated sorbents as co-substrate. The realization of this biotechnology allows to use of each
component on every step and totally avoid waste accumulation, because all materials are con-
sidered as the resources.

2 LITERATURE REVIEW

2.1 Microalgae biomass and its cultivation

Microalgae are cultivated in cultivators and photobioreactors with different constructions;
they can be closed or open, Figure 1.

All cultivation technics are divided into two categories: the first one is laboratory conditions
and a controlled environment, Figure 2; the second one is outdoor conditions which allow to
produce large amount of biomass (Vonshak, 1985; Brennan, 2010). Each type of this technic
has advantages and disadvantages. The closed system prevents contamination by other micro-
algae species and some pollutants, but the open pond should be controlled to avoid such prob-
lems. Some construction of the cultivator has a special electro and mechanical providing
which allows to move panels with cultivators in the direction of sunlight, Figure 1b.

Microalgae are living microorganisms, for their growth they need in nutrients medium
supply. The nutrients medium should consist of following elements: carbon, hydrogen,
oxygen, calcium, potassium, magnesium, nitrogen, iron, phosphorus, sulfur, and copper, man-
ganese, zinc or selenium as trace elements. But three elements such as carbon, nitrogen and

Figure 1. Types of cultivation systems (outdoor conditions): a — open raceway pond; b — closed
photobioreactor.

Figure 2. Microalgae cultivation in laboratory conditions (closed photobioreactors).
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phosphorus are the most important for growth (Geada, 2017; Richmond, 2013). The use of
additional external physical actions (e.g. laser radiation, magnetic field) allows to maximize
biomass growth in the shortest time (Politaeva, 2018; Smyatskaya, 2019).

Microalgae represent green carbon as an alternative to fossil carbon (fuels); these micro-
organisms capable to produce biomass enriched with valuable components using sun energy.
As all green plants they absorb CO, and convert it into O,. Thus, they provide decrease of
CO, concentration in the air and take part in minimization of global warming. So, the use of
microalgae as a new source of energy has a lot of advantages and perspectives (Geada, 2017).

Chlorella sorokiniana is widely used to obtain the biomass containing lipids and proteins. It
is a singlecelled green microalga characterized by its small size (2-10 pm in diameter) and high
division rate (ldivision every 17 to 24 hours). It is non-flagellated and has thick cell wall.
These microalgae contain high amounts of valuable compounds: 40 % protein, 30-38 % carbo-
hydrate, 18-22 % lipid, pigments (lutein), etc. (Niccolai, 2019; De Andrade, 2017).

2.2  Wastewater treatment

Water contamination is the main ecological problem in the world. Industry and agriculture
use a large amount of fresh water for production needs. And after technological processes
wastewater are formed, which include in their composition various kinds of substances specific
for certain activity. In the most cases these substances are hazardous even in small concentra-
tions and have the ability to accumulate in body tissues of living organisms and then can
reach the human body by movement along the food chain. It is extremely important to apply
special technological methods and equipment to get purified water. Even for now the planet
has such territories with lack of fresh water and for some people it is very hard to have it in
a sufficient amount.

Water treatment technology consists from following methods: physical, chemical, physico-
chemical, biological. The choice of one method or another or their group depends on initial
water contamination and purposes of its further usage. Wastewater containing suspended sub-
stances go through a stage of pretreatment; during this process large particles such as wood,
rags, fecal material and others are removed. Then sewage flow in sedimentation tanks, where
sedimentation of settleable solids occurs by gravity. Water prepared in this way is directed on
a stage of more deep sorption purification where dissolved impurities are removed. At the end
of the process purified water flows on biological treatment, then its disinfection is curried out
and after this water can be used again.

Microalgae widely used in the process of water purification. As they capable to actively
accumulate biomass by transformation of sun energy it is possible to use of wastewater as
nutrient medium for their growth (De la Noiie, 1988; Abdel-Raouf, 2012).

Algae have a good accumulation ability in relation to different heavy metal ions: Cu®*, Pb*",
Cr**, Ni¥*, Cd**, Co*", Fe**, Mn**, Zn?*. And these elements are included in the biological
process of microalgae growth, at the same time metal detoxication occurs. Different mechanisms
lead to reducing heavy metals concentration by microalgae. It depends on the algae species, the
type of metal ion and its valency, the condition of aqueous solution and the state of algae cells,
which can be living or nonliving (Abdel-Raouf, 2012). And it is possible to use a residual bio-
mass of microalgae which is formed after extraction of valuable components for water treatment
as sorption materials.

2.3 Sorption process and sorption materials

Sorption is surface phenomenon when accumulation of substances near an interface takes
place. This process may be defined as partitioning of chemical species between bulk phase and
interface. It can be a contact of such systems as solid-liquid, liquid-liquid, liquid-gas and
solid-gas. The possibility of change in concentration of a given substance at the interface in
comparison with bulk phase underlies many directions of technology including purification
nature environments such as water, gas, soil (Dabrowski, 2001; Bajpai, 1999).
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Sorption is the general determination of the process, but when this phenomenon caries out
on a surface or porous space of solid phase, adsorption occurs. But in the case of concentra-
tion of the substances in the volume of liquid or gas phase, absorption arises. It is important
to distinguish these specific terms. Also, sorption has different types; when physical inter-
actions caused by Van der Waals forces take place, the process is called physical sorption;
when interactions between two phases are caused by chemical mechanisms with formation of
new substances, in this case sorption has the chemical type.

Now, a lot of different materials are used as sorbents for water treatment. The most
famous is activated carbon. This material is widely used as adsorbent for the removal of
different kinds of contaminants, which have organic and inorganic origin. Activated
carbon has good sorption properties, high values of adsorption capacity and surface area
(Rodriguez-Reinoso, 2016). But it also has some disadvantages in application as difficul-
ties with regeneration after sorption and this is expansive material. Because of it, there
are many research dedicated to development of new materials with the same properties
like activated carbon has; and now in the most cases researches pay attention on the use
of waste to create sorption materials based on them. It can be agricultural waste such as
wheat and millet husk, sunflower husk, nuts shells, rice straw; also, it can be chitosan,
zeolites, waste of food production and other kinds of industry (Crini, 2018; Jagruti, 2015;
Khalil, 2018; Politaecva, 2019a). Due to the use of waste for these purposes another one
urgent ecological problem related to this can be solved. As it was previously mentioned
the biomass of microalgae is the good sorbent for many substances in aqueous solutions;
and it is possible to use residual biomass for water purification, because of the compos-
ition of this natural material consisting of cellulose, hemicellulose, lignin, etc. On practice
in the most cases row materials have such sorption characteristics which are not so good
enough. Therefore, various kinds of modification are applied to improve sorption proper-
ties (thermal and chemical modification). In order to increase the sorption capacity com-
posite sorption materials can be created with different composition. As a binder substance
chitosan can be used in obtaining of granulated sorbents. It is a biopolymer and it has
good sorption properties in relation to contaminants in water solutions. And in water
treatment technology it is also used as a sorbent, but because of its high cost, chitosan
doesn’t find a wide application. But residual microalgae biomass included in the compos-
ition with chitosan increases sorption characteristics of a new created granulated sorbent
and leads to improvement of chitosan resistance to dissolution in acid environment.

2.4 Biogas production with the use of microalgae

Another advantage to develop the biotechnology of microalgae treatment is biogas production.
Nowadays it is third generation biofuel. Microalgae produce an oil that can be refined into bio-
diesel. It is a renewable one and it includes methane, carbon dioxide and biohydrogen. The
grow rate of microalgae is very high; large land territories for biomass production is not needed.
Because of it, microalgae as a source of energy is more profitable in comparison with materials
used as a basis for first and second generation fuels. In general, the process of biogas production
from microalgae biomass is commercially viable, when firstly all by-products are extracted from
the initial biomass. And after that for the purposes of biogas production the residual biomass is
applied (Alam, 2015; Brennan, 2010; Azad, 2019; Tang, 2016). Converting the biomass into
biogas components (methane, hydrogen and CO,) carries out at anaerobically digested condi-
tions (Chusov, 2019). Thus, the complex use of microalgae potential through all stages of the
biotechnology allows to get a lot of useful by-products, new materials and energy.

During implementation of international project entitled «Development and implementation
of innovative biotechnologies for treatment of microalgae Chlorella sorokiniana and the duck-
weed Lemna minor» a closed loop biotechnology using Chlorella sorokiniana microalgae bio-
mass has been developed. It includes following stages: cultivation microalgae in bioreactors;
harvesting; extraction lipids and fatty acids, and pigments; obtaining sorption materials based
on residual biomass for water treatment; producing biogas by fermentation of used sorbents
and other waste which are formed.
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3 MATERIALS AND METHODS

3.1 Cultivation of Chlorella sorokiniana microalgae in laboratory conditions and its harvest

Chlorella sorokiniana microalgae were cultivated in closed photobioreactors which are
presented in Figure 2. For its growth nutrition medium was prepared based on modified
Hoagland solution including composition of macro- and micronutrients, which are
important for microalgae cell formation (Richmond, 2004). Specific growth conditions
were provided such as illumination of photobioreactors using fluoriscence lamps with
duration 18 hours per day in the regime of day/night with constant aeration by air. This
aeration was conducted by bubbling Xilong AP-003 device (5 W, 2Kh2, 5 1/mines). The
optical density of the biomass from the beginning of the cultivation was measured by
spectrophotometer Shimadzu UV-1280 at A = 750 nm. It allows to control cells culture
accumulation. And after 10 days the biomass growth reaches maximum amounts at the
stationary phase of the growth (Politaeva, 2018D).

The next step after cultivation is harvest. Biomass concentration was carried out by micro-
filtration through membrane filters or by centrifugation. After this step, the biomass was
dried by freeze-drying.

3.2 Extraction of valuable components

Chlorella sorokiniana biomass is the source of many valuable components such as: lipids
including fatty acids which can be used for Omega - 3 and biofuel production; carotenoids
which are widely used in pharmaceutic industry; green pigments which can be used in the
fields of cosmetology and in the food industry as dietary pigments; pectic substances which
are useful ingredients in the food production. The extraction of lipids and this process are
described in following scientific article (Politaeva, 2019b).

3.3 Sorption material for water treatment based on residual biomass and chitosan

After the extraction of valuable components, a residual biomass is formed. It is a kind of waste,
but at the same time it is a material with useful properties. Therefore, it can be used for obtain-
ing sorption material for water treatment from heavy metal ions. It is known that these sub-
stances are toxic and are often contained in wastewater, so it is relevant to look for new
methods to remove these heavy metal ions and get purified water. So, the technology of obtain-
ing sorption material based on carbonized residual biomass and chitosan as a binder substance
consists of following steps. First, the residual biomass is carbonized at high temperatures in
order to be activated. The second step is the dissolution of chitosan in a 3 % solution of acetic
acid. Then all components are mixed and the next, the granulation step is carried out by the
addition of the mixture drop by drop to a 5 % solution of sodium hydroxide. The granules are
then left to soak in this solution for 24 hours. Then the granules are washed using distilled water
until reaching neutral pH values. After this, the material is by ambient air drying.

The determination of the sorption properties of the obtained sorbent was conducted. Sorption
isotherms were experimentally obtained. The initial and equilibrium concentrations of heavy
metal ions in the modal water solution have been measured with the use of TA-Lab device
(Russia, LLC Research production enterprise Tom’analit) which work based on inversion vol-
tammetric method of analysis, using standard Russian method Environmental Protection Regu-
lation 14.1:2:4.222-06. The inaccuracy of measuring technique is 25 %. Experimental conditions
of purification model water solutions consisted of Zn>*, Cd** and Cu®" ions: My rbent/ Vsotution =
2 g/l; tsorption = 24 hours; T = 20 £ 2 °C; pH = 4.0 * 0.2. The experiment accuracy is within the
limits of 5-10 %. The sorption capacity was calculated using Equation 1:

g = G=C)V )

m
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where C; and C, — initial and equilibrium concentrations of heavy metal ions (mmol/l); V —
solution volume (I); and m — mass of the sorbent (g).

To describe sorption process two sorption models were applied: Lengmuir (Equation 2) and
Freundlich (Equation 3) isotherm models. Equation 2 is a linearized form of Lengmuir sorp-
tion model (Ayawei, 2017).

1 1 1
PRPEAY FRe) @
q qmax quax C(‘

where q — sorption capacity (mmol/g); qmax — maximum sorption capacity of the sorbent
(mmol/g); C. — equilibrium heavy metal ions concentration in the solution (mmol/l); K — Lang-
muir constant which notices on sorption rate and it is also a coefficient or constant of sorption
equilibrium (I/mmol).

Equation 3 is a logarithmic form of Freundlich sorption model (Ayawei, 2017).

log q =1log K+ 1/nlog C, (3)

where q — sorption capacity (mmol/g); K and n — constants of Freundlich sorption model,
C. — equilibrium heavy metal ions concentration (mmol/l).

In order to establish sorption character (physical or chemical mechanism) Gibbs free energy
has been calculated by Equation 4 (Gautam, 2016):

AG=-R-T-lnK (4)

where R — universal gas constant which equal to 8,314 (J/mol-K); T — absolute temperature
(K); K — coefficient or constant of sorption equilibrium (I/mmol).

If AG < 0, there is an absence of energy consumption during sorption process, therefore
the physical mechanism of interaction between sorbate and sorbent is observed. In that case if
AG > 0, chemisorption caries out, some amounts of energy are expended on interactions
between dissolved substance with sorbent with formation of tough chemical bond or new com-
pound. If AG = 0, a system is in equilibrium. The results are presented in Table 3.

Microstructure of obtained sorption material was identified by scanning electron micros-
copy with the use of JSM 7001F (JEOL, Japan) equipment. The graphs of the sorption iso-
therms and all data of the experiment were statistically calculated with the help of Microsoft
Office Excel 2019 software (Politaeva, 2019b).

The process of biogas production using Chlorella sorokiniana microalgae residual biomass
is presented and described in detail in following article (Chusov, 2019).

4 RESULTS AND DISCUSSION

Obtained sorption material (carbonized residual biomass + chitosan (CRB+Chitosan)) has
a shape of granules and it is presented in Figure 3a. The sorbent microstructure (1000) is
shown on Figure 3b.

The structure of the material has roughness, porous and cracks which determine the sorp-
tion of contaminants from aqueous solution. Studying the surface of the sorbent it is possible
to presume the physical adsorption. To establish the sorption mechanism more accurately
sorption isotherms have been obtained by conducting of the bunch of the experiments with
certain conditions, Figure 4. They have the shape of Langmuir type of isotherm or the first
type of isotherm of BET classification (Abebe, 2018). It is the first sign of sorption conducted
by physical mechanisms. After mathematical conversion the isotherms were linearized. The
constants of Langmuir and Freundlich sorption models have been graphically determined.
A suitability of the isotherms in relation to studied sorption models was established by values
of correlation coefficient (r) and approximation coefficient (R?), Table 1 and Table 2. If they
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Figure 3. Sorption material CRB+Chitosan.
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Figure 4. Sorption isotherms.

Table 1. Application of Langmuir sorption model.

Sorbent Heavy metal ions Jmax, mmol/g tga = 1/qmax K, I/mmol r R?
CRP+Chitosan ~ Zn*? 0.78 1.28 0.8 0.999  0.998
cd*? 0.12 8.67 1.4 0.995  0.871
Cu™? 7.23 0.14 0.1 0.991  0.981
Table 2. Application of Freundlich sorption model.
Sorbent Heavy metal ions K 1/n n r R?
CRP+Chitosan Zn*? 0.33 0.682 1.5 0.978 0.956
cd*? 0.10 0.860 1.2 0.994 0.989
Cu*? 0.35 0.712 1.4 0.949 0.900
Table 3. Gibbs free energy and type of sorption.
Sorbent Heavy metal ions AG, kJ/mol Type of sorption
CRP+Chitosan Zn*? 0.5 Chemisorption
cdr? -0.8 Physical sorption
Cu™? 5.6 Chemisorption
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Figure 5. Microalgae biotechnology multiple use of Chlorella sorokiniana (general scheme).

1 — photobioreactor; 2 — centrifuge; 3 — freeze-dryer; 4 — Soxhlet extractor; 5 — lipids extracted from
mi-croalgae; 6 — storage tank for residual biomass; 7, 11 — muffle furnace; 8 — mixing apparatus;
9 — appa-ratus for water treatment (adsorber); 10 — storage tank for saturated sorbent; 12 — storage tank
for ash; 13 — bioreactor.

are close to 1.0, experimental results are described in an appropriate way, and this or that iso-
therm refers to one of two studied models or even both of them.

Thus, the results indicate the possibility to use obtained sorption material in the fields of indus-
try where wastewater are formed containing heavy metal ions including the mining industry.

After a sorption process saturated sorbents can be utilized by three ways such as: use it as
a fuel, as a co-substrate for organic waste fermentation and as fertilizers.

The general scheme of cyclic ecotechnology is presented on Figure 5. It includes all steps
which have been reviewed previously. The main idea is the complex use of each component on
every step of the technology.

5 CONCLUSIONS
To conclude, Chlorella sorokiniana biomass presents several promising applications. It is the

source of valuable components which can be used in different fields of industry. Sorption
material based on residual biomass and chitosan have been proved effective for water
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purification from heavy metal ions. The realization of this closed loop biotechnology using
microalgae biomass allows to get new resources, products, materials, energy, that can be used
in a complex way.
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ABSTRACT: The study examines environmental quality in residential landscapes. From the
point of view of the migration of elements, urban landscapes are almost identical to industrial
ones located beyond the city’s borders. The greater impact on all residents — not only on the
employees of an enterprise — is the key environmental difference that should be emphasized. In
addition, pollutants, especially aerosols, are dispersed less effectively in cities than outside them.
Considering these landscapes, it should be borne in mind that very peculiar pollution types like
electromagnetic, thermal, sound (noise), and radioactive can occur in the course of life activities
within a city. These pollution types cause certain environmental changes as well. For large-scale
studies conducted in megacities, as well as for ecological and geochemical certification, a more
detailed classification of landscapes is required. Patterns of technogenic migration and concen-
tration of chemical elements are still the basis of division in these cases.

1 INTRODUCTION

Classification of urban geochemical landscapes is carried out taking into account the charac-
teristics of the leading type of migration of chemical elements, i.e. the technogenic patterns.
On this basis, first of all, landscapes of industrial, residential, and recreational areas, streets,
military zones, wastelands, and cemeteries are distinguished. Industrial landscapes include ter-
ritories located within localities and occupied by various production enterprises (factories and
their separate workshops, transport parks, power plants, etc.), and in certain cases quarries
and underground mines (Ajmone-Marsan & Biasioli 2010; Bech et al. 2015; Ermolin et al.
2017; Gallagher et al. 2008; Ngun et al. 2018; Tepanosyan et al. 2019). The same landscapes
include territories occupied by buildings necessary for the operation of the named enterprises.

First of all, it is advisable to separate out the landscapes of quarries and underground
mines, dumps of mine workings, various factories, power plants, garages, tram and trolleybus
parks, gas stations, waste processing facilities, bazaars, as well as the landscapes of automobile
and railway stations, airports, and river and seaports. All of them differ from each other in
the composition, occurrence form and amount of pollutants, both distributed within their
limits, and in neighboring landscapes of a locality.
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Landscapes of residential areas normally take a major part of settlements (Grebenshchikova
et al. 2017; Naylo et al. 2019; Seleznev et al. 2019; Timofeev et al. 2019). In addition,
a significant share of residents spends most of their lives there. Therefore, the assessment of
the ecological and geochemical situation of such zones and its improvement are among the
most important environmental issues.

Quite often, biological cycles of elements play a significant role in the evolution of land-
scapes in residential areas. This is especially true for small settlements with one-story houses
and homesteads. However, the biological cycles in residential areas of cities differ significantly
from those in neighboring industrial, recreational and other urban landscapes (Kabata-
Pendias & Pendias 2001).

The building height in residential areas, directly and indirectly, affects the pathways of
numerous chemical elements and compounds that end up being accumulated or removed from
the urban environment. Wind direction and speed, as well as the ratio of turbulent and lam-
inar air flows, are also often dependent on the number of stories. All other things being equal,
these indicators become decisive for the content of many substances, including toxic ones, in
the air, and consequently for the ingress from it into soils, plant and animal organisms (includ-
ing humans).

The number of floors alters the density of the population in a residential area; the volume
of municipal waste and ways of disposal are associated with it too. Stories largely determine
water supply and heating, which, in turn, control the input and removal of not only elements
in the form of solutions and gas mixtures, but also elements in other forms. Species diversity
and the number of domestic animals also largely depend on this indicator, and consequently,
the features of migration, and often the forms of chemical elements in the landscapes of resi-
dential areas. The number of floors in residential areas also affects the level of comfort of resi-
dents living in them, as well as the speed and level of spread of various infections and even
specific diseases (often mental disorders). These features largely determine the ecological
status of many areas.

2 MATERIALS AND METHODS

Field studies in urban areas were carried out during the summer seasons with sampling the upper
(0-5 cm) horizon of soils and technogenic superficial formations, which is the most indicative
part of the soil cover from the point of view of pollution — the depositing geochemical environ-
ment. The work was carried out following a regular grid with a step of 1 km, which is the most
representative in the field research conditions, covering all the main geochemical landscapes of
the research area. Soil sections were studied within the residential urban parts, with a description
of the horizons and sampling. The full list of the studied urban areas categorized by population
or primary component of the local economy includes cities with the number of citizens equal to
over 1 million, half a million, over 100 thousand, and less than 100 thousand, as well as resort
towns and villages of agricultural specialization (Alekseenko & Alekseenko 2014).

The combination of buildings of different height in the landscapes of residential zones can
be considered as a main ecological and geochemical indicator for them. In accordance with
this indicator, the considered landscapes should be divided more detailed for special studies. It
should be noted that in recent years, in many cities, development is conducted on the principle
of creating neighborhoods with a specific combination and mutual location of buildings of
different stories. When detailing these areas, it is advisable to consider them as separate land-
scapes. Their ecological and geochemical features should be taken into account when develop-
ing the research methodology.

The study of surface horizons of soils was carried out according to the method of an aver-
aged sample: the soil was collected at least three times from the laid-down digs with a depth of
0-5 cm on a plot of approximately 10 sq. m, samples were placed in a single package, their
total weight was about 3 kg. Mixing and averaging were performed in the laboratory. The
analyses of soil and plant samples were carried out in the certified and accredited Central Test-
ing Laboratory at Kavkazgeolsyomka using emission spectral analysis.
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3 RESULTS

Streets are the closest in geochemical features to roads that are allocated outside of localities,
and also have no natural analogs. These include roadways and sidewalks (often with plantings
of various bushes and trees) near residential buildings, industrial enterprises or barriers that
fence off homesteads or other landscapes of the locality. Despite the usual plantings along
sidewalks, biological cycles are low-developed in the considered landscapes, since all the fall
and dry branches of trees and shrubs, as a rule, are taken out of a city or burned, and the ash
is most often dispersed, not concentrating in the street landscapes.

As in other landscapes of settlements, a significant part of the elements in the street comes
through the atmosphere. At the same time, unlike neighboring landscapes, car exhaust gases
play a significant role in the atmospheric air of streets. They are also the most toxic com-
pounds that are constantly present in the atmospheric gases on the streets. Their concentration
is related to the traffic intensity. The latter is largely responsible for the dustiness and receipt
of specific compounds in the described landscapes due to the wear of tires, engines, tram
tracks, etc.

Indirectly, the traffic intensity is related to the type of road surface (paved, unpaved, etc.).
Special cases are streets where railway traffic occurs; in such landscapes, the flow of chemical
elements is unpredictable, in various forms: although in relatively small quantities due to spill-
ing out of the cars.

There is usually no significant accumulation of substances from neighboring landscapes
on the streets. They themselves are a source of numerous compounds that enter the sur-
rounding landscapes through the atmosphere. The height of buildings that limit streets, as
well as the plantings and the type of plants that make up them, have a great influence on
this movement of elements. A significant share of different substances is removed from the
streets by surface and underground water. They can be concentrated on certain geochemical
barriers, creating technogenic anomalies (Table 1) that are not associated with any enter-
prises, which must be taken into account when making special maps for ecological and geo-
chemical studies.

Table 1. Comparison of the average contents of a number of chemical elements in the soils of various
groups of settlements.

Categories of urban areas Heightened average contents Decreased average contents
by population or primary

component of the local Number of Number of

economy elements Elements elements Elements
Over 1 million population 17 Ag, As, Be, Bi, Cd, 2 Liand W

Co, Cr, Cu, Ga, Mn,
Ni, P, Pb, Sn, Ti, V,

and Zn
Half a million population 4 Ba, La, Li, and W 11 Ag, As, Mo, Nb, P, Sc,
Sn, Ti, T1, V, and Yb
Over 100 thousand 11 Ag, Bi, Mo, Nb, P, Sn, 10 Ba, Cd, Co, Cr, Cu,
population Sr, W, Y, Yb, and Zr Ga, Ge, Mn, Ni, and
Ti
Less than 100 thousand 7 Ge, Nb, Se, TL, Y, Yb, 10 Be, Bi, Cu, Ga, Li,
population and Zr Mn, Ni, Pb, Sr, and Zn
Resort towns 16 As, Ba, Cd, Co, Cr, 6 Mo, P, W, Y, Yb, and
Cu, Ge, Li, Mn, Ni, Zr
Pb, Sc, Sr, T1, V, and
Zn
Villages of agricultural 4 Be, Ga, Mo, and Ti 18 Ag, As, Ba, Bi, Cd, Co,
specialization Cr, Ge, Nb, Pb, Sc, Sn,

Sr, T, V,Y, Zn, and Zr
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In the case of special and detailed studies, it is advisable to separate street landscapes taking
into account the traffic intensity, the prevailing mode of transport, and the characteristics of
the road surface.

Landscapes of recreation areas are located both in the center and on the outskirts of settle-
ments. These include parks, stadiums, squares, sports fields, alleys, recreation lines along
banks of rivers, reservoirs, seas, etc. Biological properties of some of them (parks, squares,
etc.) are close to the forest-engineering landscapes that are allocated outside of settlements.
The landscapes under consideration do not receive any specific compounds, except for oxygen
and various solid, liquid and gaseous products of life activity of organisms. Most of the sub-
stances entering the recreation areas are transported by air from nearby localities (Mazhari
et al. 2018). In recent years, pollution of these landscapes by exhaust fumes from cars and
motorboats has become widespread.

For urban areas, especially large ones, very important environmental indicators are the per-
centage of city’s territory occupied by recreation areas, and the uniformity of distribution of
the latter over the entire area of the city.

The landscapes of zones occupied by military departments are currently among the least
studied. The specific environmental pollution caused by them and the need for their ecological
and geochemical study has been discussed only recently, in connection with the withdrawal of
troops from Eastern Europe.

In addition to the actual environmental and geochemical pollution, they can cause radi-
ation, electromagnetic, noise, heat, and other types of environmental pollution. Therefore,
such landscapes should be highlighted even if they are small and impossible to study. Their
classification has not been developed yet for large-scale and detailed studies.

4 DISCUSSION

The relationship between the content of most chemical elements in soils — including metals —
with the development of living organisms and the concentration of these elements in them is
considered in several works (Bourotte et al. 2019; Lenoir et al. 2019; Tepanosyan et al. 2017).
We note only that, as when studying other landscapes, the following factors must be taken
into account in urban areas at this level:

* redox conditions, oxidizing with free oxygen and reducing with either gley or sulfides;

 alkaline-acid conditions, which are best divided as strongly acidic, acidic, neutral, and
highly alkaline;

* a set of typomorphic elements and, as a result, a class of water migration of chemical
elements.

Quite often, especially for detailed work, in the conditions of urban landscapes, the con-
sidered selection is not enough. In such cases, a set of typomorphic elements in groundwater
should be considered at the same level. It is advisable to note the alkaline-acid properties of
groundwater and the acid-sulfur regime, since these indicators in the waters and soils of differ-
ent parts of settlements may differ very significantly and represent significant ecological and
geochemical changes.

Urban landscapes are combined taking into account the geomorphological features of
a territory. In terms of the land topography, it is convenient to combine eluvial, trans-eluvial,
trans-accumulative, and accumulative positions. First of all, they differ from each other in the
features of the mechanical migration of elements and their compounds. Moreover, additional
maps of the material’s surface drift are often required.

Wasteland landscapes have been developed in many localities. Their appearance is usually
associated either with the demolition of old buildings, or with the reconstruction of cities, or
with uneven development of certain areas, which usually leave empty areas for a short time.
In the first case, landscapes (especially in old cities) may have a large geochemical diversity.
However, as a rule, the main ecological and geochemical impact on neighboring urban land-
scapes is not caused by them, but by the construction waste that is brought from them. Quite
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often, vacant lots themselves become temporary storage areas for a variety of garbage — from
household waste to construction debris. In this case, they should be given great attention,
studying them as a kind of social geochemical barriers.

Cemetery landscapes can be divided into old and operating ones. Old cemeteries are usually
located next to a city center and are similar to the landscapes of recreation areas in terms of
their ecological and geochemical features. When designing new cemeteries, first of all, one
should pay attention to the surface and underground water flow from them. It should not
take place in the direction of existing or projected urban districts.

Among the urban landscapes of almost all localities, there are various educational institu-
tions, kindergartens, hospitals, and public baths (Bourotte et al. 2019; Famuyiwa et al. 2019).
When assessing the overall environmental situation in localities, special attention should be
paid to both their number and the uniformity of distribution. On maps of urban geochemical
landscapes, all these institutions should be marked with extra-scale signs.

The second taxonomic level is not less important. At this level, despite the practical poor
development of biological cycles in localities, it is advisable to combine urban landscapes
based on the characteristics of plant communities and their preservation. There are two main
reasons for this.

First, plants are very sensitive to changes not only in the complex of ecological and geochem-
ical conditions but also in such important indicators for normal human life as radiation condi-
tions, thermal pollution, etc. Based on the state (or even survival) of certain plant species (Bezel’
et al. 2015; Drozdova et al. 2019; Yalaltdinova et al. 2018), it is often possible to pre-judge
changes in the urban environment without analyses, which are sometimes rather expensive.

Secondly, in many localities, especially with a small number of residents, a significant part
of agricultural products (fruits, vegetables, and various herbs for vegetable seasonings) is sup-
plied from homesteads. In order to avoid poisoning and to obtain environmentally friendly
products, areas with certain agricultural crops located within the boundaries of a city should
be identified and their geochemical features studied in detail.

Detailed and special ecological and geochemical studies often require a more fractional div-
ision of landscapes. In these cases, one can select separate landscapes with certain agricultural
crops, both perennial and annual, ornamental plants, or with their various combinations. In
addition, for special studies, separate maps of the sanitary state of plantings should usually be
drawn up (Famuyiwa et al. 2019; Grebenshchikova et al. 2017; Tume et al. 2018).

5 CONCLUSIONS

Geochemical traits of natural landscapes are constantly affecting the urban environment. The
study of landscapes is performed following the developed scheme, depending on the compos-
ition of the rocks. However, when compiling ecological and geochemical maps of localities at
the considered level, it is necessary to take into account the thickness of loose formations
located between bedrock and soil, as well as the position of zones of discontinuous disturb-
ances. These factors can be crucial in the design of residential and industrial buildings, espe-
cially in unstable environments.

The certain associations of plants were also affected by the background elements concentra-
tions in soils of several cities. The increased concentrations of elements were more often detected —
other things being equal — in the landscapes with mixed decorative fruit and berry plant associ-
ation (Cu, Pb, Co, Mn, Ti, Sr), less often — with agricultural fruit and berry plant association
(Zn, Ag, Sn, Ba, Cr). In parks with just decorative kinds of plants, the increased concentrations
of V and Sc were identified. The traffic intensity could also have some influence in this case.
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ABSTRACT: Specific features of soil evolution were revealed as a result of the long-
term studies of soils developing on the coal mining spoils in Siberia. The evolutionary
trends and transformation rates of young soils were shown to be determined by the spoil
parent rock material, as well as by the environmental and climatic conditions of the area.
Biological reclamation carried out taking into account regional soil evolution features
provides the possibility a) to use the parent rock lithogenic resources more efficiently and
economically, b) to avoid unfavorable combinations of parent rock properties, climate
and biota species, used at the biological stage of recultivation, and c) to increase techno-
genic landscape diversity due to scientifically based alternation of parent rocks in spoil
surface layers.

1 INTRODUCTION

Currently the impact of industrial production on natural landscapes of some regions in
Russia reached such a level when negative consequences exert significant influence on
natural processes and environment. Continuous development of mining industry, wide
use of surface mining, as well as other aspects of economy increase the areas used for
waste dumping. Reclamation or revegetation due to natural succession (Shrestha, Lal,
2010; 2011; Huot et al., 2015; Ahirwal et al., 2016; Feng et al., 2019) can minimize such
negative consequences. Transformation of ecological functions of technogenic landscapes
under both approaches result in soil cover evolution alongside with biogeocenoses succes-
sion and changes in microclimate and parent rock material. Soil evolution from the ini-
tial parent rock towards the state of equilibrium with environmental conditions is usually
referred to as ontogenesis. The specificity of soil ontogenesis in technogenic landscapes is
manifested by continuous changes taking place over short time spans (Ivanov et al.,
2015). Following the ontogenetic one, the post-ontogenetic stage of soil evolution results
in meta-stable, i.e. relatively equilibrated, soil state.

Assessing the above-mentioned soil formation features from the practical aspect makes it
obvious that soil evolution process in technogenic landscapes should be aimed at spoil rock
substrate transformation in such a way as to increase its beneficial soil ecological functions.
The combination of such functions in the short term, i.e. at the ontogenetic stage, ensures sur-
face compaction and vegetation cover, whereas in the medium and long term, i.e. at the post
ontogenetic stage, promotes sustainability of biotic communities, able to reproduce their main
components.

So the aim of the study was to reveal the regularities and specific features of soil evolution
in the technogenic landscapes with the view to use the findings for increasing efficiency of rec-
lamation approaches.
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2 METHODS

The soils developed on the coal mining spoils of the major coal mining areas in Siberia were
used at the objects of the study. We studied the soil cover of the coal mining spoils located in
the montane taiga (humid) and forest-steppe (sub-humid) areas of the Kemerovo region, in the
steppe (semi-arid) areas of Khakassia and dry steppe (arid and extra continental) areas of the
Tyva Republic. Some brown coal and anthracite mining sites in the Krasnoyarsk and Novosi-
birsk regions, where spoil parent rocks differ in metamorphosis, were also studied. The parent
rock material of all spoils was not phytotoxic.

To reveal specifics of soil evolution we examined soil cover by using macromorphometry
description, widely used in pedology (Rosanov, 1983). Soil identification was performed using
soil classification of technogenic landscapes, a methodology developed by the Institute of Soil
Science and Agrochemsitry of the Siberian Branch of the Russian Academy of Sciences
(Gadzhiev, Kurachev, 1992) and then further improved by V.M.Kurachev and V.A.Andro-
khanov (2002). According to this classification, the identification of a corresponding diagnos-
tic horizon allows to discriminate four types of embryozems on the surface of coal mining
spoils. The so called initial embryozems do not have any diagnostic horizons that are morpho-
logically well expressed. The OM-accumulating embryozems are distinguished by the presence
of horizons where accumulation of non-specific organic matter (represented by plant material)
occurs. Soddy and humus-accumulating embryozems are diagnosed by the presence of
respective horizons. According to the World Reference Base for Soil Resources (World
Reference. . ., 2015), embryozems are classified as Technosols.

The study was carried out on the horizontally leveled sites, differing in age and parent rock
material.

3 RESULTS

The results showed that soil cover formation at the ontogenetic stage of soil evolution in dif-
ferent climatic environments and parent rock materials is going at different rates. All four
embryozem types, i.e. initial, OM-accumulating, soddy and humus-accumulating (Table 1),
were found in the studied areas. Each embryozem type corresponds to a certain stage of soil
evolution, identified by the degree of visualization of OM-accumulating, soddy and humus-
accumulating processes in an embryozem profile (Sokolov et al., 2015). The rate of transform-
ation from initial into OM-accumulating and further into soddy and humus-accumulating
embryozems was found to be determined by parent rock properties and climate of the regions.

Soil cover of technogenic surface layers, consisting of sandstone, is characterized by min-
imal diversity of soil types as compared with the soil cover developed on other dense

Table 1. Ontogenetic differentiation of soil cover composition at different technogenic substrates as
dependent on environmental and climatic conditions.

Parent rock material

Climate type Sandstone Siltstone Mudstone Sand Loams and clays

Humid EL, EOA EL, EOA, ES EI EOA, ES,EHA EOA EOA, ES, EHA

Sub-humid EL, EOA, ES EIL EOA, ES, EI EOA, ES, EOA, ES EOA, ES, EHA
EHA EHA

Semiarid EL, EOA, ES EIL EOA, ES, EI EOA, ES El, EOA EOA, ES, EHA
EHA EHA

Arid EI EI, EOA ElL, EOA, ES EI, EOA EOA,ES

Arid Extracontinental EI EI, EOA EI, EOA EI El, EOA

EI - initial embryozem; EOA — organic matter accumulating embryozem; ES — soddy embryozem; EHA —
humus-accumulating embryozem.
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sedimentary rocks. Such situation is due to a) significant resistance of sandstone to hypergenic
transformation, and b) low (5-20%) contribution of swelling minerals in rock cement (Ragim-
zade, 1992); both factors impede the formation of humus-accumulating embryozems on such
surfaces and, consequently, sustainable grass communities (Glebova, 2005). As a result, in all
climatic regions during 20-25 years of technogenic landscapes’ existence initial embryozems
comprise substantial fraction of soil cover. Under climatic conditions ranging from humid to
semi-arid ones initial embryozems are accompanied by OM-accumulating embryozems, and
in sub-humid regions soddy embryozems are also present in the soil cover. Notably, the same
sandstone properties that limit multicomponent composition of soil cover, under humid cli-
mate promote eluvial processes in embryozems and hence the formation of woody plant
communities.

More favorable conditions for soil cover differentiation occur in those technogenic land-
scapes, where surface layers consist of silt- or mudstone. These materials are more susceptible
for hypergenic transformation as compared with sandstone and are often of laminated texture,
impeding eluvial processes in embryozems. At the same time relatively high content of expan-
sive minerals in rock cement (15-35% in siltstone and 55-65% in mudstone) together with car-
bonaceous inclusions promote formation of sustainable grass communities. All these facilitate
the formation of OM-accumulating embryozems in the studied regions, with soddy embryo-
zems developing under less arid climatic conditions (Table 1). Humus-accumulating embryo-
zems can also develop on such parent rocks, i.e. on siltstone under sub-humid climate and
mudstone under humid and semiarid climate.

Alongside with soils of the later stages of embryozem genesis, initial and OM-accumulating
embryozems persist in the surface layers composed of silt- and mudstone. Such soil cover dif-
ferentiation results from the differential content of stone fractions and differential metamor-
phosis of parent rock material.

Ontogenetic differentiation of soil cover on sands is similar to the one on sandstone. How-
ever, as soil formation on loose parent material is not accompanied by disintegration of frag-
ments, sufficient precipitation results in practically no initial embryozems in soil cover
developed over 20-25 yrs.

The best conditions for transformation of sandy substrate by pedogenic and biotic processes
occur in regions with humid climate, where from the first years of phytocenoses’ development
soil environment benefits predominance of woody vegetation and OM-accumulating embryo-
zems in soil cover. Under sub-humid climate due to low intensity of eluvial processes soddy
embryozems contribute significantly into the soil cover. In arid regions there is minimal differ-
entiation of soil cover, developed on sand material. This is also facilitated by deflation pro-
cesses, increasing with the increased climate aridity. Frequent denudation renewal of surface
sandy layers also leads to predominance of initial embryozems in the soil cover.

Clay and clay loams are the most common loose sedimentary materials of the coal mining
spoils in Siberia. Transformation of such surface spoil layers, similar to the sandy ones, by
pedogenic and biogenic processes begins in the substrate, most favorable for soil formation.
High content of fine-sized fractions results in formation of soddy and humus accumulating
embryozems over 20-25 years of revegetation.

Soil cover differentiation at the post ontogenetic stage of evolution occurs after embryo-
zems reach meta-stable stage of development. At this stage soil transformation occurs mainly
as changes in properties of organogenic horizons. The main driver of the process is substitu-
tion of the successional stages of phytocenoses with climax communities, adequate for the sur-
rounding natural environment and climatic conditions. In different regions such substitution
does not occur in a similar way. Under moderate arid and humid conditions the meta-stable
state as a result of soil evolution is reached at the stage of a closed phytocenosis (Glebova,
2005). In arid conditions the meta-stable state is reached when various sagebrush species
become predominating over legumes (Titlyanova, Sambuu, 2016). In humid conditions the
meta-stable state of soils is reached when tree crowns close and surface illumination regime
changes.

The described changes in phytocenoses directly affect the properties of the upper part of
soil profile, allowing more detailed diagnostics of surface differentiation according to soil
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formation conditions. In embryozems with the same sequence of genetic horizons it becomes
possible to diagnose processes in order to ascribe soils to a certain subtype. There was a need
to identify soil subtypes on the old (20-25 yrs) coal mining spoils in Siberia. So among initial
embryozems, along the usually identified typical subtype, common at the initial stages of
parent substrate transformation by pedogenic and biogenic processes, a cryptopedogenic sub-
type was distinguished. Such initial cryptopedogenic subtypes are formed after initial embryo-
zems reach the meta-stable state, and thus usually develop on substrates with low lithogenic
potential for soil formation. Similar to initial ones, the cryptopedogenic embryozems do not
visually manifest genetic horizons, the presence of which more often results from the absence
of conditions for preservation, rather than formation.

The soil type of OM-accumulating embryozems can be differentiated into three subtypes
according to soil forming environment. For example, the soils with their type-identifying hori-
zon represented by herbs and grasses’ residues, are referred to as OM-accumulating felt
embryozems; in litter and peat subtypes this horizon is represented by tree litter and moss
phytomass.

The identification of soddy embryozem subtypes is more complicated. A combination of
features is used to discriminate between xerophytic and hygrophytic subtypes, including the
character of interaction between the type-diagnostic horizon with the underlying mineral soil,
as well as the composition of the horizon above the soddy one, with sedge residues contribut-
ing significantly into the litter of the latter one.

Because humus-accumulating embryozems can form in a quite narrow range of climatic
and lithogenic conditions, their differentiation into subtypes according to soil formation con-
ditions is rather problematic. Identified earlier as an individual soil type (Gadzhiev, Kurachev,
1992), currently coarse humus-accumulating embryozems are considered to be a subtype of
humus-accumulating embryozems. We believe their development results from the transform-
ation of humus-accumulating horizon, developed during the preceding stage of grass vegeta-
tion, rather than from specific humus accumulation in technogenic forest ecosystems.

As post ontogenetic stage of soil evolution starts simultaneously with establishment of con-
stant phytocenotic structure, its specific moment of establishment varies due to conditions,
determining the syngenetic transformation of substrate by pedogenic and biogenic processes.
It was shown to take 25-26 years under the most favourable conditions in Siberia, i.e. on clay
loamy spoils in Kansk-Achinsk coal mining region in Central Siberia (Mironycheva-
Tokareva, 1998). On substrates formed by dense sedimentary rocks sustainable soil cover can
be developed over 50 years or more (Kurachev, Androkhanov, 2002).

Alongside with soil cover features, mentioned above, another characteristic feature of meta-
stable soil cover is not only its temporal stability, but also its constant composition irrespect-
ive of heat- and water supply in some years or over a period of several years. This peculiarity
results in low soil cover differentiation on territories composed of the same parent rock mater-
ial. Such stability of soil cover can best be seen in pedogenesis under humid conditions on
sandstone material (Table 2). Development and closinging of tree crowns ensures plant litter
input practically on entire soil surface. Similar situation can be observed under sub-humid cli-
mate with an exception that the sites with herb and grass communities are dominated by the
subtype of soddy xerophytic embryozems. Pedogenesis under arid conditions on sandstone
results in formation of OM-accumulating felt embryozems. With increasing climate aridity the
contribution of this subtype into soil cover becomes less than the one of the initial cryptopedo-
genic embryozem subtype.

On siltstone surface layers soil cover differentiation at the stage of its stabilization is mostly
driven by the same factors as on sandstone spoils. However, due to the production of fine-
sized particles from siltstone material via its destruction, the formation of humus-
accumulating and soddy xerophytic embryozems becomes possible in sub-humid and semiarid
climatic conditions, respectively. In regions with typical arid climate this siltstone characteris-
tic results in the dominance of the OM-accumulating felt embryozems.

In regions where spoil parent rock material is mudstone (Table 2), soil cover in technogenic
landscapes is the most differentiated. High variability of mudstone properties resulted in the
prevalence of OM-accumulating litter embryozems and coarse humus accumulating
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Table 2. Post ontogenetic differentiation of soil cover developed on different substrates in the techno-
genic landscapes under different climatic conditions.

Parent rock material

Climate type Sandstone Siltstone ~ Mudstone Sand Loams and clays
Humid EOALI EOALI EOAL EOAp, EOALI EOAL ESh,
EHAch EHAch
Sub-humid EOAL ESx ESx, EHA ESx, ESh, EHA ESx EHA
Semiarid EOAf EOAf, EOAf, ESx, EHA EOAf, EHA
ESx ESx
Arid EIC, EOAf EOAf, ESx EOAf ESx
EOAf
Arid Elc Elc, EOAf Elc, EOAf Elc EOAf
extracontinental

Elc- initial cryptopedogenic embryozem; EOAI — organic matter accumulating litter embryozem; EOAf —
organic matter accumulating felt embryozem; EOAp — organic matter accumulating peat embryozem; ESx —
soddy xerophytic embryozem; ESh — soddy hygrophytic embryozem; EHA — humus accumulating embryozem;
EHAch — coarse humus accumulating embryozem.

embryozems in soil cover of the humid regions. OM-accumulating peat embryozems develop
on highly compacted surface layers, composed of highly metamorphosed mudstone. Under
sub-humid climate the dominant OM-accumulating embryozems are substituted by humus
accumulating and soddy xerophytic and hygrophytic ones. With further increase in aridity the
share of the above-mentioned soils in the soil cover decreases, whereas the share of OM-
accumulating felt embryozems increases. Under arid extra continental climate the contribu-
tion of initial cryptopedogenic embryozems becomes more pronounced.

Soil cover composition on sand rock is similar to the one on sandstone. However, high dis-
persion, resulting in the relatively high water-holding capacity of sands, shifts pedogenesis
towards prevailing formation of soddy xerophytic embryozems in sub-humid and semi-arid
regions and towards OM-accumulating felt embryozems in arid regions.

Soil cover differentiation at the post ontogenetic evolution stage is less pronounced in
loamy and clay surface layers, as their properties promote quick implementation of specific
zonal soil formation. Thus more than 20-years-old areas of coal mining spoils, composed of
such parent rock material, display similar soil cover composition in most climatic regions
except for the humid ones, where soddy hygrophytic embryozems are widely spread alongside
with OM-accumulating litter embryozems, with” residual” coarse humus accumulating
embryozems being often identified as well.

4 CONCLUSION

Thus our studies showed different potential of parent rock substrates for pedogenesis and dif-
ferentiated soil cover formation in technogenic landscapes, as related to embryozem types and
subtypes. Taking into account that each soil type and subtype under different climatic condi-
tions develops under certain vegetation formation, one can design adequate approaches for
technical and biological reclamation. The latter, based on the revealed features of soil evolu-
tion, allows to 1) use lithogenic resources more efficiently and economically; 2) to minimize or
avoid those combinations of parent rocks, climatic conditions and plant species, which are
unfavourable for pedogenesis; 3) to increase biological diversity of technogenic landscapes by
reasonably alternating parent rock materials in surface layers.

Overall it can be concluded that parent rock substrates with higher content of physical clay
or that are able to produce it due to weathering, i.e. clays, loams, mudstone, are more benefi-
cial for greenery landscaping. The less metamorphised the parent rocks are, the higher their
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capacity to release fine-sized fractions is, and hence better the chances to reach the reclam-
ation goals. Mechanic fixing of a surface, i.e. providing geomorphologic stability for
a landscape, requires other parent rock substrates. In such cases dense sedimentary materials,
resistant to hypergenic transformation (sandstone, strongly metamorphised siltstone and mud-
stone) are better. The mentioned features enable development of efficient and economically
relevant reclamation actions. Their implementation is possible by employing selective spoil
formation by using loose or alternating dense sedimentary parent materials for surface layer
construction in technogenic landscapes.
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Lightning exposure of oil tanks with changing roof position
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ABSTRACT: Crude oil and related petroleum products are major fossil fuels for the supply
of energy globally. Floating Roof Tanks (FRTs) are used for storing crude oil after produc-
tion to ensure product stability before product export, but FRTs are susceptible to lightning
strikes. Lightning is a major threat to operational safety in crude oil storage terminals, par-
ticular in the tropics with a very high number of thunderstorm days per year (Td/yr). Protect-
ing crude oil storage tanks against the high-energy lightning current with a continuing current
charge of 200 Coulomb requires the design and implementation of a purpose-specific lightning
protection system. An evaluation of the probability of a lightning strike to a FRT using the
dynamic electro-geometrical model (DEGM) was performed using numerical techniques. The
results for the cases considered show that the total probability of a direct strike to the circular
tip of the tank shell at its topmost height varies from about 85% to 99% depending on the
dimension of the tank and the position of the floating roof within the tank.

Keywords: Floating roof tank, lightning strike probability, dynamic electro-geometrical
model, lightning protection system, lightning current distribution, numerical methods, oil and
gas facility, fire, process safety

1 INTRODUCTION

Lightning is a natural phenomenon that is as old as the earth itself. Lightning strikes to struc-
tures on earth may be very dangerous to facilities, and equipment depending on the level of
risk associated with the structure as a function of the geographic location, nature and dimen-
sion of the structure, and adjoining facilities. The geographic location determines the number
of lightning flashes that the structure is exposed to annually. Lightning strike can either be
direct i.e. when the flash terminates on a structure or indirect, when the flash terminates near
the structure and connected services. Out of 102 floating roof tank fires studied in China by
Ren et al. (2012), it was discovered that 65% of these were due to direct lightning strikes (Wei
et al., 2018). Lightning strike to structures and equipment can result in damage, fire, and even
injury to living beings. A lightning flash can either be negative or positive, and fact as shown
that about 90% of lightning flashes are of the negative type while positive flashes carry about
six times more current than the negative type (Afa, 2012, Akinyemi et al., 2014).

A number of lightning-induced floating roof tank and facility fire incidents, and equipment
damage have occurred across the globe resulting in equipment and facility destruction, expen-
sive repair cost, loss of production time, and man-hours expended on incident reviews. An
external floating roof tank has a floating roof that moves with the level of the liquid within
the tank in order to limit the vapor space above the liquid crude oil. This helps to reduce the
evaporation of light oil fractions and petroleum products by 90-98% (Kulikov & Chekardovs-
kiy, 2018). The roofs are made of pontoons which aid the buoyancy of the roof. The gap
between the floating roof and the tank shell is covered by rim seals which prevent crude oil
from leaking onto the roof. Also, it limits vapor escape from the shell-roof gap. The rim seal
region of a floating roof tank is the most likely starting point for a lightning-induced tank fire
during a thunderstorm (Chang & Lin, 2006, Adekitan & Rock, 2019a).
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Any vapor that escapes from the crude oil during service will bubble to the surface,
and escape to the atmosphere through breather valves that are set at atmospheric pres-
sure. High-pressure liquids should not be diverted to a floating roof tank because it can
generate sufficient vapor pressure to jam the roof. High crude-oil true vapor pressure
(TVP) coupled with inefficient safety barriers from the production end can result in
excessive vapor release on the floating roof tank (Adekitan & Rock, 2019b). The accu-
mulation of escaped flammable vapor around the tank, and the rim seal region can be
ignited when lightning strikes.

1.1  Modes of FRT ignition by lightning
A floating roof tank can be ignited by lightning in three ways, and these are:

a. Roof surface electrostatic charging due to the charge separation occurring in the clouds
which creates a pre-strike electromagnetic field that setup transient currents.

b. When lightning strikes, sparks can easily be generated between intended and unintended
gaps existing on the floating roof tank. Sparks can either be a thermal spark resulting from
the formation of incendiary materials at a spark point, or a voltage spark that results in the
electrical breakdown of air-vapor mixture within the gap.

c. Heating due to the flow of heavy lightning current which can cause thin tank materials that
are less than 5 mm in thickness to melt.

A floating roof tank is a massive structure with a large diameter and tall height, and
a gap at the shell-roof interface where flammable fuel vapor may accumulate, and this
makes it difficult to design a simple and effective conventional lightning protection
system for a floating roof tank. To ensure continuity for the flow of lightning current
from the tank shell to the roof during lightning strike, the shell-roof linkage provided by
the roof stairs, the use of bypass conductors, and shunts have all been considered, and
each has been found to be defective in one way or the order, as they do not continuously
provide the optimal low resistance shell-roof connection that can effectively prevent
sparks at the rim seal region of the floating roof tank [7]. For example, bypass conduct-
ors create dangling cables on the roof, shunts can be easily coated with crude oil which
increases its contact resistance. Also, floating roof tank may lose its perfect roundness
over time, or when tank subsidence occurs the shunts become disconnected from the
tank shell creating a gap it was installed to prevent.

A device called a retractable grounding array (RGA) was developed in order to address the
issues created by the extensive length of bypass cables. RGA is made of retractable weaved
cable strands that adjust its length based on the position of the roof. Although the RGA may
be better than the bypass cable which conducts the continuing, and the intermediate compo-
nents of the lightning current by ensuring minimal length at any roof position (Hu & Liu,
2012), but its sufficiency as a replacement for shunts which are meant to conduct the fast
(rising) lightning current pulse needs to be determined. Also, due to continuous extension and
retraction of the RGA with the changing floating roof position, a number of RGAs tend to
snap off from the roof over time, as observed on some tanks. The roof of the floating roof
tank constantly changes its vertical position within the tank based on the level of the liquid
content, and as such, the portion of the roof exposed to direct lightning strike varies depend-
ing on the position of the roof.

Currently, there is no approved air termination design based on conventional lightning
protection system for FRT. This is due to the intricacies of how direct and indirect light-
ning strikes interact with FRT. In this study, the interaction of lightning with FRT is
investigated by evaluating the probability of lightning strikes to different points on
a FRT using the dynamic electro-geometrical model. Based on the result of the numerical
model, an air termination configuration that can adequately intercept and safely dissipate
the high energy lightning current while preventing sparking at the shunt-shell interface
can now be developed.
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2 MATERIALS AND METHODS

The methodology applied in this study has three key aspects. First, a volume from which light-
ning can strike a FRT is defined as the attractive volume as discussed in section 2.1, while
section 2.2 highlights the details of a numerical model termed the dynamic electro-geometrical
model (DEGM) for computing the probability of a direct lightning strike to structures within
the defined volume. Finally, the DEGM model is applied to various dimensions of a FRT as
described in section 2.3.

2.1 The attractive volume of a FRT

The risk of a lightning strike to a structure can be evaluated using the concept of the attractive
volume. The attractive volume defines a space volume around a structure to be protected within
which lightning strikes can hit the object. The object is deemed naturally protected from all
lightning downward leaders which do not enter the attractive volume of the protected object.
The concept was developed to explain the stochastic nature of the descent of a downward
leader, and the orientation point at which the object to be struck by lightning is determined
(Horvath, 1991). The distance between the orientation point, and the object to be struck or the
ground is known as the striking distance. It is a function of the lightning-induced electrical field
strength on the ground, and this also depends on the magnitude of the electric charge in the
lightning leader channel.

By applying increasing striking distance, various rolling sphere radii that can touch the
FRT and the ground were computed, the centers of such spheres as shown by the curved
black line in Figure 1 represent the boundary of the interception volume of the FRT on the
“right” side of the structure. The same concept applies on all sides around the structure, and
this will generate a volume within which downward leaders can orientate towards the floating
roof tank.

2.2 The dynamic electro-geometrical model (DEGM )

The peak value of lightning current has been measured and recorded at different regions of
the world, and this has been used to develop a distribution function for the striking distance
(r) using logarithm normal functions (Horvath, 2006). In terms of the striking distance, the
probability density function (PDF) is defined by Equation 1. By applying the median value of
lightning current distribution and the standard deviation for positive and negative lightning,
the distribution obtained is shown in Figure 2. Also, the effective probability distribution
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Figure 1. Interception boundary at one side of FRT.
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Figure 2. Striking distance probability density (blue, n — negative lightning, red, p — positive lightning).

resulting from the summation of 90% of the PDF for negative lightning and 10% for positive
lightning is also plotted in comparison in Figure 2. From lightning observations over time,
about 90% of all lightning strikes have negative polarity, and as such, the effective probability
distribution will be applied in the numerical computation of the dynamic electro-geometrical
model (Hannig et al., 2014).

The DEGM applies the concept of probability weighted collection volume (Horvath, 2006),
which modulates collection volume by the probability density function i.e. the striking dis-
tance density. To apply the DEGM concept to a floating roof tank (FRT), the surface of the
FRT is first discretized into various surface points, and the associated interception volume
enclosed by the circle centers as shown in Figure 1 is also discretized into multiple orientation
points from which lightning can orientate towards the FRT. For each orientation point in
space, the distance to various points on the FRT is computed, and the point(s) on the FRT
having distances equal to the lowest geometric distance are determined as the final strike
point(s) from that specific orientation point in space above the FRT (Adekitan & Rock,
2020). The associated probability is computed using Equation 1, and the process is repeated
for all the orientation points within the interception volume. The probability of a strike to the
same point on the FRT from different orientation points is cumulated. Finally, the overall
probability for all the points on the FRT is summed, and from this value, the percentage of
the probability of a strike for each point on the FRT can be computed. This is a numerical
computation which has also been applied by Kern et al. (Kern et al., 2010) for various

structures.
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Where 1 is the striking distance, p is the median value and o is the standard deviation (o) of
the lightning current distribution.

2.3 Numerical simulation of various FRT dimensions and roof positions

Large floating tanks are more susceptible to lightning induced ignition and fires. This is due
to the increased surface area that is exposed to direct lightning strikes, and the consequences

271



of indirect strikes as charges accumulate on, and around the tank. The position of the floating
roof changes within a FRT based on the level of the liquid in the tank. Due to the changing
roof position, the exposed area of the roof that can be struck by lightning from above the
tank, and within the interception volume of the FRT i.e. cloud-to-ground strikes (Wang et al.,
2018), varies with the position of the roof (Adekitan & Rock, 2019b).

In this study, the effect of tank height and the position of the roof within the tank on the
probability of lightning strike to different points on a FRT is examined. Three different tank
heights were considered; 10 m, 15 m, and 20 m high FRTs with a diameter of 60 m. The roof
positions were simulated to determine the effect of changing roof position. The first roof pos-
ition is at the top, when the roof is most exposed to direct lightning strikes. The middle pos-
ition, at half the height of the tank was also considered, and the bottom position which for
this simulation was set at 0.5 m from the ground. Usually, the roof does not get to 0 m on the
ground. At the base of the tank, the roof sits on adjustable legs, that may be as high as 2 m to
allow for man-entry for maintenance checks.

3 RESULTS AND DISCUSSION

The results of the numerical analysis for the various roof positions are presented in this
section.

In Figure 3, the floating roof of the 30 m radius tank with 20 m in height is at the topmost
position, and at this point, the roof has the highest exposure to direct lightning strikes. In
Figure 4, the roof is at half the height of the tank and only a small portion of the tank roof

Figure 3. Floating roof at the highest position within the tank.

Figure 4. Floating roof at the middle height of the tank.
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around the center is exposed to direct cloud-to-ground strikes. In Figure 5, the roof is shown
at the base of the tank, and at this position the risk of a direct lightning strike to the roof is
extremely small.

The surface of the FRT is categorized into three: the roof, the rim edge which refers to the
topmost circular portion of the cylindrical tank shell, and the side of the tank which encom-
passes the remaining cylindrical wall of the tank below the rim edge. The probability of
a strike to each of these three parts is presented for the 10 m, 15 m, and 20 m high FRT in
Figure 6, Figure 7, and Figure § for the various roof positions (top, middle, and bottom).

Figure 5. Floating roof at the base of the tank.
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Figure 6. Probability of a lightning strike to the rim edge of the tank cylinder.
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Figure 7. Probability of a lightning strike to the side of the tank.
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Figure 8. Probability of a lightning strike to the roof of the FRT.

The probability of a lightning strike to the rim edge of the tank cylinder for the three differ-
ent tank heights considered is shown in Figure 6. It was observed that the probability of
a strike to the rim of the cylindrical tank shell increased with tank height at the topmost roof
position. At other roof positions i.e. midway, and at the bottom, the probability of a strike to
the rim edge is greater than 99%, and this did not change significantly with tank height.

As shown in Figure 7, the probability of a strike to the remaining part of the tank
cylindrical shell referred to as tank side increases with tank height (i.e. more exposed
tank wall surface area), but the probability of a strike is relatively constant with chan-
ging roof position.

For the floating roof as shown in Figure 8, the probability of a direct lightning strike
reduces with increasing tank height when the roof is at the topmost height. At the middle pos-
ition, the probability of a strike to the roof reduces slightly with increasing height, and at the
bottom, the probability of a strike is relatively constant irrespective of tank height.

The highest probability of a direct strike occurs when the roof is at the topmost position.
The probability of a direct strike to the rim edge, i.e. the rim-seal area of the tank where
shunts are positioned, with a high probability of flammable vapor presence is highest as com-
pared with the risk of a strike to the side of the tank or the floating roof. When heavy currents
flow through the shunt-shell contact within the rim-seal region, the risk of spark formation is
high. Hence, it is necessary to ensure that lightning currents flowing down to the rim edge is
minimal. This may be achieved by using interconnected, parallel air termination arrange-
ments, which create multiple flow paths for the lightning current and associated energy. This
cannot be achieved by using vertical air termination rods on the FRT shell that will only inter-
cept strikes and conduct the full currents down to a single point on the tank shell.

From the simulated results, the frequency of lightning strike (V;) can be computed for the
rim edge, the roof, and the side of the tank by applying Equation 2.

Frequency of lightning strike (V;) = ground flash density (Ng) X probability modulated col-
lection volume (CP)

Ni=Ng x CP (2)

Where N is the ground flash density in flashes/km?/year, and CP is the computed probabil-
ity using DEGM for the rim seal, the roof, and the side of the tank. Assuming, the tank is
located in the Niger Delta region of Nigeria; the analysis is therefore based on a ground flash
density of 16 flashes/km?/year. The estimated frequency of a lightning strike to the three cat-
egorized areas of the FRT is computed for the different tank heights and roof positions. The
result is presented in Table 1 for the 10 m high FRT, Table 2 for the 15 m high FRT, and
Table 3 for the 20 m high FRT. The variation in the estimated frequency of lightning strikes
for the different roof positions is because of the changing total exposed area of the FRT that
is susceptible to direct lightning strike as the roof changes position.
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Table 1. The frequency of lightning strike per year for the

10 m high FRT.

Rim Edge Side Wall Roof
Top 0.2479 0.000008 0.0427
Middle 0.2929 0.000008 0.0012
Bottom 0.2943 0.000008 0.0003

Table 2. The frequency of lightning strike per year for the

15 m high FRT.

Rim Edge Side Wall Roof
Top 0.3336 0.00006 0.0427
Middle 0.3796 0.00006 0.0005
Bottom 0.3802 0.00006 0.0001

Table 3. The frequency of lightning strike per year for the

20 m high FRT.

Rim Edge Side Wall Roof
Top 0.4129 0.00024 0.0427
Middle 0.4593 0.00024 0.0003
Bottom 0.4596 0.00024 0.0000

4 CONCLUSIONS

The risk of a strike to various points on a floating roof tank (FRT) is dynamic, and it is influ-
enced by the position of the roof within the tank. The dimension of a FRT plays a significant
role in the manner of exposure of such tanks to direct lightning strikes. The dynamic electro-
geometrical model simulations carried out in this study reveals that the height of a FRT and
the position of the floating roof determines the risk of a direct lightning strike to the roof. The
numerical simulation shows that when the roof is at the uppermost point, the risk of a strike
to the rim edge (around the rim seal region) where flammable vapor concentration is often
present, increases with increasing tank height for the same diameter tank. As the roof descends
into the tank, the probability of a lightning strike to the rim edge increases with reducing roof
height. By the time the roof is at half the height of the tank, the probability of a strike to the
rim edge of the tank shell is around 99%.

In line with the realities of the result of this simulation, conventional air terminations posi-
tioned on the FRT must be designed, not only to be able to intercept lightning strikes e.g. by
using air termination rods, but also, it must be able to divide the lightning current into mul-
tiple flow parts in order to reduce the risk of sparking when the current gets to the rim seal
region of the tank shell where arcing may occur at the shunt-shell region. This study as
revealed the likelihood of lightning strikes to various parts of a FRT with respect to floating
roof position. The knowledge provided here, will serve as bases for the design and investiga-
tion of various conventional air termination arrangements for reliably protecting a FRT from
direct strikes while also preventing arcing at the rim-seal region.
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ABSTRACT: In this paper, based on the known physicochemical characteristics and the com-
ponent composition of the reservoir high-wax oil from D, formation of the Kirtaelsky field,
a phase behavior model of the studied high-wax oil was developed through the Multiflash Wax
module, which allows us to determine the conditions for phase transition of paraffinic hydrocar-
bons in the gas-liquid mixture. It is established that for the given conditions, the closest to the
actual value of the depth of organic deposit formation was obtained through the complex mech-
anistic model of the vertical multiphase flow OLGAS. The nature of the change in WAT along
the wellbore was determined. The changes were highly noticeable when creating a depression in
the reservoir and increasing the pressure in the electric submersible pumps (ESP) together with the
degassing process of well products. A study focused on the influence of operating parameters of
a well equipped with an ESP on conditions leading to the wax formation was conducted. Practical
recommendations for the conditions under consideration were obtained.

1 INTRODUCTION

A principal challenge in many oil industry production situations is paraffin wax. Up to 75%
of the world’s oil suffers when wax precipitates out and solidifies in formation pores and fluid
flow channels, at the wellbore, on the sidewalls of wells, in the tubing, casings, pump strings,
and processing system. Wax deposition is costly and one of the oil industry’s most expensive
inconveniences, leading to dramatic reductions in production, equipment failures, loss of stor-
age and transport capacity, and loss of efficiency.

Wax is a complicated blend of n-paraffin, i-paraffin and c-paraffin with carbon numbers
from 18 to 65 (Lake et al. 2006). Fadairo et al. (2010) and Kasumu et al. (2013) showed that
waxes are precipitated as solids with the changing thermodynamic equilibrium when the oil tem-
perature cools down lower than the wax appearance temperature (WAT). In other words, the
temperature at which the first organic wax crystalizes in oil as a deposit is referred to as
the WAT. Berne-Allen et al. (1938) and Paso et al. (2009) suggested that the WAT is one of the
main factors, which needs to be taken into account when developing preventative strategies for
handling wax deposition in oil wells.

For a scientifically-based method to the prevention and removal of wax, it is important to
take into account the conditions that cause a phase transition of paraffin to a solid-state. This
process is influenced concurrently by several factors (Glushchenko et al. 2009, Ibragimov
et al. 2010, Rogachev et al. 2006):

- geological, physical and technological conditions of field production;
- physicochemical properties and component composition of reservoir oil;
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- changes in thermobaric conditions along the wellbore;

- violation of hydrodynamic equilibrium;

- changes in the structure and flow rate;

- the intensity of oil degassing;

- the amount of solid contained in oil;

- water-cut;

- condition of the internal surface of the equipment (roughness).

The intensity of the wax formation depends on the predominance of one or more factors,
which might vary in time and depth, hence, the amount and nature of organic deposits are not
constant (Struchkov et al. 2018).

Regarding the analysis of the prevailing situation on the dewaxing of a well of the studied
production object, it was found that the measures taken to remove wax deposits, for one
reason or another, have low efficiency. Solving the problem of preventing the formation and
removing wax deposits will reduce current and capital costs in the exploitation of high-wax oil.

One of the acknowledged methods to reduce the intensity of the formation of organic
deposits in the well is to choose the optimal technological regime of its operation. During the
production of the high-wax oil well using ESP, the most important operating parameters
affecting the conditions for the formation of wax deposits are the changes in the ESP rotation
frequency and the number of stages, as well as the buffer pressure.

Despite the fact that wax formation simulation is one of the more challenging questions
facing engineers, owing to the extremely complicated and limited data, there are a number of
wax simulation programs developed to predict and control wax formation, the amount of pre-
cipitated wax, and wax deposition rates.

Detailed design of production systems is required to improve the efficiency of oil produc-
tion and exploitation. There are a tremendous number of software packages used to predict
the crystallization process of high-molecular components of oil such us the PVTsim software
package (developed by the Calsep company), the PVTP software package (developed by the
Petroleum Experts company), and the OLGA and PIPESIM software packages (developed by
the Schlumberger company).

One of the leading software systems in the field of analysis and optimization of oil production
systems is the product of the Schlumberger Company - PIPESIM. For the most part, this soft-
ware package is a wax simulation used for building and calculation of a static model of steady-
state multiphase flow moving from the reservoir to the objects of the collection and preparation
system. PIPESIM allows for the solution of many complicated problems with the help of
numerous modules included in this package (Schlumberger PIPESIM [Electronic resource]).

The novelty of this paper is to provide a detailed study of the effect of parameters of the
electric submersible pump on wax formation. In addition, this work also proposes practical
recommendation for given conditions, which play a pivotal role in predicting and measuring
wax formation.

2 MATERIALS AND METHODS

In this work, we used the results of laboratory studies of the physicochemical properties of the
high-wax oil in the Kirtaelskoe field, as well as the results from modeling the movement of the
specified high-wax oil along the wellbore of a well using electric submersible pump through
the Schlumberger PIPESIM software package.

3 RESULTS AND DISCUSSION

3.1 Initial data

The object of the study is a hypothetical well, simulating the conditions of the Timan-Pechora
oil and gas province with geometric, geological and physical parameters characterized for the
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Table 1. Well parameters.

Parameter Value
Flow rate of the fluid at standard conditions, m*/d 85
Productivity Index, m*/d*MPa 15
Gas/oil ratio, m*/m? 72
Surface pressure, MPa 1.8
Oil bubble point pressure, MPa 8.8
Well depth, m 3000
Perforation depth, m 2925
Tubing depth, m 2400
Average angle of inclination of the well, © 2
Internal diameter of the production string, m 0.144
Internal diameter of tubing, m 0.062
Temperature of the neutral layer, °C 4
Depth of the neutral layer, m 30

Table 2. Physical and chemical properties of
degassed oil from the Dy.r pool.

Main properties Value
Density at 20°C, kg/m? 802
The pour point, °C 39
WAT, °C 43.5
Hydrocarbon group composition, % by mass:
Wax content (wt %) 323
Asphaltene content (wt %) 0.7
Resin content (wt %) 4.7
Reservoir temperature, °C 62
Reservoir pressure, MPa 29.1

conditions of the developed oil reservoir D, (given in Table 1). The temperature for the spe-
cified reservoir is 62 °C, and the current reservoir pressure is 19.6 MPa.

The results of laboratory studies of the physical-chemical properties of the wellhead non-
water oil sample are shown in Table 2. Degassed oil is extremely light (density 802 kg/m?).
The pour point is 39 °C.

In terms of group analysis, the oil has a high wax content (32.3 % by mass), and is resinous
(resin content is 4.7 % and asphaltene content is 0.7 % by mass). Physical and chemical prop-
erties of degassed oil from the Dy.r pool are given in Table 2.

3.2 Pump selection

At the first stage, a method of well productivity evaluation was applied in the form of nodal
analysis. It allows us to divide the system “reservoir-well-pump” into components connected by
nodal points (Guo et al. 2009), to visually evaluate the influence of various parameters on the
formation productivity and the performance of the lift and submersible pump. The behavior of
the well is determined by the energy of the reservoir ensuring the flow of fluid to the well and
the ability of the fluid to rise to the surface. The intersection point of the inflow curve (indicator
curve) and the outflow curve is called the working point of the system. Modeling of fluid flow at
the bottom of the well, which determines the flow rate of the reservoir at the depression estab-
lished on it was carried out by setting the well productivity index, taking into account the Vogel
correction. In the developed model, the nodal point is located opposite the perforated interval.
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Figure 1. Combined characteristic of the reservoir-well system without a pump and with its use.

During production, the initial reservoir pressure dropped to 19.6 MPa. The use of nodal
analysis makes it possible to establish that the energy for lifting the well is not enough to
move the fluid from the downhole to the wellhead - well blowout is impossible (red line,
Figure 1).

In order to provide the well with sufficient energy to lift fluid to the surface and achieve the
planned flow rate (85 m*/day), an ESP TD600 was chosen. The green line in Figure 1 repre-
sents the characteristic of the well with a working pump. The most suitable pump is selected
from the vast database with the highest efficiency, which is made for the selected pump model
65 %. When choosing a pump, losses between steps, viscosity correction, and downhole separ-
ation effects were taken into account.

3.3 Phase equilibrium diagram

With regard to the known physical-chemical characteristics and component composition,
a model of high-wax oil was developed, which allows us to determine the conditions for the
wax formation in a gas-liquid mixture. The wax formation line shown on the phase diagram
corresponds to the temperature of the studied wax appearance temperature — 44 °C. Accord-
ing to the graph, at the temperature of 20 °C, the wax content is 32.3 % by mass. The values
of the WAT and wax mass content in the presented model are quite close to the experimen-
tally obtained data at 20 °C and the atmospheric pressure, given in Table 2.

Under normal conditions, different hydrocarbon components contained in the oil form
a three-phase system. At reservoir conditions (high temperature and pressure), all the
components form one phase which is a liquid mixture. Oil is a multicomponent system,
so the phase equilibrium diagram in the “temperature-pressure” coordinates, unlike in
individual substances, is not a single curve, but an area limited by condensation line and
evaporation line.

The first stage of the simulation is to plot a phase diagram of the hydrocarbon system for
the D¢ pool (Figure 2). To the left of the critical point (C) and above the evaporation line
(area 1) hydrocarbons are in a liquid state; to the right and below the condensation line
(area 2) hydrocarbons are in a gaseous state. Inside the two-phase boundary between the
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Figure 2. Phase equilibrium diagram for the D,.¢ pool hydrocarbon system.

evaporation and condensation line (area 3) gas and liquid can coexist. When the temperature
drops below the wax formation line, the system turns into a three-phase state (area 4) with an
additional solid phase — wax.

Additionally, the phase diagram is a simulated PT (pressure and temperature) - profile
during fluid movement from the reservoir to the wellhead. The beginning of the calculation of
the model occurs at point 1, which illustrates the reservoir conditions. Points 2 and 3 corres-
pond to the thermobaric conditions at the intake, discharge of the ESP, and illustrate the pres-
sure and temperature rise occurring in the pump. When moving along the tubing string, the
flow temperature decreases to the WAT (point 4), which contributes to the beginning of wax
formation. Then the pressure decreases to the point of oil saturation with gas (bubble point,
point 5), which initiates the loss of light hydrocarbon fractions and contributes to the exten-
sive formation of wax deposits. In the area between points 5 and 6 (wellhead), there is
a movement of a 3-phase system (liquid, gas and solid particles).

3.4 Determination of the depth of wax formation

Figure 3 shows a comparison of the real (actual) temperature log with temperature distribu-
tion profiles along the wellbore, which is calculated by using formulas 1, 2, 3 and through
complex mechanical model of the vertical multiphase flow OLGAS. In this model, two types
of correlations are observed: the two-phase model considering the gas-liquid flow and the
three-phase model additionally counting solid particles.

The complex mechanical flow model OLGAS is applied for all tilt angles, pipe diameters,
and fluid properties. In this model, we used independent continuity equations for gas and
liquid droplets, which are related to interfacial mass transfer.

The wax appearance temperature curve obtained using the Coutinho model in the Multi-
flash module was shown in Figure 3, which allows us, when crossing with temperature pro-
files, to determine the depth of the formation of wax deposits in the well (Table 3).

The model Coutinho is a thermodynamic model based on the concept of predicting the for-
mation of a solid phase. The use of this model in combination with the state equation

287



Tempernture, <
1% e | = 34 39 BN L 4 59 i

]
= Aot | Ieineratine log
- —#—Mzthod Lysplor .1,
Bulshle paind jiressiire
B - —=— Nl thod Mot hienko 17
e | J’ | =="The fiow model OLGAS
msdnling wax apporancs
L3 beitiperate
i ling penlile pressips
_E 50 4
B h"""--._.__ The begludng of wax
S IR fsrmation
11K 4
240 . et | i St
xn
L LT =
LK} 2 4 & ] in 17 14 15 IE kiF
Pressure, 5'n

Figure 3. Determination of the depth of the formation of wax deposits.

Table 3. Determination of the depth of wax formation.

Method WAT, °C Hwax formation, 11
According to Lyapkov P.D. 44,51 1510
According to Mishchenko I.T. 44,55 1540
According to actual temperature log 44,59 1566
According to the flow model OLGAS 44,62 1572

(UNIQUAC model) makes it possible to predict the behavior of oil and its model solutions at
low temperatures with high accuracy (Coutinho J. et al. 2001).
Temperature distribution at the wellbore using the method of Lyapkov P.D. (Lyapkov P.D.

1987):

0.0034 +0.79 - @ - cosa

—_a
108640020-4267

T(H):Tr_(Lc_H)' ) (1)

where T, is the reservoir temperature, K; L, is the well depth, m; H is the current depth,
which is measured from the wellhead, m; w is the average geothermal gradient in the well,
K/m; « is the angle of deviation of the well from the vertical, degree; ¢ is the flow rate, m¥/s;
d is the diameter of the lift, m.

Temperature distribution at the wellbore using the method of Mishchenko I.T. (Mis-

hchenko 1.T. 2003):
- For tubing
t(h) = t,{l _h [0.544(623.7i+ 1)} }, (2)
¢ Onm
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- For the casing string

1(h) = z,{l _1;1 {0.544<311.85 g + 1)]} 3)

where ¢, is the reservoir temperature, °C; / is the depth, which is measured from the bottom
hole, m; Q,, is the mass flow rate, t/d; d, is the internal diameter of the tubing, m; d, is the
internal diameter of casing string, m; ¢ is the specific heat of well product, J/kg-°C.

Thus, the comparison of the actual temperature log with the temperature distribution pro-
files along the wellbore, which was calculated according to the methods of Lyapkov P.D.,
Mishchenko I.T. and built using the complex mechanical model of the vertical multiphase
flow OLGAS, showed that the study has an excellent result. For the given conditions, the
greatest convergence with field study results of the temperature distribution along the wellbore
and the actual depth of the beginning of the wax formation is given by using the multiphase
flow model OLGAS.

3.5 The nature of the change in the wax appearance temperature

As previously noted, the WAT is known as the temperature at which wax from the dissolved
state transfers to the solid phase (the first wax crystal is deposited in the oil). This parameter is
influenced by many factors, which are: physical-chemical properties, component composition
of reservoir oil, wax content, degassing intensity, pressure gradient along the wellbore
(Kamenshchikov F.A. 2005).

Figure 4 Shows the joint profile of the wax appearance temperature and pressure along the
wellbore. It is important to notice that the nature of changes in these parameters corresponds
to the phase equilibrium diagram of the hydrocarbon system (Figure 3).
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Figure 4. The pressure profile and the wax appearance temperature.
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The decrease in the WAT as it moves to the bottom of the well is due to the manifestation
of the throttle effect when creating a depression on the reservoir. Moreover, a significant
increase in the WAT occurs in the pump, which is caused by a sharp increase in the pressure
in the system. In the sections from the perforation interval to the pump intake (2925-2400 m)
and from the pump discharge to the “bubble point” (2400-1000 m), there is a linear depend-
ence of the decline in wax appearance temperature with decreasing pressure in the system.
Starting from a depth of 1000 meters, an increase in the wax appearance temperature is
observed, which is due to the intensive release of light oil fractions and, consequently,
a decrease in the solvent capacity of oil relative to (compared to) wax, as well as due to the
cooling of the oil flow in the wellbore. It should be noted that the gas globules arising in this
process are mass-exchange promoters of the growth of wax crystals (Pashali A.A. et al. 2011
& Tronov V.P. 1970).

3.6 The effect of the water cut of the test oil on the depth of wax formation

The study of Glushchenko V.N. (Glushchenko V.N. et al. 2009) presents a thorough ana-
lysis of the literature and field material focused on the effect of water-cut on the formation
of organic solids. In many works, a decrease in the intensity of the wax formation with an
increase in water-cut of wells production was demonstrated. This owes to a decrease in
adhesion to the hydrophilic steel surface, a decrease in the rate of cooling due to the greater
heat capacity of water compared to oil. In Figure 5, it can be seen that with an increase in
water cut, the wellhead temperature increases due to a decrease in the rate of cooling of the
flow.

Additionally, in the work (Glushchenko V.N. et al. 2009), a number of researchers were
highlighted, whose studies showed the negative effect of water cut. This is explained by the
general decrease in the temperature of the watering fields, a significant gas absorption by
water with a decrease in the wax solubility in oil, and an increase in the WAT by several
degrees.

The simulation results showed that with an increase in the water cut of well production,
there is a decrease in the depth of wax formation in the tubing string (Figure 6).

Thus, reducing the interval of wax formation in the well for the given conditions is caused
by a decrease in the portion of high-molecular hydrocarbons in the well production during the
field development, hydrophilization of the internal surface of the tubing string, as well as
a decrease in the rate of flow cooling.
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Figure 5. The dependence of wellhead temperature on water cut.
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Figure 6. Dependence of the wax formation depth in the well with an increase in water cut.

3.7 The influence of the buffer pressure on the depth of wax formation

A considerable amount of field data demonstrates a reverse dependence of the residual gas
saturation value of oil to the depth of wax formation in the wellbore (Glushchenko V.N. et al.
2009). For instance, in the Zhanazhol field, an increase in wellhead pressure prevented a sharp
degassing, which led to a sharp decrease in the wax formation. Another example is the produc-
tion of high-wax oil in the Tengutinskaya area in Kazakhstan. At the beginning of field oper-
ation with a high gas factor, there were no complications with the formation of wax deposits.
During the development of the reservoir, the reservoir, buffer pressures, and the gas factor
decrease, which led to intensive waxing of underground and surface equipment.

Hence, one of the effective methods to handle wax formation is to prevent the negative
impact of the released gas by using the choke restriction method to increase the buffer pres-
sure (Glushchenko V.N. et al. 2009). The positive effect is to reduce the time finding wells
with a simultaneous increase in their flow rates.

The obtained simulation results confirmed that an increase in backpressure at the wellhead
leads to a shift in the depth of the start of degassing up along the wellbore (Figure 7). From
this point of view, an increase in the buffer pressure at the wellhead can serve as one of the
methods for preventing wax formation in the tubing on the condition that the wax formation
interval is located above the point of initial degassing.

For the given conditions, when the formation of organic deposits in the wellbore occurs
before the start of oil degassing, a negative result is observed, at which point an increase in
buffer pressure leads to an increase in the WAT and, therefore, an earlier onset in the formation
of organic deposits in the wellbore (Figure 8). Thus, the area of effective application of the
choke restriction method as a way to cope with the formation of ARPD has been identified.

In the above example, a sensitivity assessment tool was used for the boundary conditions of
the model. It is necessary to consider that when changing one parameter in the model, all the
others remain unchanged.
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Figure 7. Change in the WAT when creating different buffer pressure.
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Figure 8. The influence of buffer pressure on the depth of wax formation.

3.8 The effect of the rotational frequency of the ESP on the depth of wax formation

One of the most important parameters that affect the intensity of the wax formation of the
downhole equipment is the flow rate. Acceleration of the oil flow leads to a decrease in fluctu-
ation of temperature along the wellbore, a change in the structure and dispersion of the gas-
liquid flow as well as a decrease in the rate of solid deposits accumulation. In general,
a positive effect of the parameter under consideration is perceived when it changes to a certain
critical value, corresponding the transition from a laminar to a turbulent flow regime (Glush-

chenko V.N. et al. 2009, Ibragimov N.G. et al. 2010 & Coutinho J. et al. 2001).

Figure 9 Shows the change in the depth of wax formation in the well depending on the rota-
tion frequency of the ESP. Furthermore, the flow rate can be influenced by change in the
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Figure 9. Effect of ESP rotation frequency on the depth of wax formation in the well.

number of stages in the pump and the diameter of the tubing, which also leads to change in
the pressure-flow characteristics of the pump.

4 CONCLUSIONS

1. By modeling the movement of high-wax oil in wellbores, we are be able to study the influ-
ence of various factors affecting the depth of the formation of organic deposits.

2. High convergence of the actual temperature log with the calculated temperature profiles
with regard to the methods of Lyapkov P.D. and Mishchenko I.T. was obtained. This
allows us to rely on the accuracy of these methods on the condition that the results of field
studies of the temperature distribution in the wellbore are not available. Nevertheless, for
the given conditions, the closest to actual value of the depth of organic deposit formation
was obtained through the complex mechanistic model of the vertical multiphase flow
OLGAS.

3. The nature of the change in WAT along the wellbore was determined. It is important to
note that those changes were highly noticeable when creating a depression on the reservoir
and increasing the pressure in the ESP. During degassing, the WAT increases due to
a decrease in the content of light fractions.

4. Temperature is considered as one of the key factors affecting wax formation in wells. It is
recommended to use a nominal size ESP with higher productivity than that, which is
required to achieve the planned flow rate, which will provide additional heating to the pro-
duction of the well.

5. The influence of ESP rotation frequency on the depth of wax formation was established.
On top of the increase in frequency, it is possible to influence the growth of the flow rate by
reducing the internal diameter of the tubing and adding the number of stages, which also
leads to a change in the pressure-flow characteristics of the pump.

6. The dependence of the depth of wax formation along the wellbore on the water content of
the high-wax oil was established. The decrease in the interval of wax formation in the well
is the result of the reduction in the proportion of high-molecular hydrocarbons in the well
production during the development of the field, the hydrophilization of the internal surface
of the tubing string, and the decrease in the rate of flow cooling.

7. Identified the area of effective application of the choke restriction method (an increase in
buffer pressure) as a way to handle wax formation. A positive effect is observed when the
formation of deposits in the well occurs after the start of degassing. Contrarily, a negative

293



result is observed, when an increase in the buffer pressure leads to an increase in the WAT
and consequently, an earlier onset in the formation of organic deposits in the wellbore.
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ABSTRACT: The growth of production capacities of industrial enterprises leads to an
increase in emission concentration of pollutants and requires the use of separators. This scien-
tific paper includes the research of separation of emulsions with similar densities. The emul-
sions with similar properties are separated very slowly, so it is necessary to use special inserts
to accelerate the separation process. The authors have chosen inserts with corrugated baffles,
located at an angle of 45°, inserts with corrugated baffles, located at an angle of 135°, as well
as inserts with cross-corrugated baffles. As a result of experimental research, it was found that
with an increase in the emulsion rate inside of apparatus, the separation efficiency decreases,
upon the condition that all the studied inserts are installed. When the concentration of hydro-
carbons in the original mixture is less than 25%, it is most appropriate to use inserts with cor-
rugated baffles, located at an angle of 45°.

1 INTRODUCTION

In recent years, the separation of oil and water was considered as one of the main problems all
around the world due to an increased production of industrial oil-containing wastewaters.
Nowadays, the separation of oil and water is still considered as a critical technical problem
due to a complex composition and a high content of oily hydrocarbons in wastewaters. The
traditional separation methods have low efficiency, high cost, and other types of pollution
take place when these methods are implemented (Jiang et al., 2019, Li et al., 2020, Patterson,
1985).

The separators are usually the first stage between the oil source (for ex. oil field well)
and oil process pipeline. When being transported inside the pipeline, the crude oil, by-
produced water and gas move in a complex multiphase mode, and a finely dispersed
emulsion usually creates a number of difficulties. The gas phase can be quite easily separ-
ated from the liquid flow; emulsions are usually stable and more difficult to be separated.
As a rule, emulsions of “water in o0il” type are very common for the oil production (Chen
et al., 2009, Harpura et al., 1997, Sadeghi et al., 2013, Wang et al., 2012, Wang et al.,
2016). They are mainly formed due to availability of amphiphilic hydrocarbons in the
crude oil, such as asphaltenes, resins, and acids. Moreover, some chemical additives or
solid particles, used inside of production piping network, contribute to the formation of
stable emulsion. The stability of oil emulsified systems is highly dependent on the crude
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oil composition. Due to a wide range of compounds in the crude oil, the mathematical
modeling of separation processes often gives significant errors, that's why some problems
can be solved only by conducting experimental studies. When producing the crude oil, the
emulsions are mostly separated by gravity in vertical or horizontal apparatuses. Since the
difference in the density of emulsion components is small, the apparatuses are usually
designed with very large dimensions (Berman & Tamir, 2003, Cambiella et al., 2006, Sade-
ghi et al., 2011, Yang, 2007). Thus, the development, study and application of new appar-
atuses for the separation of stable emulsions are critical tasks.

In most cases, the choice of a particular type of design is based on a technical and
economic analysis and takes into account local conditions, for example, the vertical set-
tling tanks are used at low ground water level. Also, the choice of design is significantly
affected by throughput capacity. The vertical, horizontal and radial settling tanks are
used at the following throughput capacity of sewage treatment plants: not more than
10000, 15000-20000 and from 20000 m®/day, respectively. As of today, one of the most
promising ways to increase the efficiency of water-oil emulsion separation at the oil fields
is to study different methods of improving the settling tanks. One of these methods is to
study various inserts, to be installed inside the settling tanks, which have the form of
webs, shields and other geometric bodies that increase the rate of water-oil emulsion
stratification into components by changing the flow structure when moving along the
obstacles. It should be noted that currently the flow rate of water-oil emulsions inside
the settling tanks does not exceed a few millimeters per second, since at higher rates, the
separation efficiency decreases significantly due to the phase mixing. Increasing the effi-
ciency and separation rate of water-oil emulsions will reduce the costs for obtaining the
finished petroleum products. Thus, the research and the use of new devices for the separ-
ation of stable emulsions is a relevant task. The purpose of this research paper is to
study the increase in efficiency and separation rate of oil-water emulsions inside of con-
tinuously operating settling tanks.

2 RESEARCH PROBLEM

The purpose of this paper is to study the extraction of liquid oily hydrocarbon compounds
from the emulsion. Two methods are usually used to separate the water-oil emulsions: reagent,
using a demulsifies, and reagent-free.

The chemical method includes adding of various chemical reagents into the water to
react with it. As a result of chemical reaction, the water is settled out as insoluble res-
idues. This method helps to purify the emulsion by 95%. With a further increase in puri-
fication degree due to the use of chemical reagents, the water is contaminated with these
chemical reagents. That is disadvantage of this method. The root of reagent-free method
is to remove oil and oil products from the water by water settling out with the subse-
quent collection of oil by special devices: settling tanks, hydrocyclones, oil traps, etc. The
main disadvantage of these apparatuses is a low degree of separation of water-oil emul-
sions (Diederen et al., 1998, Kou et al., 2019, Vanhoutte et al., 2011, Young et al., 1994,
Zeng et al., 2016, Zhou et al., 2010,). In some cases, it is advisable to use the membranes
for separation of water-oil emulsions (Babiker et al., 2019). However, if oil emulsions
contain the components that can form a precipitate on the surfaces, then the membranes
are very difficult to be used.

In order to improve the efficiency and to speed up the separation of water-oil emul-
sions, the authors developed several models of inserts, designed for continuously operat-
ing devices (settling tanks, separators), which are to be installed inside of these
apparatuses. The research tasks also included the evaluation of possibility of developed
inserts by experimental method to increase the efficiency of water-oil emulsion separ-
ation, to speed up its stratification, to determine the most effective rate ranges for each
insert model, as well as to analyze the process of emulsion separation when it directly
contacts with a certain model of insert.
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3 RESEARCH METHODS

The experimental apparatus (Figure 1) consisted of separator (Dmitriev et al., 2019) with
a cross-section of 60x60 mm with experimental inserts (Figure 2), valves for adjusting the flow
rates of light and heavy phases, samplers for determining the concentration of hydrocarbon
compounds after separation of emulsion, flowmeters LOUCHEN ZM FS300A G3/4” with an
error of £5% to calculate the rate of separated flows, tanks with a stirrer for remixing the separ-
ated emulsion and pump OASIS CRP 15/9 for feeding the emulsion into the separator.

In the course of experimental research, the following parameters were assumed to be con-
stant: ambient temperature #, = 20°C; water density p, = 998.2 kg/m®; coefficient of water
dynamic viscosity u, = 0.001003 kg/(m-s); density of oily hydrocarbon compounds p = 883 kg/
m?; coefficient of dynamic viscosity of hydrocarbon compounds x. = 0.0198 kg/(m's). The
concentration of oily hydrocarbons at the inlet of apparatus varied from 15% to 25%.

Various inserts were studied (Figure 2): a — insert with corrugated baffles, located at an angle
of 45°; b — insert with corrugated baffles, located at an angle of 135°; ¢ — insert with cross corru-
gated baffles. The depth of corrugations was equal to 10 mm. Along the entire length of plate,
the holes were executed with a diameter of 1 mm and a uniform two-way pace of 3.5 mm. The
holes were executed in such a way so that the sharp edges formed around them.

In the course of experimental research, the prepared emulsion was mixed in a tank by
means of stirrer and the separated emulsion was fed into the apparatus by means of pump.
When the tank was filled, the valves were opened to adjust the required flow rates of emulsion
components, which were measured by flowmeters and after that, the emulsion, separated into

Figure 1. Experimental apparatus: 1 — experimental insert; 2 — control valves; 3 — samplers; 4 — flowmeters
LOUCHEN ZM FS300A G3/4; 5 — tank for re-mixing of separated emulsion; 6 — pump OASIS CRP 15/9;
7 — experimental unit.

-
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Figure 2. Models of experimental inserts: a — insert with corrugated baffles, located at an angle of
45°; b — insert with corrugated baffles, located at an angle of 135°; ¢ — insert with cross corrugated baffles;
1 — direction of liquid flow movement inside of apparatus; 2 — corrugations.
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light and heavy phases, was again fed into the tank. The concentration of hydrocarbon com-
pounds at the outlet of apparatus was determined by the weight method. For this purpose, the
sampling was carried out (at least 3 times, every 30 minutes) by samplers, on the scales R-25
with an error of £ 0.05.

4 RESULTS

The results of experimental research are shown graphically in Figures 3-5. With an increase in
the emulsion flow rate, entering the experimental apparatus, the efficiency of extracting the
liquid oily hydrocarbon compounds from the emulsion decreases. This is due to the fact that
an increase in the input rate leads to an increase in the flow turbulence, resulting in a large
number of vortex points that prevent the separation of oily hydrocarbon compounds from the
emulsion. In order to intensify the processes of extraction of hydrocarbon compounds from
the emulsion, it is necessary to use various inserts that are located inside of apparatus, contrib-
uting to the stratification of multiphase emulsion, i.e. arrangement of flow structure, contrib-
uting to the separation of compounds with different than the water has density.

In the course of research, it was found that the greatest efficiency of separator is achieved when
using inserts with corrugated baftles, located at an angle of 45°. Such design increases the effi-
ciency of stratification of oily compounds from the emulsion due to the orientation of corrugated
surfaces, which shift the flow direction of lighter oily components against the water i.e. these com-
ponents move upwards inside of apparatus, thereby intensifying the stratification process.

It should be noted that when the corrugated baffles are located at an angle of 135°, the
emulsion separation efficiency is lower than when the baffles are located at an angle of 45°,
because the orientation angle of baffles is almost coincident with the emulsion flow direction,
that does not allow additionally affect the emulsion separation into different fractions. In the
case of cross-corrugated baffles, an unordered emulsion flow is observed, resulting in two sim-
ultaneous processes throughout the whole insert, i.e. separation and mixing of mixture that
leads to the lower efficiency.

The apparatuses without inserts provide the lowest efficiency of emulsion separation. This
is caused by lack of elements inside of apparatus for intensification of separation of oily
hydrocarbon compounds from the emulsion. The efficiency of extraction of liquid oily
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Figure 3. Dependency of liquid oily hydrocarbon compounds extraction efficiency from an emulsion,
having 15 % concentration of hydrocarbons in the original mixture, on the input rate with various experi-
mental inserts: / — without inserts; 2 — inserts with corrugated baffles, located at an angle of 45°; 3 — inserts
with corrugated baffles, located at an angle of 135°; 4 — inserts with cross corrugated baffles.
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Figure 4. Dependency of liquid oily hydrocarbon compounds extraction efficiency from an emulsion,
having 20% concentration of hydrocarbons in the original mixture, on the input rate with various experi-
mental inserts: / — without inserts; 2 — inserts with corrugated baffles, located at an angle of 45°; 3 —
inserts with corrugated baffles, located at an angle of 135°; 4 — inserts with cross corrugated baffles.
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Figure 5. Dependency of liquid oily hydrocarbon compounds extraction efficiency from an emulsion,
having 25% concentration of hydrocarbons in the original mixture, on the input rate with various experi-
mental inserts: / — without inserts; 2 — inserts with corrugated baffles, located at an angle of 45°; 3 — inserts
with corrugated baffles, located at an angle of 135°; 4 — inserts with cross corrugated baffles.

hydrocarbon compounds from the emulsion, with the concentration of them in original mix-
ture of not more than 25%, on average is equal to 89.2, 84.5, 79.8 and 59.8% — when using the
inserts with corrugated baffles, located at an angle of 45°, at an angle of 135°, inserts with
cross corrugated baffles and without inserts, respectively, at the input rate within the range of
0.047-0.08 m/s.

5 DISCUSSION

When extracting the liquid oily compounds from the emulsion, with 15% concentration of
them in the original mixture, the efficiency of apparatus on average was equal to 56.4, 86.8,
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82.1 and 75.8% — when using the apparatus without inserts, with inserts with corrugated baf-
fles, located at an angle of 45°, at an angle of 135°, and inserts with cross corrugated baffles,
respectively. With an increase in the emulsion flow rate inside of apparatus, the separation
efficiency decreased: when using the apparatus without inserts, an increase in the flow rate by
10% resulted in a decrease in efficiency by 52%; when using inserts with corrugated baffles,
located at an angle of 45°, an increase in the flow rate by 25% decreased the separation effi-
ciency by 32%; when using inserts with corrugated baffles, located at an angle of 135°, an
increase in the flow rate by 20% decreased the separation efficiency by 42%, when using inserts
with cross corrugated baffles, an increase in the flow rate by 11% decreased the separation
efficiency by 41%. The highest efficiency of emulsion separation was equal to 69.1, 98.5, 98.2
and 92.5% — when using an apparatus without inserts, with inserts with corrugated baffles,
located at an angle of 45°, at an angle of 135°, and inserts with cross corrugated baffles,
respectively (Figure 3).

When extracting the liquid oily compounds from the emulsion, with 20% concentration of
them in the original mixture, the efficiency of apparatus on average was equal to 59.5, 89.5, 83.5
and 79.2% — when using the apparatus without inserts, with inserts with corrugated baffles,
located at an angle of 45°, at an angle of 135°, and inserts with cross corrugated baffles, respect-
ively. An increase in the emulsion flow rate inside of apparatus on average by 0.006 m/s resulted
in a decrease in the emulsion separation efficiency on average by 33.8%. An increase of liquid
oily hydrocarbon compounds concentration in the emulsion from 15 to 20% led to an increase
in the separation efficiency on average by 2.7% (Figure 4).

When extracting the liquid oily compounds from the emulsion, with 25% concentration of
them in the original mixture, the efficiency of apparatus on average was equal to 63.5, 91.4, 87.9
and 84.3% — when using the apparatus without inserts, with inserts with corrugated baffles,
located at an angle of 45°, at an angle of 135°, and inserts with cross corrugated baffles, respect-
ively. An increase in the emulsion flow rate inside of apparatus on average by 0.008 m/s resulted
in a decrease in the emulsion separation efficiency on average by 31.8%. The highest efficiency
of emulsion separation was equal to 79.5, 99.8, 99.5 and 91.7% — when using the apparatus with-
out inserts, with inserts with corrugated baffles, located at an angle of 45°, at an angle of 135°,
and inserts with cross corrugated baffles, respectively. An increase of liquid oily hydrocarbon
compounds concentration in the emulsion from 20 to 25% led to an increase in the separation
efficiency on average by 4.9% (Figure 5).

6 CONCLUSIONS

The conducted research shows that in order to intensify the processes of extracting the liquid
oily compounds from emulsions, various inserts, increasing the efficiency of apparatus at least
by 17% in comparison with the apparatus without any inserts, shall be used. In the course of
research, it was found that the most effective are the inserts with corrugated baffles, located at
an angle of 45°, providing the most qualitative process of emulsions separation as a result of
inhibition of liquid oily components by the surfaces of corrugations, moving upwards inside
of apparatus due to a lower density than the water has. An obligatory requirement for achiev-
ing the highest possible efficiency of emulsion separation is to provide the relatively low flow
rates. The highest efficiency of emulsions separation with a concentration of liquid oily hydro-
carbon compounds in it within the range of 15-25% was on average equal to 73.1, 98.7, 99.1
and 94.3% — when using an apparatus without inserts, with inserts with corrugated baffles,
located at an angle of 45°, at an angle of 135°, and inserts with cross corrugated baffles,
respectively at minimum flow rates, which correspond to the following values: for an appar-
atus without inserts — 0.047 m/s, inserts with corrugated baffles, located at an angle of 45° —
0.057 m/s, inserts with corrugated baffles, located at an angle of 135° — 0.055 m/s, inserts with
cross corrugated baffles — 0.049 m/s. The advantages of apparatus are high efficiency of liquid
oily hydrocarbon compounds separation from emulsions, design simplicity, minimum capital
and operating costs.
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ABSTRACT: This article discusses existing methods for increasing the efficiency of pipeline
transport of viscous oils. In more detail, the authors considered a method for transporting vis-
cous oil using various additives. It is known that the rheological properties of oil are the basic
initial data for the selection of a rational method of transportation. In this regard, an analysis of
rheological models of viscous fluids is presented. Also, this paper considers the calculation of the
effectiveness of the use of additives and their influence on the rheological properties of viscous
oil. Taking into account the parameters of the studied pipeline, an anti-turbulent additive was
chosen. This additive reduces the coefficient of hydraulic resistance and increases the throughput
of the pipeline. The results of experimental studies of the rheological properties of viscous oil are
presented. Based on the results of the experiments, the authors obtained the dependence of the
shear stress on the shear rate in the temperature range of 10-30 °C at different concentrations of
the additive used and without it. Taking into account the obtained dependences, conclusions
were drawn about the presence of non-Newtonian properties in the investigated oil. In addition,
an analysis is made of the change in the rheological model when the concentration of the additive
and the temperature of the transportation change. Based on the results of the studies, the authors
performed the selection of the optimal pumping regime for the investigated oil.

1 INTRODUCTION

Currently, the issue of increasing the efficiency of pipeline transport of viscous and high-
viscosity oils is discussed in the works of many scientists.

The rheological properties of hard-to-recovery oil are the main initial data for the solution
of design and operational tasks in field development and further pipeline transport. In this
regard, the task of studying the rheological properties of high-viscosity oil is topical.

For the correct choice of technological regimes of various processes of extraction, transpor-
tation and processing of oil, it is necessary to know the rheological properties of the oil, as
well as oil products and working fluids involved in these processes (Martinez-Palou, 2011).

For the efficient pumping of viscous oil, several basic methods are used (Hart, 2014):

* oil heating;

+ using of hydrocarbon diluents;

* hydrotransport;

+ construction of loopings and inserts;

* increasing of the number of pumping stations (PS) along the pipeline;
 Increasing of the station capacity;

» Using of additives.
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Figure 1. Head capacity curve of the pipeline, transporting oil with the anti-turbulent additive at vari-
ous concentrations and without it.

The most common method for transporting viscous oil by pipelines is to pump preheated
oil. This method consists in preheating oil before the enter to the main oil pipeline. Then oil
heating stations are installed on the route at a certain distance, where the oil is heated (Niko-
laev. 2016).

Previously, the authors conducted studies on the use of the M-FLOWTREAT grade C anti-
turbulent additive in sections of a pressure oil pipeline (Nikolaev et al. 2019).

According to the results of the study, the head-capacity curves of the pipeline pumping oil
without additives and with an additive concentration of 10, 20 and 30 g/t were obtained
(Figure 1).

In this paper authors provided theoretical and experimental studies of methods for trans-
porting high-viscosity oil. They also got necessary rheological dependencies and calculated
effectiveness of using additive.

2 METHODOLOGY

The rheological properties of oil are the main source data for solving design and operational
problems in the development of the field and further pipeline transport.

The initial data is a pipeline, the route of which runs under conditions of water-flooded and
marshy area and eternal congelation along the territory of the Yamalo-Nenetskiy and
Khanty-Mansiisk Autonomous District of the Tyumen Region. In addition to the Arctic cli-
mate, the construction area is characterized by unique geological and hydrological conditions.
It is not rational to increase throughput only by heating, in order to avoid environmental
impact (Nikolaev et al. 2018). In this regard, the authors have suggested the use of additives.
An analysis of the using the various additives in domestic and foreign practice was made.

The additives used by the type of commodity form. We can divide additives into two
groups: dispersion and gel (Muratova. 2014).

Additives of the first type are a suspension of the polymer in various liquids that do not
enter into a chemical reaction with it. Alcohols, glycols and their esters are usually used as
such liquids. The content of the active polymer in these additives reaches 25%. Such anti-
turbulent additives include Necadd 447, Liquid Power, FLO XL, FLO MXA, M-FLOW-
TREAT, Alfacauchuk-S, Koltek PTN 3170, TurbulentMaster 8010.

Gel additives (CDR 102, FLO, Necadd 547, Viol, X-PAND, HIPR) are made in the form
of a polymer solution in any hydrocarbon liquid (gasoline, kerosene, etc.). The active polymer
in such additives contains about 10%.
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The use of gel additives is especially beneficial for pipelines, where the processes of speed of
their dissolution are important. These can be short pipelines of offshore fields, loading and
shipping terminals.

Recently, work has been underway on the development and implementation of suspension-
emulsion additives, designed for use in oil and gas production in field pipelines.

Due to the variety of physicochemical properties of the pumped oil and oil products
through pipeline systems, in each case the use of chemical reagents is an individual feature of
the pipeline.

Taking into account the parameters of the studied pipeline, an anti-turbulent additive was
chosen, which reduces the coefficient of hydraulic resistance and increases the throughput of
the pipeline (Avksentiev. 2017, Khudyakova et al. 2018).

The effectiveness (%) of anti-turbulent additive in a stationary mode of operation of the

pipeline (Nikolaev et al. 2018):
| AP ()T ()" 100% (1)
APy \Qy vy ‘

where f and 0 correspond to the flow of crude oil with and without additives; AP =
friction pressure loss, kg/cm? Q = volume flow rate, m*h; v = kinematic viscosity with
average temperature, m?c; m = criteria of flow mode. Turbulent in zone hydraulically
smooth pipe m = 0,25, zone of mixed friction m = 0,123.

One of the main tasks of rheological research is to determine the correlation between the
forces acting on the investigated fluid and the deformations caused by these forces.

Fluids called Newtonian are described by the following equation:

DR =

T=p ©

where 1 = the shear stress, Pa; i = the coefficient of dynamic viscosity, Pa c; j = the velocity
gradient, ¢!

The hypothesis of linear correlations between shear stresses and the velocity gradient pro-
posed by Newton is not valid for all liquids.

Liquids whose rheological behavior differs from the equation are called non-Newtonian.
Non-Newtonian fluids are divided into three groups (Mirzajanzade. 1999, Rogachev. 2000):

1. nonlinearly viscous fluids (shear stress is a nonlinear function of shear rate);

2. liquids with unsteady rheological characteristics (the functional relationship between shear
stress and shear rate depends on the time or process history);

3. viscoelastic fluids (exhibit elastic restoration of shape after stress relief).

The studied oil sample can be attributed to nonlinearly viscous liquids.
A general classification of rheological models of nonlinearly viscous fluids proposed by
various researchers was given in (Mirzajanzade. 1999.).

3 RESULTS AND DISCUSSION

Experimental studies were carried out at the Center for Engineering Surveys (Mining Univer-
sity), on a Kinexus ultra + rotational rheometer. The principle of operation of the Kinexus
ultra + rotational rheometer is to apply an adjustable shear strain to the test sample in order
to measure the flow properties.

As a result of experimental studies, the main rheological dependencies were obtained. The
obtained dependences show the presence of non-Newtonian properties in oil transported with-
out additives (Figure 2) and in oil samples transported with an additive of 20 g/t (Figure 3) in
the temperature range 10-30 °C.
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Figure 3. The dependence of shear stress on shear rate with an additive concentration of 20 g/t.
During data processing the authors obtained the following dependences for a sample of oil
transported without the use of an anti-turbulent additive:

Sample heating to 10°C:
r = 13,8637%3%%7 (3)

Sample heating to 15°C:
r=12,5""% (4)
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Sample heating to 20°C:

T =10, 19773161 (5)
Sample heating to 25°C:

7 = 8,4988;"3168 (6)
Sample heating to 30°C:

r=1,75895%%85 (7)

According to the results of dependences (3-7) and according to the data in Table 1, the oil
corresponds to the Ostwald - de Waal model. During the pumping oil without using an addi-
tive, the oil sample belongs to nonlinearly viscous liquids and shows the presence of non-
Newtonian properties when heated to 30 °C.

During data processing, authors obtained the following dependences for oil sample trans-
ported with an anti-turbulent additive with a concentration of 20 g/t.

Sample heating to 10°C:

T =7,76217%33 (8)

Sample heating to 15°C:
r=0,09317 40,8074 9)

Sample heating to 20°C:
7=0,0435) 40,0241 (10)

Sample heating to 25°C:
7=0,0318) 40,0372 (11)

Sample heating to 30°C:
r=10,0232y + 0,0183 (12)

According to the obtained dependence 8 and the data of Table 1 the oil corresponds to the
Ostwald - de Waal model. According to the obtained dependence of 8, the oil corresponds to
the Shvedov-Bingham model. But we can notice that it has a transitional form. According to
dependences 9-12, it is clear that when transported with an additive of 20 g/t and when heated
to 20 °C, oil acquires Newtonian properties.

Table 1. The results of calculating the effectiveness of anti-turbulent additive «M-FLOWTREAT»
brand C.

Rate of addi- Output pressure, Inlet pressure, Volume flow Effectiveness Increase in

Stage tive, g/t kgf/cm? kgf/cm? rate, m*h DR, % capacity, %
1 - 63.8 2.8 535.00 - -

2 10 63.7 2.4 610.24 21.59 14.06

3 20 53.9 3.2 700.50 49.86 30.93

4 30 47.7 2.6 734.79 59.08 37.34

4 CONCLUSION

Based on the results obtained during the studying of viscous oil samples at various concentra-
tions of additive from 0 to 20 g/t and heating oil samples from 10°C to 30°C, the following
conclusions and recommendations can be made:
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At a certain content and temperature of oil, its properties change slightly. Therefore,
increasing the cost of regulation of the temperature and the content of the additive is not
rational, because efficiency during pumping does not change significantly.

With an increase in additive concentration and temperature, oil with non-Newtonian prop-
erties begins to correspond to the model described by Newton.

The optimal mode for pumping this oil is pumping at 20 °C with an additive concentration
of 20 g/t. Moreover, increasing in additive concentration will not lead to efficiency
improvement.
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ABSTRACT: Research is devoted to the development of formulations detergent for drilling
muds in order to reduce the adhesion of clay particles to drill pipes while deepening complex
sections of the trajectory of a directional well in the intervals composed of clay rocks. Three
types of glycerol-based additive composition with the addition of emulsifiers and water repel-
lents were investigated in various concentrations in the range of 0.5 - 2%. As a result of com-
plex studies which including measurements of the rheological parameters of drilling fluids and
bench tests on the model according to the methodology presented in the report, the optimal
formulation of detergent was determined. The best results were determined for the additive at
a concentration of 1% for all test samples of the presented drilling fluids. The effectiveness of
the detergent is estimated in the mass reduction degree of oil seal which formed on the simula-
tor. It amounted to 65-71% in the experiments.

1 INTRODUCTION

The main part of graphic log in Russia (especially Western Siberia) is made up of plastic
rocks, in the total mass of which prevail clays. Drilling rocks of this kind with water-
basedmuds is often accompanied by various complications, such as bit balling leads, column
tacking. Oil seal formation is the process of sticking of soft sticky rocks (usually clays) on the
cutting edges of the bit, which leads to their temporary inefficiencies on the elements of the
drill string in the places of transition from a large diameter to a smaller one (Guseynova et al.
2016). This process leads to a decrease in the rate of penetration, an increase in the forces of
resistance to movement of the tool in the well, the occurrence of talus and rockfall due to the
effect of pistoning at lifting the drill string with the oil seal (Nikolaev et al. 2014; Idress et al.
2020). The cause of oil seal formation is insufficient breed inhibition, in particular hydration
and drilling of granular highly permeable formations.

Resistance forces to tool movement in wells largely depend on the quality of the drilling
fluid and, above all, on the level of its antifriction and adhesive properties (Durkin et al. 2013;
Petrov et al. 2015). It should be noted that the worsening of the structure, thixotropic and
rheological properties of the drilling mud causes the bit balling. In this case, the bit balling
leads to an increase in uncontrolled hydrodynamic pressures in the wellbore and possibility of
oil and gas shows and hydraulic fracturing (Morenov et al. 2017; Petrov et al. 2015). In this
regard, relevant is the development of formulations detergent and lubricant additives to
reduce friction between the borehole walls and the drill string and to reduce bit and elements
of the bottom hole assembly balling (BHA) (Alsaba et al. 2017; Nikolaev et al. 2016).
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Currently, research is underway in the field of lubricating and anti-oil additives. There are Rus-
sian and foreign production. For example, SONBUR manufactured by CJSC “PETROCHEM
EXPERIMENTAL PLANT” (Russia), K-LUBE (KEM-TRON INC, USA), TORQ-TRIM II
(Halliburton), OPTIBUR (“BURINTEKH?”, Ltd, Russia). All of these anti-oil additives are suc-
cessfully used in production, but they all have approximately the same component composition.
A distinctive feature of the developed detergent is the replacement of an water base with glycerin
(anhydrous), which currently has no analogues in the production of additives for drilling fluids.

Three types of additive compositions (COMPOSITION 1, COMPOSITION 2, COMPOS-
ITION 3), each of which consists of glycerol (glycerol) C3HS(OH)3, monoalkyl ether of poly-
ethylene glycol based on fatty acid with the addition of oxyethylene and monoalkylamine in
different volume fraction, were studied in order to solve the task of developing formulations
of detergent additives for drilling muds. To determine the effectiveness of the fight against bit
balling, these COMPOSITIONS (1-3) in concentrations of 0.5-2.0% were added to the basic
drilling muds. Further measurements of rheological parameters and comparison of bench
tests on the model were made. It was carried out to find the best additive composition in the
muds at which the mass reduction degree of oil seal will be noticed.

2 MATERIALS AND METHODS

Together with the company “Service Center SBM” for the experiment, a technique was devel-
oped that simulates the process of the bit balling leads. A laboratory stirrer was used as the
basis for an experimental setup in which the standard polished rod with blades for mixing the
solution was replaced with an unpolished steel rod of equal diameter (the layout and appear-
ance of the stirrer are shown in Figure 1 a, b).

This was done in order to bring the experimental conditions closer to real ones, since drill pipes
and BHA elements have a higher roughness than polished metal parts of laboratory devices (Bula-
tov 1977; Ganjumyan et al. 2000; Kalinin 2008). The rod is wetted with the solution while it is in
it for 5 minutes before the start of the experiment. The rod rotates in a solution with a frequency
close to standard conditions of rotation of a drilling tool with rotary drilling - 50 rpm.

Installation elements simulate a well with a diameter D, a drill string with a diameter d;,
a calibrator with a diameter ds. In this case, these values will accordingly have values D = 40 mm,
d; = 20 mm, d> = 30 mm, taking into account the proportional reduction of the actual dimensions.

i by
Figure 1. Scheme and type of experimental setup.
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The choice of the calibrator as the bottom element of the BHA is due to a small difference in its
diameter with the bit and a large role in the danger of the formation of an oil seal in the transition
zone from the calibrator in the drill string. The cavernosity coefficient is 1.3 (Idress et al. 2020).

The application of this technique makes it possible to see the process of the bit balling leads
during the rotation of a metal rod in the test drilling mud. Researches were carried out using
a polymer solution.

3 RESULTS AND DISCUSSION

The grade of clay powder for COMPOSITION 1 was selected after a comparative analysis of
the ability of clay powders of various grades to form an oil seal in a polymer solution, as well
as taking into account the availability of material (Litvinenko 2007; Chubik 1999; Leusheva
et al. 2017). We also recommend the use of dried clay sludge obtained from the interval in
which intensive an oil seal is observed.

For example, consider research conducting with COMPOSITION 2. Pour 350 grammes
a polymer solution into a 500 ml glass, then use a paddle stirrer with a stirring speed of 100-
150 rpm and add the detergent reagent gradually to the solution. Mixing is carried out until the
component is completely dissolved. Then 42 grammes of clay powder is gradually dispersed
into a glass at a stirring speed of 400-500 rpm. It is necessary to ensure that the minimum
amount of clay is dispersed on the mixer blades when dispersing. Dispersion is carried out
within 10-12 seconds. Next, pour the suspension into metal cups into which the rods are
lowered for subsequent rotation at a speed of 50 rpm. An oil seal is formed within 20 minutes
then the rod is washed in distilled water for 20 minutes. Weigh the rods, calculate the average
weight of the oil seal in 3 parallel experiments. The effectiveness of the reagent is determined by
reducing the weight of the oil seal in comparison with a dummy experiment (without additives).

The optimal formulation of the detergent additive was determined as a result of comprehen-
sive researches which included measurements of the rheological parameters of drilling fluids
and bench tests on the model according to the presented methodology. The best results were
determined for the additive COMPOSITION 2 with a concentration of 1%.

The graphs (Figures 2-5) show the correlation between two values: the degree of decrease in
plastic viscosity and mass reduction degree of oil seal for: gypsum-lime drilling mud, clay drill-
ing mud, biopolymer saline inhibited mud, non-clay mud. Detergent additive COMPOS-
ITION 2 was introduced into all samples at concentrations of 0.5-2%.
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Figure 2. The effect of additives on the reduction the bit balling leads and changes in the viscosity of
gypsum-lime mud.
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The criterion for the success of detergent additives is the achievement of an effect in which
mass reduction degree of oil seal is reduced by more than 50%. An increase in the content of
introduced additives of more than 1% does not have a noticeable effect on the elimination of
oil seals on BHA elements. The zones of dependence of the change in mass of oil seal with the
introduction of additives for each solution are highlighted in green in Figures 2-5. Researches
have shown a mass reduction degree of oil seal with the introduction of additives by 67-71%
and a decrease in plastic viscosity - up to 15%.

4 CONCLUSION

The use of a new detergent additive leads to a decrease in oil seal formation on the elements
(BHA) and bit due to a decrease in the adhesion of clay particles to metal surfaces. This deter-
gent additive improves the rheological properties of the drilling fluid and increases the lubricating
properties. A regulation has been developed for regulating the technological properties of the
system on the basis of the studies as well as a draft instruction for the use of detergent additives.
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ABSTRACT: This article describes the analysis of the stress-strain state of the tank taking
into account bottom sediments of oil products and the influence of the temperature of the oil
product and the environment using the Ansys software package. Effects that oil product has
separately and oil product with bottom sediments have on a stress-stain state are compared.
Oil products having different temperatures of 20, 30, 40, 50 °C are examined in different
series. Calculations at various ambient temperatures (-60, -50, —40 °C; -20 °C; 0 °C; +20 °C;
+40 °C) are presented in each series. Different densities of oil product and bottom sediment
were considered. Based on the analysis of the stress-strain state using finite element modeling
on the example of a vertical steel tank, it was shown that the stresses in the zone of the miter
weld, as well as in the places of installation of the receiving-distributing branch pipe and the
manhole, are maximum. It is in these zones that the influence of bottom sediment and tem-
perature is significant, since they form local elevated stress zones, which increase significantly
when the walls are thinned.

1 INTRODUCTION

The subject of this work is vertical steel tank of the PBC series, and bottom sediments which
can appear during normal operation.

Actuality of the work is dictated by absence of scientific research on the theme and by need
in increasing reliability, efficiency and safety of oil tank operation.

The study is aimed on testing the following hypothesis: temperature of the bottom sediment
affects the stress-stain state of a steel tank; more accurately, the higher change in temperature
of a bottom sediment is, the greater stress values are observed in the wall of the tank. This
statement is based on the fact that the density of a liquid depends on its temperature. More-
over, temperature stresses appear when the metal wall is heated by bottom heaters of
a reservoir. However, it is unclear whether these phenomena can lead to serious consequences,
up to reservoir destruction, and is there a significant interplay between temperature changes
and the presence of bottom sediments.

The theme of this study is new and is uncovered in previous works. There are a number of
studies related to stress-stain study of a steel tank in correlation with cyclic operation loads
(Prokopov & Tkachyova., 2015), in correlation with temperature changes (Kuzeev et al., 2013).

The first work considers the same oil tank series as in the current study, but with a different
volume, and uses finite element method. Results show influence of loads on the bottom part
of the tank and especially its foundation. The second work shows the stress in the zone of
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a nozzle using the same finite element method. However, none of these studies consider the
affect that bottom sediments can have on a stress-stain state of a tank.

The only work on the theme is made by the authors of this work. Authors have been doing
research on the theme for quite a long time, and have articles published (Sultanbekov et al.,
2019). In this work temperature changes are greater; moreover, environment temperature is
also taken into account. The previous work did not take this aspect into consideration.

In this article authors model the stress-stain state of a vertical steel tank in ANSYS software
package, figure out the value of stresses in the wall in different temperatures, make conclusion
about connection between stress level and sediment temperature.

2 THEORY AND METHOD

2.1  Theoretical background

Tanks for oil and oil product storage are one of the main technological objects of oil depots
and trunk oil pipelines (Sherstobitova et al., 2008). The ecology of the area where tank farms
and human safety are located depends on their reliability. Ensuring the required level of reli-
ability of the steel vertical cylindrical tank is carried out at the operation stage. In case of tank
accidents, oil products pollute adjacent territories and water basins (Bykova et al., 2019). The
economic damage from accidents involving leakage of petroleum products includes not only
direct losses, but also the costs of environmental measures to restore the environment, as well
as the costs of replenishing the stock of petroleum products.

Modern regulatory documents, (GOST R 52910 - 2008) do not establish the maximum ser-
vice life of tanks. Tank dismantling is done only according to the results of a diagnostic exam-
ination - instrumental and calculated (Kuzeev et al., 2013). The tank is a vertical shell with
a bottom; however, the presence of geometric features significantly changes the symmetry of
the structure, the distribution of stresses and strains in local zones, which is difficult to take
into account when performing analytical calculations.

Thanks to the use of software systems for finite element calculations, such as Ansys, it
becomes possible to determine the most dangerous zones and predict the stress-stain state (SSS)
during operation, taking into account additional factors. One of such is bottom sediment, which
is formed during storage and mixing of oil products (Sultanbekov & Nazarova, 2019). Especially
active sedimentation is observed when different types of residual oil products are mixed due to
their incompatibility (Mitusova et al., 2018). Sedimentation occurs due to imbalance and instabil-
ity of fuels, when the amount of aromatic hydrocarbons decreases, so the proportion of paraffin
and asphaltenes in the mixture increases (Kondrasheva et al., 2019). Cases of “incompatibility”
during the mixing of petroleum products are associated with the emergence of strong intermo-
lecular interactions caused by changes in the structural group composition and the mutual ratio
of the concentrations of high molecular weight compounds of petroleum products (Karimov &
Mastobaev, 2012), which leads to the formation of molecular associates, bulk colloidal particles
of various shapes and structures (Kondrasheva et al., 2018). The problem of “incompatibility” of
oil products is extremely urgent, since due to the precipitation of sediment on the tanks during
operation, the useful volume decreases and the need to clean the tanks arises, and when mixing
fuels because of the “incompatibility”, the quality of the whole product deteriorates in the first
place, the subsequent use of which increases the risk of equipment wear (ISO 8217, 2017).

When there is a big temperature difference, especially in zones of extremely low temperat-
ures, the problem of reservoir operation is quite important (Y Uhtorov et al., 2018). Such con-
ditions can be found in some northern regions, in the Arctic zone. Tank’s wall metal is
exposed to greater loads, and this fact should be taken into consideration during tank design
to ensure its safe and reliable operation (Bondarev et al., 2017).
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2.2 Method

To determine the effect of bottom sediment, mainly consisting of asphaltene-tar paraffin
deposits, on SSS diagram, we consider vertical steel tank PBC-20000, which stores a mixture
of residual fuels of the RMK-700 grade with a density of 958 kg/m3 at 15 °C and has
a viscosity of 550 sSt at 50 °C. Liquid surface height is 12 meters, the material of the tank is
Steel 3. There is a fixed roof, the weight with the equipment installed on it is 10,000
N. Laboratory tests of viscosity were performed using a Stabinger SVM 3000 laboratory
instrument, and Anton Paar DMA 4100 M equipment used to measure density. The results
are shown in Table 1.

The reservoir model was created and the tank SSS calculations were performed in the Ansys
software package, taking into account the stored residual fuel and total sediments at
a temperature of 20 °C (Figure 1).

Table 1. Density of the residual fuel and total sediment depending on the measurement

temperature.

Temperature, °C Total sediment, kg/m3 Residual fuels RMK-700, kg/m3
15 1090.0 958.0
20 1087.2 954.8
25 1084.4 951.6
30 1081.5 948.4
35 1078.7 945.1
40 1075.9 941.9
45 1073.0 938.7
50 1070.2 935.4
55 1067.4 932.2
60 1064.5 928.9
65 1061.6 925.7
70 1058.8 922.4

Figure 1. SSS of a reservoir without bottom sediment, 20 °C.
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Figure 2. SSS of a reservoir, 1,3 meter of bottom sediment, 20 °C.

In the absence of sediments, the maximum stresses of 126 MPa are observed in the zone of
the masonry weld, as well as in the places of installation of the dispensing nozzle and
manhole.

Another calculation is made with bottom sediment with a height of 1.3 meters. The density
of sediments is 1090 kg/m* at 15 °C. (Figure 2).

Attention should be paid to an increase in the maximum stresses created by the
liquid column. Unaccounted stress in the metal can lead to negative consequences,
especially under bad circumstances. Especially when you consider that the tank is
loaded cyclically, and metal failure may occur earlier than anticipated. Especially when
you consider that the tank is loaded cyclically, and metal failure may occur earlier
than anticipated.

The ambient temperature changes, so does the magnitude of the stresses in the tank
wall. This is due to the thermal expansion of the metal. Bottom sediments also affect
the stress experienced on the tank wall. So, with a large temperature difference, the max-
imum stress in the metal can exceed the yield strength, which leads to the destruction of
the tank.

Several series are to be calculated. Let the fluid in the tank be heated, its density and tem-
perature are constant during one series. Totally there are four series for each temperature of
the stored product — 20, 30, 40, 50 °C. Calculations for different ambient temperatures (-60,
-40, -20, 0, 20, 40 °C) are made in one series.

2.3 Product’s temperature is 50 °C.

Results are shown on Figure 3. Calculation is present for six different ambient temperatures
and the same product temperature, which is constant and is 50 °C.

As expected, maximum stress values are obtained with greater temperature difference, and
are located in the zones of nozzle and manhole. As the temperature gets higher, stress is
lowered at first and gets bigger then, but its distribution is almost the same. Points of max and
min values in these cases differ because of low mesh resolution due to free license limitations.
Results of calculations are in the Table 2.
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Figure 3. SSS of a reservoir, 1.3 meter of bottom sediment, different ambient temperatures, product at
50 °C.

Table 2. Stress depending on the temperature, product at 50 °C.

Ambient temperature, °C Maximum stress in a wall, Mpa
-60 444
-40 336
-20 227
0 159
20 129
40 177

2.4 Series representing product at 40 °C

As well as in the previous set of calculations, product temperature is constant while ambient
temperature is changing. SSS remains almost the same while values change dramatically
(Figure 4).

Slight increase in stress due to increased densities of product and sediment is worth
mentioning.

Results are shown in the Table 3. Some values representing stress in nozzle or man-
hole (the bigger one) are shown separately. Theoretically such different values are caused
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Figure 4. SSS of a reservoir, 1.3 meter of bottom sediment, different ambient temperatures, product at
40 °C.

Table 3. Stress depending on the temperature, product at 40 °C.

Maximum stress in nozzle or

Maximum stress in a manhole, MPa (if differ from the

Ambient temperature, °C wall, MPa other parts)

-60 445

-40 336

-20 228

0 105 157

20 124 159

40 133 239

by low-resolution mesh rather than actual load on the part. It can be understood while
closely examining the results: only one mesh node has such great values.

2.5 Series representing product at 30 °C

The same as above. Calculation results are shown on Table 4.
Stress measured in manhole and nozzle zones doesn’t necessarily represent actual stresses in
a real reservoir. Calculation results are shown in Table 4.
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Table 4. Stress depending on the temperature, product at 30 °C.

Maximum stress in a Maximum stress in nozzle or manhole,

Ambient temperature, °C wall, MPa MPa (if differ from the other parts)
-60 446

-40 337

-20 229

0 106 158

20 125 160

40 133 240

Table 5. Stress depending on the temperature, product at 20 °C.

Maximum stress in a Maximum stress in nozzle or manhole,

Ambient temperature, °C wall, MPa MPa (if differ from the other parts)
-60 447

-40 337

-20 229

0 107 159

20 126 162

40 135 242

2.6 Series at 20 °C

In previous cases the product was heated. Now let’s consider the situation without heating.
Product density reaches its maximum, so the highest values of stress are expected.

As expected, stresses are mostly to the thermal expansion of wall metal. The most danger-
ous points are again the nozzle and the manhole. Stress values change while the distribution
remains the same. Results are shown in Table 5.

3 CONCLUSIONS

As a result of the analysis of the stress-strain state of the tank, taking into account the oper-
ational loads of the reservoir models, it was established that the stress in the casing increases
during the operation of the reservoir.

Analysis of SSS using finite element methods showed that with active sedimentation and an
increase in the temperature of the stored product, an increase and redistribution of stresses
occurs in the lower zone. Also, calculations of the influence of ambient temperature and
bottom sediment on SSS showed the highest stresses in the lower zone at the most negative
values, namely -60 C. As a result, stress concentration zones arise that are located directly in
the zone of the weld seam and in the places of installation of the receiving-distributing branch
pipe and manhole, which are not taken into account when calculating by standard methods.
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ABSTRACT: Analysis of lignosulfonate drilling reagents showed that the reagents based on
modified lignosulfonates, that is ferrochrome lignosulfonates (FCLS) are part of most drilling
fluids. However, the content of toxic chromium (2.0-3.5% wt), high bottomhole temperatures
(150-190°C), as well as a decrease in the volume and quality of sulfite lignosulfonate, which is the
main source of raw materials, limits the possibility to use them. To obtain an effective drilling
reagent capable of regulating the properties of the drilling fluid, the basic method for modifying
the neutral sulfite lignosulfonate to produce drilling reagents with high qualitative characteristics
has been improved - the liquefaction index is up to 60%, the filtration index is 6.0-6.5 cm>/30 min,
the nominal viscosity is 24 s, and to increase the stability and resistance of the washing (drilling)
liquid to temperature aggression, additional modifiers containing phosphonic compounds are
introduced.

Keywords: sodium lignosulfonate, neutral sulfite liquor, modification, phosphonic com-
pounds, drilling reagent, infrared spectroscopy (IR spectroscopy), X-ray fluorescence (XRF)

1 INTRODUCTION
In drilling, a group of reagents based on lignosulfonates is widely used, i.e. oxidized and chro-

mium-substituted lignosulfonate (oxyl), ferrochrome lignosulfonate (FCLS), spent sulfite-
alcohol liquor (SSAL), sulfite yeast mash (SYM), condensed spent sulfite-alcohol liquor
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(CSSAL), etc. The main disadvantage of these reagents is the weak effect under conditions of
high bottomhole temperatures.

Acrylic polymers, in particular, gipan, metas, K-4, M-14, Lacris-20, and others, are very
resistant to heat. However, their use is not always effective because of their instability to poly-
valent metal salts, for example, to the effect of calcium ions; the high cost of imported macro-
molecular substances and the scarcity of domestic ones (the needs for polymer reagents are
satisfied only by 40-50%) (Komkova, 2011).

Tretyak A.Ya. proposed a drilling fluid containing 0.5-2.0% carboxymethyl cellulose, dex-
trin crumb, which is a mixture of hydrocarbons formed during the hydrolysis of potato and
maize starch 0.5-3.0% and water (Pat. RF 2038362, 1995). Dextrin crumb is a colmatation
filler, and the rest of the solution is very sensitive to polysalt mineralization, so the use of this
solution is limited, it can be used only in fresh systems.

The same author proposed the composition of the solution containing 0.5-3.0% dextrin
groats, 0.5-2.0% CMC, 0.1% sodium hydroxide and water (Bulatov et al., 1999). The presence
of caustic soda creates an increased pH value of the medium (up to 14), which limits their use
under conditions of using aluminum pipes and adversely affects the stability of the borehole
walls (Kulyashova, 2016).

An analysis of the papers of domestic and foreign researchers showed that the most optimal
stabilizing reagents for mineralization conditions and high temperatures may be linear poly-
meric substances containing non-ionic functional groups that provide optimal adsorption on
the solid phase (Komkova, 2011).

A method of obtaining a reagent for processing drilling fluids (Levik, 1982) is known,
including the oxidation of spent sulfite-alcohol liquor with alkali metal dichromates, followed
by condensation, where the oxidation and condensation being carried out for 1-2 hours at 20-
30°C at pH 6.0-6.5 of the initial raw mixture in the presence of fatty acids of vegetable oils.
The disadvantage is that due to high pH and reaction medium dilution, a low degree polycon-
densation reagent is formed and as a sequence of this, with lower stabilization efficiency and
reduced filtration of drilling fluids. In addition, the reagent is used in overdosages.

A method of obtaining a reagent is also known (Pat. RF 2152419, 2000), which is constant in
composition and qualitative characteristics, with high performance properties, obtained by poly-
condensation of lignosulfonates with formaldehyde and a co-condensing agent in an aqueous
medium with an acid catalyst when heated, followed by neutralization of the reaction mass with
alkali metal hydroxides, characterized in that polycondensation is carried out stepwise: initially,
lignosulfonates interact with formaldehyde, then into the reaction mass a co-condensing reagent
is introduced and additional polycondensation is carried out, and the neutralized reaction mass
is dried. The disadvantage of this production method is that it is proposed to use highly toxic
phenol, phenolsulfonic acid, etc., as a co-condensing reagent, which increases the environmental
risks when using this drilling reagent.

In the structure of lignosulfonates, there are active centers capable of entering into the poly-
condensation reaction (of the phenolaldehyde type) with the enlargement of the starting sub-
stances (Bulatov et al., 1999). This leads to an increase in the antifiltration and
thermostabilizing properties of condensed lignosulfonates as reagents for drilling fluids. Con-
densed lignosulfonates are obtained, for example, by their interaction with formaldehyde in
an aqueous medium when heated with an acid catalyst (Badikova, 2014). The disadvantage is
condensed lignosulfonates (CSSAL) are ineffective in the presence of sodium chloride and at
high temperatures (Pat. RF 2098447, 1997).

Lignosulfonate macromolecules are disordered, branched helices with varying degrees
of compaction. Low molecular fractions can be of a linear structure. Polydispersity, the
presence of ionogenic groups, and a high degree of molecular dissociation indicate that
strongly associated highly hydrophilic polyions should prevail in the solution. The struc-
ture of lignosulfonates in the shape of polyaromatic chains with functional groups
included in them, determines their diphilic nature, surface activity, and high adsorption
activity (Badikova et al., 2014).

The qualitative and quantitative composition of lignosulfonates obtained during the wood
delignification process depends on the main chemical processes timing during various cooking
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methods, on the properties of the wood components with which cooking solutions react, as
well as on the composition of cooking solutions and cooking conditions (Kulyashova, 2016).

The problem for the further use of lignosulfonate reagents today is a decrease in the
production of sulfite lignosulfonates due to a change in the raw material base and the
consistent transition of pulp and paper mills to neutral sulfite methods of technical ligno-
sulfonate production. The resulting products are characterized by a reduced content of
the main component, that is lignosulfonate (not more than 49% of the mass, unlike sul-
fite - 60% of the mass), consisting mainly of low molecular fractions, and also containing
insoluble components in the composition (Pat. RF 2038362, 1995). Neutral sulfite liquor
is of undoubted interest, since a large proportion of organic substances in it are carbohy-
drates and salts of low molecular organic acids. However, the possibility of individual
use of neutral sulfite liquor requires its modification to obtain a reagent that is stable
during electrolyte and temperature aggression and does not adversely affect other proper-
ties of the working solution (Badikova et al., 2014). A distinctive feature of drilling
reagents obtained by the modification of lignosulfonates is the dependence of their phys-
ical and chemical and technological parameters on the quality of the raw material base
(Komkova, 2011; Badikova et al., 2016).

In industry, obtaining the ferrochrome lignosulfonate (FCLS) is carried out by modifying
the technical lignosulfonate with iron and chromium compounds, followed by neutralization
with caustic soda, and then dried to a powder state (Levik, 1982).

However, the industrial obtaining of chrome lignosulfonates is associated with a number of
issues, such as the formation of a chromic production waste, incomplete reduction of anionic
chromium compounds in the composition of the resulting drilling reagent (Kulyashova, 2016;
Badikova et al., 2016)

In this regard, the aim of this paper was to obtain and study the properties of a modified
lignosulfonate drilling reagent for effective drilling fluids.

2 MATERIALS AND METHODS

In this paper, lignosulfonates of various cooking methods were used as raw materials for
obtaining drilling reagents: sulfite STO (Corporate Standard) 43508418-022-2010 and neutral
sulfite TU (Technical Standards) 2455-101-72197712-2013; modifiers, that is iron sulfate as
per GOST (State Standard) 6981, sodium dichromate, as per GOST (State Standard) 2651;
NTF (nitrilotrimethylphosphonic acid) modifiers TU (Technical Standards) 2439-347-
05763441-2001 and TPF (sodium tripolyphosphate) GOST (State Standard) 13493-86 contain-
ing phosphonic groups (Badikova et al., 2016).

A drilling reagent based on lignosulfonate modified with salts of polyvalent metals (iron
and chromium), manufactured under the trade name of FCLS (ferrochrome lignosulfonate),
corresponding to quality indicators, was chosen as an industrial analogue.

Quality indicators of a FCLS reagent are as follows: mass fraction of water is no more than
10%; solubility in water is at least 90%; pH of a 1% aqueous solution is in the range of 4.0-5.0;
a dilution rate is at least 50%.

The process of obtaining sulfite liquors, until today, has been predominant and met all the
necessary requirements: cheap starting chemicals, high yield of cellulose, the ability to easily
obtain from by-products while complying with environmental requirements. However, at pre-
sent, the standards for the content of pollution in wastewater and gas emissions are tightened,
there is a decrease in the quality of the raw materials used for the sulfite cooking method. As
a result, pulp and paper mills switch to the processing of low-grade raw materials in a neutral
sulfite method that meets environmental safety requirements and contributes to the produc-
tion of technical lignosulfonates with a reduced content of the main component, that is ligno-
sulfonate (not more than 49% of the mass, unlike sulfite - 60% of the mass), and consists
mainly of low molecular fractions (up to 7500 amu, in contrast to sulphite, up to 20,000 amu),
and also contains insoluble substances, which makes it impossible to obtain reagents of appro-
priate quality.
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In this regard, additional modification of the lignosulfonate was carried out with com-
pounds containing phosphonic groups (Kulyashova, 2016; Pat. RF 2574659).

Modification of the lignosulfonate feed was carried out as follows: iron (II) sulfate was intro-
duced into the mass of technical lignosulfonate. The mass was maintained with constant stirring
for 1.0-1.5 hours at a temperature of 30-40°C. Sodium dichromate was introduced into the
resulting mass in the form of an aqueous 15-20% solution. The mass was maintained with con-
stant stirring for 1 hour at a temperature of 30-40°C. Then, a modifying agent was introduced,
in the form of an aqueous solution, and again kept for 1 hour under the same conditions. The
finished liquid product was neutralized with caustic soda to pH=3.5-5.0. The finished mass was
dried to a powder state, first at atmospheric pressure at a temperature of 65+85°C, then in
a vacuum oven to a constant weight (Kulyashova, 2016). The obtained experimental drilling
reagents were analyzed according to the requirements of analytical control adopted in the pro-
duction of reagents that regulate the quality of a drilling fluid (Badikova et al., 2014).

3 RESULTS AND DISCUSSION

As raw materials for obtaining experimental modified lignosulfonate drilling reagents, tech-
nical aqueous solutions of lignosulfonates of various cooking methods were used: sulfite and
neutral sulfite.

As shown in the references (Badikova et al., 2016; Teptereva et al., 2015), the qualitative
characteristics of the obtained drilling reagents are directly conditioned by the chemical com-
position of the sources of raw materials (sulfite and neutral sulfite lignosulfonate) and modi-
fiers containing phosphophonic groups.

A comparative analysis of the content of functional groups in lignosulfonate feedstock and
modified drilling reagents based on it has been carried out. The determination has been car-
ried out by IR spectrometry. The spectra were recorded on a FTIR-8400S (Shimadzu) FT-IR
spectrometer in the range 700-4000 cm™ with a device resolution of 4 cm™.

The obtained IR spectra (Figure 1) of lignosulfonates are characterized by the following
absorption bands: 1039-1089 cm™ (SO3 groups); 3200-3600 cm™ (OH groups); 1521 and
1558 cm™ (substituted aromatic lignin ring); 1379 cm™ relate to symmetric vibrations of the
terminal methyl group; 1456, 1458 cm™! is the total content of methylene and methyl groups
(Kazitsyna et al., 1971).

Figure 1 shows the IR spectrum of the experimental lignosulfonate sample modified with
a compound containing phosphonic groups.

The presence of sulfogroups in the lignosulfonate macromolecule gives hydrophilic proper-
ties to a water-insoluble polymer.

0.5
Al x, &
0.4 soRE En-
X1 FEg N e ES
Li EQ =
0,3 Wy e EBS i #
& ¥ Pt ¥ = =E
i % EEE L #
§ | "|-
o i o 1
i g
TRLL IS
0,2
A0 ATHO 350D IF60 3000 FTE0 E00 2220 2004 1750 1560 4350 1000
FTiR rsmma rerme 1iom

Figure 1. IR spectra of the ferrochrome lignosulfonate sample + TPF (sodium tripolyphosphate).
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According to the obtained analysis data by IR spectrometry, it was shown that the samples
of modified lignosulfonate reagents were almost identical in the content of functional groups.
In the infrared spectrum of the lignosulfonate modified with compounds containing phos-
phonic groups, absorption bands of the associated P=0O bond are observed in the region of
1157-1166 cm™, which is presumably illustrative of the formation of an additional complex
between the phosphonic group introduced into the carboxyl group of the phenylpropane unit
of the lignosulfonate, and mainly iron cation (Kazitsyna et al., 1971).

To determine the thermal stability of the reagents tested, a clay mud prepared from Serpu-
khov mud powder of IIEMB (PBMYV) brand with the following parameters was taken as the
basis: NV (nominal viscosity)=64 s, FI (filtration index)=18 cm>/30 min, Npt (Mplastic viscosity)
=16 mPas, 19=68 dPa (dynamic shear stress), SSS (static shear stress);;;o = 50/64 dPa. The
obtained modified drilling reagents were introduced into the clay drilling mud and analyzed
according to the GOST analysis methods (Kister, 1972; Darley et al., 1988). The results are
presented in Table 1.

The influence of temperature in the range from 20°C up to 190°C on the change in techno-
logical parameters of the clay mud was determined when the sample was kept for 3 hours in
the aging cell ' BOMBA A-B-05° (BOMB A-B-05).

Based on the results obtained in Table 1, it was found that an industrial sample of a drilling
reagent, ferrochrome lignosulfonate, is able to effectively reduce the nominal viscosity from 64
up to 30 s, filtering from 18 up to 6 cm®/30 min, plastic (from 16 up to 12 mPas) and dynamic
viscosity from 68 up to 52 dPa, static shear stress from 50/64 up to 15/45 dPa of No. 2 drilling
mud with respect to No. 1 initial clay drilling mud. However, drilling fluids are used in a wide
variety of mining and geological conditions, for example, when drilling wells at elevated bot-
tomhole temperatures. The influence of temperature on No. 3 drilling fluid in the range up to
190° leads to a decrease in qualitative indicators.

When a drilling reagent based on neutral sulfite liquor modified with TPF (sodium tripoly-
phosphate) is introduced into No. 5 drilling mud, the nominal viscosity decreases from 64 s up
to 36 s and at the same time the heat resistance increases up to 190°C.

When nitriletrimethylenephosphonic acid is modified with a ferrochrome lignosulfonate
reagent based on neutral sulfite liquor in No. 4 drilling fluid, the nominal viscosity decreases
from 64 s up to 34 s, and it was found that at a concentration of 1% of the mass of introduced
modifiers with complex containing properties, the best qualitative indicators were determined,
filtration index: 6.5 cm?®/30 min. The addition of FCLS based on sulfite liquor, modified NTF
and TPF to drilling fluids No. 6 and 7, reduces the nominal viscosity of No. 1 initial clay

Table 1. The effect of reagents on the parameters of clay drilling mud.

Solution Properties

SSS, dPa FI,
ToC Py Mo T T m¥30
Ne  Solution composition 3h gem’ NV,s mPas dPa 1min 10 min  min pH
1 Initial clay mud (ICM) 20  1.08 64 16 68 50 64 18.0 9.0
2  ICM+1% FCLS* 20  1.09 30 12 52 15 45 6.0 9.0
3 ICM+1% FCLS* 190 1.08 64 14 98 87 105 9.0 9.1
4 ICM+1% FCLS*+NTF 190 1.07 34 14 57 15 44 6.5 9.0
5 ICM+1% FCLS*+TPF 190 1.08 36 14 55 17 45 6.5 9.0
6 ICM+1%FCLS**+NTF 195 1.06 25 14 57 15 44 18.0 9.0
7 ICM+1% FCLS**+TPF 195 1.04 30 15 56 15 42 16.0 9.0

* based on NSC (neutral sulfite liquor),

** based on SC (sulfite liquor),

Note: p, g/lcm3 - density; NV, s - nominal viscosity; 0, mPas - plastic viscosity; 1o, mPas - relative viscosity;
SSS, dPa - static shear stress; FI, cm*/30min — filtration index; pH — pH (hydrogen) index.
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drilling mud from 64 up to 25-30 s, and the filtration indexes remain almost unchanged com-
pared to ICM No. 1.

According to the research results the influence of drilling reagents on the parameters of clay
drilling mud, it was shown that the introduction of modifying agents made it possible to pre-
serve, and in some cases improve the main qualitative characteristics, i.e. nominal viscosity
and filtration index, and, among the modifiers used, the best results were achieved with the
introduction of NTF or TPF containing phosphonic groups in a drilling reagent based on neu-
tral sulfite liquor, preserving the parameters of drilling fluids No. 4 and 5, even at
a temperature up to 190°C.

Modification of lignosulfonates by cations of polyvalent metals that are part of iron sulfate
and sodium dichromate in order to obtain ferrochrome lignosulfonates results reagent obtain-
ing, that is a viscosity reducing agent, which is used in a wide range of temperatures and under
various conditions (Hornof et al., 1981).

The main qualitative characteristics proved that modified drilling reagents based on neutral sul-
fite liquor can preserve the property of drilling fluids even at elevated temperatures up to 190°C.

In this regard, a thermogravimetric analysis of a modified drilling reagent sample for ther-
mal stability was carried out on a TGA-DSC instrument (‘Mettler Toledo’ company). For
this, a weighed portion of the test sample (5-15 mg) was placed in an alumina crucible with
a volume of 70 pul. The measurements were carried out in the temperature range from 25°C up
to 220°C at a heating rate of 5 deg/min, the atmosphere - air, nitrogen. According to the
results of a thermogravimetric analysis of lignosulfonate raw materials and reagents obtained
on its basis, it was shown that the temperature of the beginning of decomposition in the raw
materials in a neutral sulfite cooking method was 150°C; and in modified drilling reagents was
190°C and 200°C, respectively.

The content of iron and chromium compounds was determined by an energy dispersive
X-ray fluorescence analysis.

The elemental composition of the drilling reagent samples was determined on an EDX-800
Shimadzu energy dispersive X-ray fluorescence spectrometer with an X-ray tube with
a rhodium anode under the following conditions: voltage 15-50 kV, current 20-1000 pA, in
vacuum atmosphere, collimator 5 mm, measurement time 15 min. The analysis was carried
out by the method of fundamental parameters, provided by software support of the device,
using the measurement channels [Ti-U], [C-Sc], [S-K].

Samples for determining the elemental composition undergo minimal preliminary prepar-
ation. The sample powder is pressed into tablets on a boric acid substrate by the press at the
pressure of 10-15 t (Badikova et al., 2016).

As an example, the results of the analysis of FCLS (industrial analogue) and FCLS + NTF
(modified experimental reagent based on neutral sulfite liquor) are shown (Table 2).

The analysis shows that the composition is represented by 10 components. It should be
noted that the calculation of the content of elements in the samples is carried out by the

Table 2. Results of comparative laboratory tests of the
elemental composition.

Analit FCLS industrial FCLS + NTF
N 21.48210.04 13.32440.65
Na 9.094+0.84 3.8771£0.44
Fe 0.998%0.01 0.84910.01
P 0.986%0.02 2.754%0.11
Cr 2.089%0.01 0.450%0.02
K 0.579%0.03 0.091%0.12
Ca 0.241%0.17 0.138%0.01
Si 0.256%0.03 0.191£0.02
Cl 0.107%0.09 0.072%0.05
C 64.16710.26 78.159%1.35
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method of fundamental parameters; the determination of elements in the form of oxides with-
out the possibility of indicating valence is carried out formally according to the spectrometer
software. C content should be considered as an organic component of the sample. The iron
content in FCLS is 0.998% wt., and in the experimental sample is 0.849% wt.; chromium in
FCLS is 2.089% wt., experimental reagent is 0.450% wt. The results are confirmed by the
spectra.

According to the spectra, the elemental composition of the drilling reagents presented is
consistent with tabular photon energies of the main lines of K-series (a, B) and L-series (a, B).

According to the data obtained, it was found that the samples are comparable in terms of
the basic elemental composition, but a decrease is observed in the chromium content in the
developed modified reagent up to 0.450% wt. as compared with the industrial analogue of
FCLS (2.089% wt.), which contributes to a significant reduction in environmental risks when
using an experimental reagent.

4 CONCLUSIONS

It was found that when modifying a ferrochromolignosulfonate reagent based on neutral sul-
fite liquor and/or sulfite liquor with phosphonic compounds, a drilling reagent with improved
quality characteristics was obtained: the nominal viscosity is 34 s and 25-30 s, the filtration
index is 6.5 cm?/30 min and 16-18 cm?/30 min, respectively.

The presented methodology for the modification of the lignosulfonate reagent makes it pos-
sible to obtain a drilling reagent, which is stable at high bottomhole temperatures (190-195°C)
and meet the environmental safety requirements by reducing the content of iron to 0.85% by
weight. and chromium up to 0.45% by weight.
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ABSTRACT: Waterflooding of oil fields is undoubtedly the most effective way to develop
them, providing high rates of oil recovery, significant periods of well flowing and an increase
in oil recovery coefficient. Suffice it to say that 95% of all oil produced in the country is
accounted for by fields developed using various modifications of waterflooding systems. At
the same time, the amount of water pumped into the reservoirs on average doubles the
volume of the selected oil.

Naturally, such volumes of injection are associated with huge investments and operating costs,
determined by the need to drill injection and water wells, the construction of water intakes,
pumping stations, long-term pressure pipelines, commissioning of sewage treatment plants, etc.

So, for example, 381 injection wells were drilled at one of the largest oil fields in the country
- Mamontovskoye, 20 water wells from which Apt-Cenomanian water was extracted mechan-
ically, 17 cluster pumping stations were built, each of which owed 7-10 bushes.

The total length of high-pressure pipelines in the field is 656 km. The vast majority of the
country’s oil fields are equipped with similar RPM systems. The functioning and maintenance
of such a complex economy is associated with the large operational costs of small oil produc-
tion resources should be an increase in the technical and economic efficiency of the reservoir
pressure maintenance system. The aforementioned will be caused by an increase in the injectiv-
ity of injection wells associated with a decrease in viscosity, both when using directly thermal
water for flooding, and when heating injected surface water due to deep heat.
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Such an increase in the acceptability of injection wells allows decreasing wellhead injection
pressures while maintaining injection volumes, or increasing injection volumes while maintain-
ing these pressures, or reducing the number of injection wells while maintaining wellhead pres-
sures and injection volumes.

1 INTRODUCTION

The most important task in the development and operation of oil fields is the maximum
extraction of oil from productive formations. As was shown, the completeness of oil recovery
from the reservoirs is characterized by the reservoir recovery coefficient, which varies widely
over different fields. Various methods are used to maintain reservoir pressure and increase the
coefficient of reservoir recovery, but methods such as injection of water or gas under pressure
into productive formations have found the greatest application in practice. (Ozdoeva, Labaza-
nov, Shaipov, Damzaev, 2017).

A system for maintaining reservoir pressure is the process of naturally or artificially main-
taining pressure in productive formations of oil deposits at the initial or projected value in
order to achieve high rates of oil production and increase the degree of oil recovery. The RPM
system during the development of an oil reservoir can be implemented due to the natural
active water pressure or water pressure elastic mode, artificial water pressure created as
a result of injection of water into reservoir reservoirs during outflow or outflow, as well as
during outflow flooding. Depending on the geological conditions and economic development
indicators, one or another method of PPD or a combination of them is chosen.

For many decades of development of the oil industry, field development was carried out by
drilling only production wells and extracting oil from them through the use of resources of all
natural types of reservoir energy. After depletion of reservoir energy and a decrease in bot-
tomhole pressure in production wells, sometimes fields were abandoned to zero when extract-
ing no more than 25-30% of the initial oil reserves in the reservoir.

Artificial water flooding is widespread. At the fields developed with flooding, about 90% of
the total oil production is currently produced, more than 2 billion m3 per year is pumped into
the reservoirs. The popularity of artificial waterflooding of oil deposits is due to its following
advantages:

- availability and free water;
- the relative simplicity of water injection;
- relatively high efficiency of oil displacement by water.

Initially, the use of water flooding was mainly associated with the injection of water into
injection wells located in the marginal part of the field (marginal flooding). The principles of
near-water flooding - multi-stage development, transfer of injection, shut-off of low-water
wells and others - are not widespread. (Shupik 2013).

At present, block systems of in-circuit flooding are justified. With these systems, it is neces-
sary to cut the oil field into blocks of optimal sizes, which exclude the conservation of oil
reserves in the inner zones.

The oil industry at the present stage is the most powerful and highly efficient consumer of
thermal waters, although for unknown reasons the volumes of thermal waters used in oil pro-
duction are not taken into account when assessing the consumption of geothermal energy in
the country as a whole.

With the use of water flooding, more than 350 fields are developed, providing 96% of the
country’s total oil production. Water flooding is the main method of developing oil fields.
This allows the country to ensure the highest level and rate of oil production in the world.

In recent years, certain difficulties have been outlined in the development of the oil industry,
a tendency to reduce the technical and economic indicators of field development, and the pace
of development of the industry.

These difficulties and trends are due to modern features of the industry, the main of which
can be summarized as follows:
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e The deterioration of the structure of reserves, which occurs both in the developed fields,
due to their natural depletion and the accelerated development of highly productive parts,
and in new fields due to the fact that the latter are characterized by low permeability of
reservoirs, high viscosity of oil, high paraffin content in it, small oil-saturated thicknesses,
occurrence of oil in the sub-gas parts and oil-water zones, etc. The above complicates the
development process, leads to a decrease in oil recovery rates and oil production rates,
requires an increase in the efficiency of existing development systems, the use of more
active systems with tight well networks in new fields, necessitates the maintenance of not
only reservoir pressure, but also temperature, and the use of new, more complex and expen-
sive technologies, etc.

» Depletion and flooding of the country’s main developed fields. Almost all of the large fields
that provide the main oil production have entered the late stage of development. The com-
missioning of new capacities in the industry in recent years has been mainly spent on com-
pensating for the increasing losses of production in fields entering the late stage of
development, which are characterized by a significant drop in oil production, a rapid
increase in water cut in well production, and the transfer of almost the entire stock to mech-
anized methods of raising the liquid, retirement of some of them from operation, increase
in flow rates of wells by fluid, and withdrawal of fluid from the entire facility.

Due to the depletion and watering of the main developed fields from 1980 to 2010. there
was an increase in the average water cut of well production from 57.5 to 74.6, a water-oil
factor from 1.35 to 2.91, a decrease in fountain production from 45% to 25-30%, an increase
in the mechanized well stock from 64.4 to 149.9 thousand., an increase in the volume of
injected water from 1.400 to 2 billion m®.

Field development under these conditions often requires a number of such capital-intensive
technological and technical measures to further intensify the development and involve previ-
ously uncovered, worse in productivity and operating conditions parts of the deposits, such as
additional cutting, creating foci of waterflooding, the transition to areal systems, the forma-
tion of fluid withdrawals from individual wells and fields, changing the direction of formation
flows, conducting insulating work, etc.

The implementation of these measures requires the drilling of a significant number of add-
itional wells, reconstruction of field facilities, waterflooding capacities, oil treatment and util-
ization of associated water, and energy re-equipment of the fields.

* Increasing the depth of well drilling in both the “old” and relatively new areas of oil
production. Prospects for oil production, especially in the “old” oil producing areas,
are associated with access to great depths (about 6000-7000 m). Deposits at these
depths are characterized by high initial formation pressure and temperature, a high
content of corrosive components (sulfur, hydrogen sulfide, carbon dioxide) in the for-
mation fluids, and the possible manifestation of the plastic properties of oil-bearing
rocks. The aforementioned features pose great challenges for science and industry in
creating special methods for developing such deposits, and for the necessary drilling
and technological equipment.

* A sharp increase in the stock of injection and production wells, especially requiring the use
of more labor-intensive and expensive mechanized methods of operation.

* Relocation of the main volumes of oil production to areas with severe climatic conditions.
If in 1990 these areas accounted for only about half of the country’s oil production in 2010,
more than 2/3 of all production falls on these areas. With the aforementioned half-time
increase in the stock of producing wells in the country as a whole, a three-fold increase is
expected in these areas. The development of oil fields and the operation of wells under
these conditions are associated with significant expenditures of fuel and energy resources
for own needs. It is clear that the above main features of the current state of oil field devel-
opment lead to a decrease in the efficiency of their development processes, technical and
economic indicators of the development of the industry as a whole. The indicated tendency
for their regular decrease is likely to continue in the future. Under these conditions, any
positive step towards increasing the marked indicators will be a significant contribution to
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solving the most important tasks of the energy program. (Shaipov, Labazanov, Batukaev,
Gadaeva, Damzaev, 2017).

In addition to injecting water or gas into the reservoirs, other methods of maintaining reser-
voir pressure are also used in practice: treating the injected water with surface-active sub-
stances (surfactants), injecting carbon dioxide into the reservoirs, and thermal methods. The
use of surfactants for additives in injected water in small quantities (0.05-0.1%) significantly
reduces the surface tension at the border with oil and with a solid rock surface, reduces the
necessary pressure drop for moving oil through the capillaries and contributes to better leach-
ing of oil from the capillaries. According to laboratory studies, oil recovery when using sur-
factants can increase by 15-16%.

One of the possible ways to maintain reservoir pressure, increase the efficiency and technical
and economic indicators of oil field development is to more actively engage and use for this
purpose thermal water resources, huge reserves of which are concentrated in the areas where oil
production is located, especially in the Tersko-Sunzhenskoye oil and gas region. Some of the
promising features of this method of reservoir pressure maintenance are described in this article.

The initial value of the reservoir temperature and its distribution are determined by the geo-
thermal conditions in which the field is located. Typically, the reservoir temperature of oil
fields corresponds to the geometric mean gradient in a given geological region. However, sig-
nificant deviations of formation temperature from this value are also observed. Then it is
believed that the reservoir temperature is increased or decreased. High temperature crust
zones are called geothermal zones. (Grattoni Carlos, 2003).

In the process of developing an oil field, its reservoir temperature can change significantly.
This occurs when substances, mainly water, are injected into the formation with a different
temperature than the initial formation, as well as during exothermic reactions in the forma-
tion. To a much lesser extent, the reservoir temperature changes due to the throttling of the
extracted liquids and gases and hydraulic friction against the formation rocks of the sub-
stances filtered in it.

The distribution of reservoir temperature underground and its change in time is called the
temperature regime of the field. Temperature changes in oil reservoirs occur mainly due to
thermal conductivity and convection.

Oil reservoirs are not thermally insulated from surrounding rocks and from other reservoirs.
Therefore, any change in temperature in any section compared to other sections entails its
redistribution and heat transfer due to thermal conductivity. The injection into the reservoir
of water with a different temperature than the reservoir, and the extraction of oil from the
reservoir with reservoir temperature lead to a change in the heat content in the reservoir and,
consequently, the reservoir temperature.

Consider the process of oil displacement by water from a homogeneous rectilinear reservoir
under conditions when the injected water has a different temperature than the reservoir. For
simplicity, we assume that the displacement of oil by water is reciprocating, and the residual
oil saturation decreases with increasing temperature according to a certain law.

An increase in the injectivity of the injection well with a decrease in the viscosity of the
injected water follows from Darcy’s law.

A significant decrease in the viscosity of water with increasing temperature, especially in the
range of relatively low reservoir temperatures, causes a significant effect of this factor on the
filtration resistance of the bottom-hole zone of the well. The dependence of the viscosity of
mineralized water uv on temperature is quite accurately described by the following empirical
formula:

= (35 + 0.7M + 0.22M?%) / (+ 15.7) (1)

where T and M are the temperature and salinity of the water for which the viscosity value is
determined.

Bottom water temperature is a function of flow rate, deep wells, geothermal gradient, well-
head temperature, etc. Theoretical assumptions and experience in thermal and per well shows
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that at fairly high costs in excess of 300-400 m*/day. The change in water temperature along
the wellbore at steady state is about 3°C/1000m depthTherefore, without resorting to complex
solutions of the heat transfer equations in the wellbore, to assess the increase in injectivity of
the well, we take the dependence of the bottomhole temperature in the injection well (with an
average depth of 3000 m) on its value at the wellhead, in the following simple form:

te= t,+ 10 (2)
where t. and t, are the temperature of the injected water at the bottom and at the mouth.

Then, for the axisymmetric flow in the near-well zone of the injection well, for the flow
rates of the wellhead temperatures ty; and ty,, one can obtain:

1 10 1 Ry
Q 1y+25A7ln e T G157 In 33 3
q_ Aol 1 _p (3)
U 9257 5 T +157 110

where q, and q; are flow rates at temperatures ty; and ty,; Rk and r. are the radii of the
drainage zone and the well; t,,; - reservoir temperature.

When deriving formula (3), it was assumed that the radius of the zone around the bottom
of the injection well cooled to a temperature t. is 10 m.

The results of estimates for Ry = 500 and r. = 0.1 m at reservoir temperatures of 80 and
120°C (Figure 1).

The calculations were performed for the ranges of temperature changes of cold and hot
(thermal) water characteristic of the conditions of deposits in Western Siberia. From the
graph it follows that the increase in flow rate due to the injection of water at a higher tempera-
ture depends on the absolute values of wellhead temperatures.

So, for example, if, as a result of injection, thermal waters instead of normal, the tempera-
ture on the spine rises from four to 20°C at a reservoir temperature of 80°C, the injectivity
increases by 35%. In the case of lifting and pumping thermal Cenomanian water through the
same well, due to a decrease in heat loss during the transport of water, we can assume that
a temperature of about 45°C is provided at the mouth.

With an increase in the water temperature at the wellhead from 4 to 45°C at a reservoir tem-
perature of 80°C, the injectivity of the well increases by 85%. Thus, an increase in the injectiv-
ity of injection wells as a result of an increase in the temperature of the injected water (due to
the transition to the injection of thermal water instead of the usual one), contributes to

ol
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Figure 1. The dependence of the relative increase in the flow rate of the injection well from changes in
the temperature of the injected water.
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a significant improvement in the technical and economic indicators of the pressure mainten-
ance systems.

The increase in the technical and economic efficiency of RPM systems during the transition
to thermal waterflooding, instead of the usual one, is largely associated with the acceleration
of the development of RPM systems, with the exception or postponement of large investments
in the construction of water intakes, structures and low pressure water pipelines at a later date.

In addition to the noted effects, the transition to flooding with warmer thermal water or surface
water heated by deep heat will significantly reduce the pressure loss when pumping water from the
pumping station to the bushes. In Western Siberia, pressure losses in high pressure waterways
(3-10 km long), especially in winter, reach 15-30 kg/cm?. Increasing the temperature of the water
used for waterflooding is also important for the reliable operation of RPM systems at low temper-
atures. The noted significant reduces the likelihood of accidents associated with freezing of the
mouths in the injection wells of their shafts in the intervals of permafrost distribution.

One of the promising directions of increasing the efficiency of waterflooding is the injection
of formation water without lifting them to the surface. A well-known type of such injection is
the transfer of water from water reservoirs into a drained oil reservoir. The simplicity of the
technology and the exclusion of the aforementioned high costs associated with all ground
structures of the RPM systems make this method especially valuable. However, the low filtra-
tion characteristics of real reservoir systems, the relatively small pressure differences created
by the bypass and the hydrodynamic imperfection of the wells usually determine insufficient
volumes of bypassed water. (Gabitov, Safonov, Strizhnev 2005).

The efficiency of the bypass in these cases can be significantly increased by taking measures
to increase the pick-up coefficient.

In addition to the noted cost savings associated with the surface structures of the RPM
system, it is obvious that in this case all the advantages that are characteristic of flooding the
formations with thermal water are retained.

An even more promising and perfect method of flooding without raising the thermal forma-
tion water to the surface is the forced downhole pumping of water from the thermal formation
into the oil one.

This method is based on the use of submersible pumps of the required capacity, installed
directly in the wellbore in such a way as to take the required amount of water from the ther-
mal reservoir and pump it into the water-filled oil reservoir.

Despite the lack of reliable experimental research in downhole injection, it can be assumed
that this method, due to its great advantages, will find wide application in the near future.

2 CONCLUSION

The use of formation water instead of surface water, in addition to the listed advantages,
allows saving large volumes of fresh water used for PPD systems. There is a shortage of fresh
water in many, especially in the newly developed oil producing regions of Western Kazakh-
stan, the Caspian lowland, and Central Asia. Providing these areas with fresh water is associ-
ated with the laying of water pipelines of considerable length.

The volumes of water used to maintain reservoir pressure, as noted above, are huge. So, for
example, at one of the largest oil fields of the Soyuz-Mamontovskoye, the annual injection in 1981
reached 49 million m* (or 160,000 m>/day). At the same time, 10 million m* of Apt-Cenomanian
reservoir water, about 5 million m® of wastewater and about 35 million m® of fresh water are
ending. In total, since 1975, about 252 million m* were pumped, of which 150 million m® are fresh
water. Even larger injection volumes are characterized by the largest oil field - Samotlor.

Currently, water injection at this field has reached 1.5 million m*/day.

Obviously, the maximum use of thermal water instead of fresh water from surface sources,
at such a scale of water flooding, saves huge amounts of fresh water.

It is known that both water from surface sources and associated water must be treated at
special facilities before injection into oil reservoirs in order to reduce the content of solids and
prevent infection of the reservoirs with sulfate-reducing bacteria
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This is associated with significant costs due to the need to use expensive equipment, scarce
antiseptics and other reagents.

The use of formation water in the PPD system is usually possible without chemical treatment
and purification. For example, for flooding productive formations of oil fields in Western
Siberia, thermal waters of powerful water complexes of Apt-Cenomanian and Alb-Cenomanian
deposits are used, which lie above productive horizons.

In terms of their physicochemical properties, these waters are close to the waters of productive
formations; their displacement does not lead to the formation of precipitation and a decrease in
the injectivity of injection wells; they do not require treatment and construction of treatment
facilities. One of the drawbacks of surface water sources used for water supply to oil production
is the development of microorganisms and algae in the bottom-hole zone of injection wells. In
this case, sulfate-reducing bacteria pose the greatest danger. Propagation of these bacteria in the
formation leads to the formation of sulfate ions (SOy), clogging the formation as a result of the
activity of these bacteria in the formation, sulfides (FeS) are also formed, which in turn react
with free iron. In this case, iron sulfide FeS itself is a blocking agent, and the hydrogen sulfide
H.,S, which is formed in this case, is a corrosive agent. The noted negative factors are completely
eliminated when deep thermal formations are injected into the injection wells of thermal waters.
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ABSTRACT: This paper presents the study of the mechanism of well deepening in diamond
drilling. Destruction of rocks under diamond drilling is represented by a set of deformation pro-
cesses arising in rocks when destroying efforts are applied. Modern requirements to the technol-
ogy and economic feasibility of drilling operations suggest continuous improvement in the field
of the mechanism of bottom rock breaking. The article proposes a procedure to analyze situ-
ations at well bottom drilling deeper per a revolution of the diamond rock cutting tool. On the
basis of the proposed procedure the authors analyze and operating influences to preserve the set
and optimum deepening per a revolution are revealed under effective destruction of firm rocks.
The estimation method of stress-strain state of rocks to be drilled and the choice of the max-
imum axial load in diamond drilling of rocks with different physical and mechanical properties.

1 INTRODUCTION

Optimization of drilling modes, improvement and creation of new high-performance rock
destruction tools should play a big role in solving the problem of increasing drilling speed.
Successful development of drilling technique and technology requires in-depth knowledge of
patterns of the rock behavior at the well opening, patterns of rock destruction by the rock-
destroying tool, structures, operation and wear of this tool. Thus, the study of the mechanics
of bottomhole processes, methods of describing and calculating these processes will allow to
develop an effective technology of the rock destruction.

The actual task in the current drilling conditions is to predict the drilling strength of rocks,
to determine the concepts of choosing the drilling method and the rock-destroying tool in
each individual case. The search for new ways to improve the efficiency and quality of drilling
operations without increasing the energy consumption and resource of the rock-destroying
tool by modernizing the drilling technology on the example of the method of optimizing the
axial load is important for scientific and practical significance.

The problem of evaluating the limit state of rocks to be drilled can be categorized to the
group of problems, where the main criteria for the solid body state are excessive crack opening
or its complete destruction.

The main resistance parameter of rocks to be drilled is its normative resistance (tensile
strength, yield strength, critical resistance, etc.), which determine the level of the maximum
axial load on the rock-cutting tool.

2 MATERIALS AND METHODS

To assess the stress-strain state of rocks to be drilled and select the maximum permissible axial
load for effective rock destruction in the drilling process, the flat problem solution (one of the
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main stresses is zero) of elasticity theory is most often used, at the same time the rocks at the
bottom of the well experience normal vertical stress o, (Figure 1), normal lateral compression
stress o, in the horizontal direction and shear stresses 7y, that determine the adhesion of rocks
during their destruction.

The above-mentioned normal stresses relate to each other according to the dependence:

1 —u
u

oy = cOx = A0y (1)

where u is the Poisson’s ratio for the rock to be drilled; 4 is the lateral compression ratio.
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Figure 1. Calculation scheme for determining bottom-hole rock stresses, where: 1-the element of the array
to be drilled allocated to the bottom; 2-the walls of the well; 3-the core column; 4-the bottom of the well; o
and o, normal stresses; 7, and 7, tangential stresses on the surfaces of the array element to be drilled.
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Figure 2. Graphical representation of stress distribution (Mohr circle) on the surfaces of an array elem-
ent from the well bottom, where: ¢, and o3-the main tension.

The relationship between the stresses o, o, and 7,, can be obtained by constructing-for the
case in question (see Figure 1) the corresponding Mohr circle (Figure 2), from which its under-
stood that the envelope of the circle at the maximum level of the shear stress is spaced from
the center of the circle at a distance

FC=C,+FL

where C, the grip or the shifting strength of rocks.
If we take into account that

FL=0C - tgpand OC =23~

we will have

Ox — 0y

FC=C,+ 3 - tgp

The radius of the Mora circle

then

@x:ﬁcosw:CwCosgaJr%-singp (2)

where ¢ is the angle of internal friction of the target rock.
From a triangle CD, K, (see Figure 2) it follows that, in turn,

——— DK, (ox — ay) 18200 oy — 0y
CD, = - - -cos2 3
* 7 sin 200 2 sin 20 2 Cosve 3)

where ¢o-the angle of inclination of the area on which the stress acts oy, to the greatest
main stress;0 <y <0,8 on average, 0.3 rad for most cases of drilling in hard rocks are
used py =.
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Equating the right parts of expressions (2) and (3), we obtain

_ 2C,cosp g, (sin ¢ + cos 2¢p)

Oy -
cos 2 — sin g

Or
2C, y
o, = + 0, (K + 2tgp) ’ ()
K
where K is the reducing factor:
K o8 2¢p — sing . 5)

cos

Substituting the value ¢, of the dependence (1) in the expression (4) and after some trans-
formations we finally get

2C,

= - 6
7 7K —A(K + 2tgp) (©6)
The area of the contact surface on which the stress actso, is equal to
_ T 2
fie=0a73(D;—Dy) (7)

4

Where a-the coefficient characterizing the size of the cutters contact total area ratio with
the cross-sectional area of the annular face of the well; for crowns with a diameter of 59 and
760 = 0,06 - 0,10 mm, i.e. on average it is possible to use o = 0,08; D, IT Dj—diameters of
the well and core respectively.

Taking into account the expressions (6) and (7), we can write the expression for the max-
imum axial load on the well bottom during core drilling

Pnp = O0x 'fk

p _a-n'Cn(foDlz()
" 2IK + 2tg o)

(®)

The adhesion of rocks C, in the formula (8) can be expressed through the strength of rocks
on uni-axial compression o, and the coefficient of internal friction ¢ (Bock, 1983):

3 RESULTS AND DISCUSSION

Using the given calculation method, it is possible to determine the maximum axial loads
during drilling of rocks with different physical and mechanical properties and different drilling
capacity.
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Table 1. Physical and mechanical properties of rocks.

coefficient of Internal
Poisson’s lateral One-axial com-  friction Rock

Formation modulus of elasti- ratio, compression, pressive strength angle adhesion
Ne rock city E, 10° MPa A Ooes MPA 0, grad. C,, MPa
1. Basalt 1,0 0,28 0,39 290 50 52,7
2. Granit 0,55-0,9 0,25 0,33 210 48 40,3
3. Gabbro 1,05 0,34 0,51 200 46 40,4
4. Limestone 0,2-0,9 0,22 0,28 110 50 20,0
5. Sandstone 0,1 -0,7 0,30 0,43 105 47 20,7
6. Hard shale 04 0,25 0,33 75 45 15,6
7. Siltstone 0,3 0,26 0,35 60 43 13,0
8. Argillite 0,2 0,24 0,32 45 42 10,0

Table 2. Ultimate axial loads of some rocks during drilling by diamond crowns with diameters of 59
and 76 mm.

Maximum axial loading,

Category of Shorthand kN

Formation rocks by multiplier oy, Calculation results
Ne rock drillability K MPa P, Recommendations [4]
1. Basalt X 0,71 127,9 7-15/11-19 8-15/12-17
2. Granit IX-X 0,199 134,3 8-16/12-21 8-15/12-17
3. Gabbro IX 0,233 85,8 6-11/8-14 6-12/8-13
4. Limestone VII - VIII 0,171 73,5 5-9/7-12 6-8/8-12
5. Sandstone VII 0,213 51,8 4-7/5-9 4-8/5-10
6. Hard shale VII 0,239 62,4 4-8/6-10 4-8/5-10
7. Siltstone VI 0,265 54,0 4-7/5-9 4-8/5-10
8. Argillite V-VI 0,279 51,8 4-7/5-8 4-7/5-8

As an example, Table 1 shows the data of physical and mechanical properties (Bulychev,
1989; Gorshkov, 1992) calculations of some rocks, drilled by diamond crowns, and in Table
2-values of limit axial loads for the same rocks drilled with crowns of 59 mm (in the numer-
ator) and 76 mm (in the denominator) diameters in comparison with other data (Gorshkov,
2000).

From Table 2 conclusions can be made that the limiting axial loads calculated by the pro-
posed method are satisfactorily correlated with their values obtained experimentally from the
device “BUTP”. Some deviations of the compared data are explained by inaccuracies in deter-
mining the coefficient of internal friction of rocks and the value of the lateral compression
coefficient, depending both on the depth of the well in the drilling interval and on geological
and tectonic conditions, as well as a fairly rough averaging of the coefficient « in formula (7),
which is determined by the level of bulky diamond saturated crowns (Gorshkov, 1992).

4 CONCLUSIONS

Using of the described technique, it is possible to determine the most optimal operating condi-
tions of the rock-destroying tool.

The validity of the technique is confirmed by the close convergence of the results of the the-
oretical and experimental studies. The statistical evaluation of the results of the experimental
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studies showed that the error is not more than 5%. Nevertheless, the calculation showed suffi-
cient simplicity and practical applicability of the proposed method for determining the max-
imum permissible axial loads in diamond drilling, at least at the preliminary stage, which is
confirmed by the results of the study (Blinov et al., 1983).
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ABSTRACT: This article describes the results of physical, chemical and rheological properties
of the frame and gel forming compositions, which are crosslinked systems prepared based on
soluble silicates. The aim of this work is to increase the well killing efficiency during well service
operations in the conditions of fractured carbonate reservoirs, high gas-oil ratio and abnormally
low reservoir pressure. The technology of well killing during well service operation involves
sequential injection into the well. The considered compositions showed that they could be used
in conditions of reservoir temperatures from 20°C to 90°C, which consists in the possibility of
injection these compositions into a typical well and selling them into the bottom-hole formation
zone due to their low viscosity after preparation and slow cross-linking speed. Laboratory tests
showed the high efficiency of the use of blocking polymer compositions, and opened new direc-
tions for further research, namely, the need for a cycle of laboratory and field tests of the con-
sidered compositions, which will allow us to choose and justify the optimal technological and
economic parameters of the operation. The results can be applied to increase the well killing
efficiency of oil and gas wells in complicated conditions during well service operations.

1 INTRODUCTION

Currently, based on the assessment of reserves, the share of carbonate reservoirs accounts for
about 60% of hydrocarbon fields and about the same amount of oil production in the world.
The development of such reservoirs is complicated by the presence of an extensive network of
natural and artificial (as a result of hydraulic fracturing) fractures, high heterogeneity, com-
plex structure of the pore space, hydrophobic properties of reservoir rocks and abnormally
low reservoir pressure.

The considered characteristic features of carbonate reservoirs can lead to low coverage of
the formation impact, low displacement efficiency, quick well flooding, gas breakthrough,
and, as a result, a rapid decline in oil production (Bouts et al. 1997; Dorman & Udvary 1996;
Rogachev & Strizhnev 2006).

The presence of reservoirs with similar characteristics in the field requires a special, differen-
tiated approach to planning well killing operations related to the development and selection of
blocking composition. The correct selection of blocking compositions for well killing requires
careful laboratory tests for specific objects of the planned application.
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Failure to comply with the above conditions when planning activities at the well may lead
to the loss of significant volumes of process fluids, increase the repair and response time,
which, ultimately, will lead to an increase in the cost of well service operations (Dandekar
2013; Jouenne et al. 2006).

An advanced solution in the development of blocking fluids is the use of cross-linked poly-
mer compositions with time-controlled gelation. The rate of change of viscosity can be
adjusted to more efficiently carry out technological operations.

Technologies using the described polymer compositions have proven to be a reliable
method for isolating highly permeable reservoir intervals in order to prevent water and gas
breakthrough into production wells (Gumerova & Yarkeyeva 2017).

As part of this work, the physical, chemical and rheological properties of the frame and gel
forming compositions were selected and studied as blocking polymer fluids for well killing.

These compositions are crosslinked systems based on soluble silicates. In this case, a silicate
gel is formed when an aqueous solution with a relatively high pH, containing a sufficient
amount of orthosilicic acid ester monomer or orthosilicic acid oligomers, experiences
a decrease in its pH, or is exposed to hardness cations (Volkov et al. 2019; Musabirov et al.
2019; Tokunov & Saushin 2004).

The technology for well killing during well service operation involves sequential injection of
frame and gel forming compositions into the well.

The procedure for conducting laboratory physical, chemical and rheological tests of com-
positions consisted of several consecutive stages:

1) determination of density;

2) assessment of thermal stability;

3) assessment of destruction;

4) determination of effective viscosity and static shear stress;

5) determination of the gelation time of cross-linked compositions.

2 MATERIALS AND METHODS

2.1 Investigation of physical and chemical properties of compositions

The frame-forming composition is an opaque non-uniform white liquid. When injected into the
reservoir, the liquid phase is separated, and the dry residue is “baked” at elevated temperatures,
forming a strong frame-forming screen for isolating intervals with increased fracturing. This fea-
ture of the composition allows to reduce the fluid loss into the well during well killing operation.

In turn, the gel-forming compositions are a transparent homogeneous liquid, which due to its
high viscosity has a low filtration index in the reservoir, and is also able to prevent gas break-
through in high gas-oil ratio conditions. At the same time, the gel-forming composition was pre-
pared in two versions with a gel-forming agent for low (20°C) and high (90°C) temperatures.

The density of the frame and gel forming compositions was determined by the pycnometric
method according to (GOST 3900-85 2006) and amounted to 1045 kg/m* and 1015 kg/m? for low
temperatures, and for high temperatures - 1022 kg/m®), respectively. This value of the density of
the studied compositions allows them to be used at normal and reduced values of reservoir pres-
sure (Galimkhanov et al. 2019; Rogachev & Kondrashev 2016).

To assess the thermal stability, the prepared composition fulfilled in a thermostat at
a temperature of 20°C or 90°C for 3 days (average duration of well service operation). Then
the state of the composition under study and the change in its appearance were visually evalu-
ated. The composition was considered unstable when the water phase was isolated, stratified,
and precipitated.

The destructibility of the frame and gel forming compositions was evaluated visually at tem-
peratures of 20°C and 90°C for 24 hours by mixing the destructor with the studied blocking
compositions in 1:1 ratios. A 10% aqueous solution of sodium hydroxide was used as the
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destructor of the gel-forming composition, and a mixture of 12% hydrochloric and 5% hydro-
fluoric acids was used for the destruction of the frame-forming composition.

2.2 Determination of the rheological properties of the compositions

The study of rheological properties of the frame and gel forming compositions consisted in
determining the following parameters:

« effective viscosity at 300 rpm;

+ “viscosity curves” (dependence of the effective viscosity on the shear rate or rotor speed);

+ Static shear stress after gelation of cross-linked compositions in the controlled shear rate
mode by plotting the dependence of the shear stress t on the shear rate D, determining the
shear stress at which the structure of the composition begins to collapse and move;

* time of gelation of cross-linked compositions in the “dynamic” mode by measuring the
effective viscosity g of the composition in time at a given shear rate equal to the rate of
injection of the composition into the well, and in the “static” mode of oscillating stresses by
measuring the complex viscosity in time.

The construction of the “viscosity curve” and the determination of the static shear stress was
carried out for the frame and gel forming compositions. Static shear stress characterizes the initial
pressure gradient at which the structure of the composition collapses and moves (Strizhnev 2010).

Experiments to determine the gelation time were performed only for cross-linked compos-
itions that are nonlinear gels.

Determination of rheological characteristics is carried out according to (GOST 1929-87
2002) with the use of automated rotary viscometer Rheotest RN 4.1 (Figure 1). Measurements
were made using a cylindrical measuring system.

I. Sequence of studies of linear (non-crosslinked) compositions:

1. Modeling the process of starting the movement of the composition (destruction of the
structure of the composition). The static shear stress is determined by plotting the depend-
ence of the shear stress on the shear rate in the controlled shear stress mode. The static
shear stress is equal to the value of the shear stress t, preceding the destruction of the struc-
ture of the composition, and characterizes the beginning of the movement of the compos-
ition. The conditions of the experiment:

— pre-exposure of the composition in the measuring cell for 15 minutes;
— experiment time t = 0-500 s;

Figure 1. Rotational automated viscometer Rheotest RN 4.1.
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— shear stress T = 0-2000 Pa;
— temperature T = 20-90°C, respectively.

. Determination of the effective viscosity was carried out in the controlled shear rate “viscosity

curve” (CR test - Controlled Rate). The essence of the research method was to obtain the
dependence of the effective viscosity (shear stress) on the shear rate (rotational speed) with
a gradual increase in the last parameter from 0 to 300 s™'. The conditions of the experiment:

— experiment time t = 0-300 s;

— shear rate y = 0-300 st

— temperature T = 20-90°C, respectively.

II. Due to the fact that the gel-forming composition changes the viscosity over time, it was

decided to conduct a step-by-step study of rheological characteristics according to the follow-
ing scheme (Raupov & Oprikova 2018; Ryabokon 2009):

1.

Modeling the state of the composition immediately after preparation at the wellhead to
assess filterability in the inter-tube space or in a column of tubing. The effective viscosity of
the composition at different shear rates is determined by removing the “viscosity curve”.
The conditions of the experiment:

— experiment time t = 0-300 s;

— shear rate y = 0-300 s7';

— temperature T = 20°C.

. Modeling the process of pumping the composition through the tube space into the well,

taking into account the uniform temperature change along the well bore. The gelation time

is determined at a constant shear rate. The conditions of the experiment:

— experiment time t = 85 min;

—shear rate y = 21.8 s°;

— temperature T = 20-90°C (for the composition applicable at 20°C, the experiment tem-
perature T = 20°C).

. Modeling the process of pumping the composition into the space of the production string.

The determination of the gelation time at a constant shear rate continues. The conditions

of the experiment:

— experiment time t = 15 min;

—shearratey = 7.1s7";

—temperature T = 90°C (for a composition applicable at 20°C, the experiment temperature
T = 20°C).

. Modeling the process of holding the composition for the reaction time (the end of the

crosslinking process) at the reservoir temperature. The time of gelation in the static mode

of oscillating stresses is determined (Elchin et al. 2019; Quintero et al. 2017). The conditions

of the experiment:

— experiment time t = 3 h;

— the oscillation frequency of the rotor f = 1 Hz;

— voltage modulus G = 10 Pa;

— temperature T = 90°C (for a composition applicable at 20°C, the experiment temperature
T =20°C).

. Modeling the process of starting the movement of the composition (destruction of the

structure of the composition). The static shear stress is determined by plotting the depend-

ence of the shear stress on the shear rate in the controlled shear stress mode. The conditions

of the experiment:

— experiment time t = 0-500 s;

— shear stress t = 0-2000 Pa;

— temperature T = 90°C (for the composition used at 20°C, the experiment temperature
T = 20°C).

. Modeling the state of the composition after injection into the well to assess changes in its

effective viscosity. The effective viscosity of the composition at different shear rates is
determined by removing the “viscosity curve”. The conditions of the experiment:
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— experiment time t = 0-300 s;

— shear rate y = 0-300 s™';

— temperature T = 90°C (for the composition used at 20°C, the experiment temperature
T = 20°C).

3 RESULTS AND DISCUSSION

The evaluation of thermal stability of frame-forming composition (Table 1) revealed that 15
min after preparation of the composition at 20°C and 90°C of the composition is given up to
20 and 25% of water, respectively. When further thermostating, the amount of water released
remains virtually unchanged. At the same time, the producer of the frame-forming compos-
ition allows the release of water in a small amount from the volume of the composition. There-
fore, it was decided that the frame-forming composition is thermal stable at 20°C and 90°C
and is able to maintain its physical and chemical properties during well service and workover
operations.

At the same time, when the gel-forming composition was thermostated, no visible changes
in appearance were observed during the entire period time.

It is worth noting that the requirement for such a type of composition in well killing oper-
ation is their complete or partial destructibility when exposed to a destructor. Compositions
that do not meet these conditions cannot be recommended for use. Since this entails
a deterioration of the reservoir’s filtration and reservoir properties, as well as difficulties in
developing and bringing the well back to normal after well service and workover operations.

The destructibility of the frame and gel forming compositions was evaluated visually at tem-
peratures 20-90°C for 24 hours by mixing the destructor with the studied blocking compos-
itions in 1:1 ratios. A 10% aqueous solution of sodium hydroxide was used as the destructor
of the gel-forming composition, and a mixture of 12% hydrochloric and 5% hydrofluoric acids
was used for the destruction of the frame-forming composition.

As a result of evaluating the destruction of the frame and gel forming compositions (Table
2) it was found that these compositions can be recommended for use in the well-killing pro-
cess. The results of evaluating the destruction of the frame and gel compositions showed the
following:

— the gel-forming composition is completely destroyed within 1 and 3 hours with a 10% aque-
ous NaOH solution at 90 and 20°C, respectively;

— the frame-forming composition is destroyed by 75% within 24 hours with a mixture of 12%
hydrochloric and 5% hydrofluoric acids (mud acid) at 90 and 20°C, respectively. The future
observation showed insignificant changes because when reacting with a frame-forming com-
position, mud acid loses reactivity.

Summarized results of rheological tests of the compositions are presented in Table 3.

The results of determining the gelation time under the conditions of injection of cross-
linked compounds are shown in Figures 2-3.

Based on the results presented in (William et al. 1996), the higher the static shear stress, the
greater the pressure gradient blocking composition is able to withstand without collapsing.
The same conclusions are valid when the effective viscosity increases, since it increases its
structural strength.

Table 1. Results of determining the thermal stability of the frame and gel forming compositions.

Composition Thermal stability at Thermal stability at
No. name 20°C for 3 days 90°C for 3 days Remark

Allocation of up to 20 and 25%
of water, respectively
2 Gel-forming i 4 -

1 Frame-forming + 4F
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Table 2. Results of evaluation of the destruction processes of the frame and gel forming compositions.

Composition Temperature, Destruction Destruction Recommendation
No. name °C results time, h Destructor for use
1 Frame- 20 Partially 1 (50%) 12% HCl1 + 5% HF

forming 24 (75%)
2 Frame- 90 Partially 1 (50%) 12% HCl1 + 5% HF

forming 24 (75%)
3 Gel-forming 20 3 (100%) 10% aqueous

NaOH solution

4 Gel-forming 90 1 (100%) 10% aqueous

NaOH solution

Table 3. Results of rheological studies of the frame and gel forming compositions.

Effective viscosity (mPa-s) Effective viscosity (mPa-s) Static
after preparation at after crosslinking at shear
No. Composition name N =300 rpm N=300 rpm stress, Pa
1 Frame-forming at 20°C 27 - 2.66
2 Frame-forming at 90°C 64 - 3.38
3 Gel-forming at 20°C 10.7 17.4 126
4  Gel-forming at 90°C 8 600 648
Notes:

«

means that the effective viscosity for these compositions was not measured, since these compositins
are not “cross-linked” and their viscosity does not depend on time
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Figure 2. Dynamics of effective and complex viscosity of the gel-forming composition (90°C).

Based on the results of determining the crosslinking time in the process of modeling the
injection of a gel-forming composition (used for 20°C) into a conditional well, it was found
that:

348



3500 I cbHOA

2 3000 | Openhole 50000
E ' E
& 2500 : W00
g i 250000 2
= r =
g 2000 . E
> Tublar |' | 1 . T 200000 s
= | 50 annaalus ; . B
= S0 =
= 000 00000 <
S0 ' 4 —
u i
] 2500 Rl TE00 10000 12500 |5000 17500

Timsa L, &

Figure 3. Dynamics of effective and complex viscosity of the gel-forming composition (20°C).

— the crosslinking process begins during the injection of the compound into the inter-tube
space. The induction period of the beginning of gelation is about 40 minutes after the prep-
aration of the composition.

— the process of crosslinking the composition ends after its injection into the well, during the
technical settling of the well. The induction period of the end of gelation is about 2 h 20
min after preparation of the composition.

Based on the results of determining the crosslinking time in the process of modeling the
injection of a gel-forming composition (used for 90°C) into a conditional well, it was found
that:

— the crosslinking process begins during the injection of the compound into the inter-tube
space. The induction period of the beginning of gelation is about 12 minutes after the prep-
aration of the composition.

— the process of crosslinking the composition ends during its injection into the inter-tube
space.

The induction period of the end of gelation is about 18 minutes after the preparation of the
composition. After injection of the composition into the well, during the technical settling of
the well, structure formation is observed, characterized by an increase in the complex viscos-
ity, which ends after 4 hours from the moment of preparation of the composition. In order to
increase the technological efficiency (for example, to prevent mechanical destruction of the gel
during its injection into the well) of the silencing process using the gel-forming composition
used for 90°C, it is recommended to adjust the content of the components so that the gel-
forming process ends after the composition is fully injected into the well.

4 CONCLUSION

Based on the laboratory tests of physical, chemical and rheological properties of the frame
and gel forming compositions, the following findings have been established:

1. Compositions in the conditions of low (20°C) and high (90°C) temperatures are thermo-
stable during the entire researched period (3 days).

2. The results of evaluating the destruction of the frame and gel compositions showed the
following:
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— the gel-forming composition is completely destroyed within 1 and 3 hours with a 10%
aqueous NaOH solution at 90 and 20°C, respectively;

— the frame-forming composition is destroyed by 75% within 24 hours with a mixture of
12% hydrochloric and 5% hydrofluoric acids (mud acid) at 90 and 20°C, respectively.
The future observation showed insignificant changes because when reacting with
a frame-forming composition, mud acid loses reactivity.

3. The gel (8 and 10.7 mPa-s) and frame (64 and 27 mPa-s) forming compositions at 20 and
90°C, respectively, have a low effective viscosity after preparation, which allows us to con-
clude that they are technologically efficient when injected into the well;

4. Gel-forming composition can have a high blocking capacity, since their static shear stress is
648 Pa at low temperatures (20°C) and 126 Pa at high temperatures (90°C).

The results of physical, chemical and rheological studies of frame and gel forming compos-
itions have shown that they can be used in conditions of reservoir temperatures from 20°C to
90°C, which consists in the possibility of injection these compositions into a typical well and
selling them into the bottom-hole formation zone due to their low viscosity after preparation
and slow cross-linking speed. However, based on the results of the conducted studies, it is
recommended to adjust the content of the components of the gel-forming composition (used for
90°C) so that the gel-forming process ends after the composition is injected into the well in full.

In addition, the use of destruction allows to reduce the negative impact of this technology
on filtration characteristics of the bottomhole formation zone after well killing due to the
reduction of the coefficient of relative changes in permeability and pressure gradient the start
of oil flow when “development” wells.

To address the problem of well killing in complicated conditions, it is necessary to conduct
a cycle of laboratory and field tests of the considered compositions, which will allow to select
and justify the optimal technological and economic parameters of the operation.
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ABSTRACT: The review article provides test methods for pipe steels in environments con-
taining hydrogen. The authors analyze test procedures designed for determination of pipe
steel properties to provide further estimation of their serviceability for transmission of hydro-
gen-containing natural gas. The fatigue properties of the pipe metal decrease with increasing
hydrogen content in the gas mixture. The method of determining the of the fatigue crack
growth rate is promising for pipe metal in gas mixture containing hydrogen.It has been estab-
lished that hydrogen impacts gas mixture compression. This fact should be taken into account
when selecting operation modes for compressor stations.

Keywords: hydrogen embrittlement, hydrogen-methane gas mixture, fatigue damage, crack
growth rate, strength properties

1 INTRODUCTION

Hydrogen can be considered as a clean energy carrier, similar to electricity (Nitsh &
Voigt, 1988), (Aksyutin et al., 2017). Using the existing natural gas (NG) grid for the
hydrogen service has been being considered over the past decades.It has been found,
that transporting hydrogen using an existing natural gas network is technically feasible
(Bedel & Junker, 2006). Existing gas transmission system (GTS) can be used for hydro-
gen-containing natural gas as well. Hydrogen embrittlement of carbon steels that the
major pipelines are made of can impose restrictions on transmission of hydrogen-
methane gas mixtures through GTS. Hydrogen embrittlement of steels has been investi-
gated by a number of scientists (Nanninga et al., 2010), (Marhi & Somerday, 2008),
(Kolachev, 1985), (Nagumo, 2016). These studies analyze hydrogen impact only on
metal that stays tensile enough after exposure to hydrogen. At the same time, most of
metallic materials have reduced resistance to fatigue damage and high fatigue crack
growth rate in hydrogen environments (Marhi & Somerday, 2012). Changing the hydro-
gen concentration in the gas mixture leads to unsteady operation of the GTS (Guanda-
lini et al., 2015). Recently, the American Society of Mechanical Engineers (ASME) has
adopted a code specifically for hydrogen piping and pipelines: ASME Pressure Piping
Code B31.12. Additionally, ASME has adopted new language in the Boiler and Pressure
Vessel Code (Section VIII, Division 3, Article KD-10) for qualifying pressure vessels for
hydrogen service. These rules can be adopted for pipelines as well, as part of a fitness-
for-service management program (Baek et al., 2017). This work is motivated by a desire
to describe the approach of fracture mechanics to serviceability for pipelines distributing
mixed hydrogen and natural gas.

352


http:decades.It
http:hydrogen.It

2 MATERIAL AND TEST METHODS

A hydraulic servo controlled testing machine Instron with an autoclave was used to measure
the mechanical properties of specimens in mixtures natural gas and hydrogen (ASTM G142-
2016). Chamber material is insensitive to hydrogen embrittlement and is able to resist up to 20
MPa gaseous hydrogen pressure. Tests were conducted with API-SL X80 pipe samples
(Figure 1) (ASTM G142 2016), (ASTM E647 2000).

Mechanical properties of the pipe metal have been determined by standard specimens.
Fatigue crack growth tests have been carried out within this study on the compact tension
specimens in accordance with (ISO 7539-6 2018).

Test environment: hydrogen-methane gas mixture with hydrogen content varying from 0 %
to 50 %. Tests have been performed under 12 MPa. For safety reasons methane was replaced
by nitrogen.

3 TEST RESULTS

Authors (Meng et al., 2017) were determined that the change in hydrogen content in gas mix-
ture didn’t influence tensile properties (Figure 2).

The influence of added hydrogen on tensile behavior of thesmooth specimens is shown in
Figure 3.
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Figure 1. Specimens for tests from API-5L X80 pipe.
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Figure 2. Influence of added hydrogen on the tensile of the smooth tension specimens.
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Figure 3. Fractured surfaces of the smooth specimens in: a) nitrogen and; b) hydrogen blend 20 %.

The reduction of area specimens and hydrogen embrittlement index is calculated as follows:

Ry =1~ (S/So) (1)
Ny _ pH>
E[(%) = M x 100 (2)
R

where R, = the reduction of area specimen in N, and H, blends; S; = cross-section area of
the specimen after failure; Sy = cross-section area of the specimen before failure; E; = speci-
men hydrogen embrittlement index (E; = 0 means no hydrogen embrittlement E; = 100 % is
value for maximum embrittlement).

The indexes for various hydrogen blends are shown in Table 1.

Authors (Meng et al., 2017) have suggested that gaseous hydrogen content increasing in gas
mixture from 0 % to 50 % results in metal embrittlement of high-strength API-5L X80 pipes.
Fatigue crack growth rate escalates by an order of magnitude when moving from neutral
nitrogen to gaseous mixtures of nitrogen and hydrogen. Fatigue crack growth rate also builds
up with hydrogen content increase in gas mixture from 5 % to 50 %. Simultaneous hydrogen
exposure and mechanical loads on pipe steel can lead to hydrogen embrittlement. For this
reason there is a need to understand the problem of reversed pipeline loads in hydrogen-
containing environments. The influence of cyclic loads on crack growth rate of API-SL X80
pipe steel in pure nitrogen and hydrogen blends is shown in Figure 4.

The effect of hydrogen on the properties of API-5L X80 was investigated by similar
methods (Briottet et al., 2011). It has been established that «fatigue crack growth rate» param-
eter is more sensitive to alternation of hydrogen content, than to any changes in mechanical
properties of pipe steel. For air and hydrogen environments fatigue crack growth rates in
shown in Figure 5.

The fatigue crack growth rate increases by at least an order of magnitude in hydrogen com-
pared to air. This difference explained by interaction between hydrogen and dislocations in
API-5L X80 steel.

Specialists of the Institute of Standards and Technologies (the USA) were engaged in the
study of hydrogen embrittlement and simulated fatigue crack growth processes on API-5L

Table 1. Hydrogen embrittlement of API-SL X80 steel.
H, content, % 0 5 10 20 50

E; index, % 0 3,39 4,32 15,88 16,77
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Figure 5. Fatigue crack growth rate behavior in air and hydrogen gas.

X100 steel (Amaro et al., 2014). Studies have shown that the fatigue crack growth rate in air
and in environments with different hydrogen pressure varied (Figure 6).

Authors determined that fatigue crack growth rate depended on hydrogen content. Upgrad-
ing of hydrogen pressure from 1.72 MPa to 20.68 MPa can double the growth rate.
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Figure 6. Fatigue crack growth rate behavior in air and hydrogen gas.
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Figure 8. Compression ratio for mixture gas depending from the pipeline length.

In addition to pipes, compressor station, belong to GTS. Therefore, should be paid atten-
tion to physic parameters hydrogen transportation by pipeline GTS (Zabrzeski et al., 2017).
For example hydrogen is much less viscous, and thus it can decrease Joule-Thompson effect in
terms of pressure drop (Shimko, 2005). A mixture of natural gas and hydrogen in the pipeline
600 mm was investigated. The hydrogen content in natural gas modified from 0 % to 30 %.
The gas temperature was to be 7 °C and initial gas pressure 6.4 MPa (Zabrzeski et al., 2019).
Correlation between gas pressure, hydrogen content and pipeline length is shown in Figure 7.

Simulated conditions for hydrogen-containing natural gas transmission through existing
GTS must take into account operation of compressor stations. Figure 8 shows relationship of
compression and the length of a pipeline that transmits hydrogen-containing natural gas.

Thus, hydrogen strongly influences variation of the process of natural gas compression.

4 CONCLUSIONS

Increase in hydrogen content in gas mixtures from 5 % to 50 % does not have significant
impact on traditional mechanical properties of high-strength API-SL X80 pipe steels. Vari-
ation of fatigue crack growth rate depends on hydrogen content in pipe steel and is sensitive
to the level of hydrogen content in metal. Fatigue crack growth rate determination method
can be prospective in terms of selection of the best chemical composition of the pipe steel that
is not exposed to negative hydrocarbon impact during transmission of methane-hydrogen mix-
tures.It is necessary to give consideration to physical properties of hydrogen when selecting
compression and transmission modes for methane-hydrogen mixtures via existing GTS.
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ABSTRACT: In this article, the experiments conducted to increase the efficiency of the use of
pumping-ejector systems used for the enhanced oil recovery metod. This method is the water
alternating gas injection. Water alternating gas injection implies the injection of alternately
water and gas, or a water-gas mixture - simultaneous water alternating gas. The purpose of
these experiments is to study the jet apparatus characteristics at high pressures at the ejector’s
intake (0-0.3 MPa), as well as to develop a new calculation methodology for the rheometer.
Studies were conducted on a laboratory bench, allowing research at various gas flow rates. The
article presents new dependencies for the three possible stand designs that allow recalculation of
gas flow. The new rheometer calculation methodology can reduce the inaccuracy from 20% to
1.8%. The results of experiments that, the maximum value of the ejector efficiency is equal to
32.5%, and the injection rate varies from 1 - 1.14, under these experiments conditions.

Keywords: pump-ejector systems, characteristic of liquid-gas ejector, water alternating gas
injection

1 INTRODUCTION

Simultaneous water alternating gas (SWAG) injection is a combination of conventional water-
flooding and gas injection techniques. Unlike water, which takes up small hydrophilic pores
and bottleneckings in the flooded zone of the reservoir, pumped gas as a non-wetting phase
takes large hydrophobic pores, and the top of the reservoir under the action of gravitational
forces (Drozdov et al. 2006). These aspects of oil displacement have led to reasonability of
maintaining reservoir pressure by water and gas injection. At the same time, the displacement
profile is also aligned, and the formation coverage is increased. Various authors carried out
laboratory filtration experiments on the displacement of oil and hydrocarbon liquids from the
reservoir by water, gas and various combinations of these agents. The results of experiments
(Piyakov et al. 1992) on the use of water alternating gas (WAG) injection showed that the
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injection of gas and water, regardless of the type of gas used and the stage of flooding, con-
tributes to an increase in the displacement efficiency. The value of the increase of displacement
efficiency is a function of the gas agent composition. The minimum increase of 7-8% was
obtained in experiments using nitrogen; upon injection of dry hydrocarbon gas, the increase
was 15-16%; with an increase in the content of intermediate components C,-C4 in
a hydrocarbon gas, the displacement efficiency increased. The series of experiments on core
samples (Fatemi et al. 2013), taking into account the wettability of the reservoirs, proves the
effectiveness of the use of WAG compared to injecting water or gas separately.

Experiments (Stepanova 2003) suggested that the most significant effect of WAG was observed
for media with mixed wettability, when hydrophobic surfaces form through paths along large
pores, while smaller ones remain hydrophilic. The direct observation of physical processes occur-
ring in a porous medium during WAG was carried out on the water-wet glass micromodel (Soh-
rabi et al. 2000). Various water alternating gas technologies over the past decades have been
applied at almost a hundred fields in the world, both abroad and in our country. The successful
ratio of using WAG according to data in foreign practice exceeds 90% (Berge 2002).

With the simultaneous injection of water and gas, the greatest effect according to the data
(Egorov 2006, Liskevich 1973, Drozdov 2006) is achieved when the gas content of the water-
gas mixture is in the range of 25-75%. Now abroad, dry or enriched hydrocarbon gases, as
well as carbon dioxide, are usually injected into WAG technologies. The most commonly
reported increase in oil recovery during WAG is approximately 5%, but, as noted in some
fields, oil recovery may increase by 20%. Studies (Lei et al. 2016) have shown the efficiency of
WAG CO, for multilayer formation.

In the article (Christensen et al. 2001) extensive review of the WAG injection process has
been presented. The increase in oil production of the considered fields is about 5-10%. To
obtain the effect of WAG and to avoid early breakthrough of the injection gas, it is necessary
to have a good idea of the phase of the behavior of the reservoir oil and injection gas mixtures,
as well as the heterogeneity of the reservoir.

The experimental study of WAG and SWAG injection schemes with CO, (Kamali 2017) is
aimed at determining the function of co-optimization function for CO, storage and incremen-
tal oil production. Experiments are run to represent immiscible, near-miscible, and miscible
displacements. Numerical simulations show a remarkable reduction in gas relative permeabil-
ity for the WAG and SWAG displacements compared with continuous-gas-injection displace-
ments, as a result of which the vertical-sweep efficiency of CO, is improved.

A comprehensive review of WAG field displacements and their effect on oil recovery and pro-
duced-gas/water ratio has been presented in the literature (Stalkup 1983; Christensen et al. 2001).

The vast simulation study (Nygard & Andersen 2020) has been performed investigating
immiscible WAG injection focusing on mechanisms such as mobility, gravity, injected volume
fractions, reservoir heterogeneity, gas entrapment, and relative permeability hysteresis.

Scientists (Hoare & Coll 2018, Kumar et al. 2017, Khorsandi et al. 2017; Alzayer & Sohrabi
2018) note the influence of hysteresis relative permeability on the effectiveness of WAG. It is
often expected that the gas phase will show large hysteresis effects (Hoseini et al. 2011). Hys-
teresis lowers gas mobility and hence improves the gas/oil mobility ratio and reduces gravity
segregation. The first effect is always positive, but the second is mainly positive in more uni-
form reservoirs where gravity segregation has a negative effect on recovery. In heterogeneous
reservoirs, reducing gravity segregation can lead to the oil in low-permeability layers remain-
ing unswept. (Nygéard & Andersen 2020)

Most foreign fields with WAG technologies are located in Canada, the USA and Norway
(Skauge & Stensen 2003, Christensen et al. 2001, Cone 1970, Quale et al. 2000, Righi & Pasc-
ual 2007, Shi et al. 2008, Stoisits et al. 1995, Choudhary et al. 2011, Gbadamosi et al. 2018,
Olalotiti-Lawal et al.2018).

In Russia, experimental work on the WAG was carried out at the Sovetskoye and Vakhskoye
(Kryuchkov 2002), Ilishevskoye (Shuvalov et al. 2008), Alekseevskoye (Vafin 2008, Zaripov
2006), Novogodnee (Zakirov et al. 2006), Vostochno-Perevalnoye (Zatsepin & Chernikov 2007,
Chubanov et al. 2008) and at the Sredne-Hulymskoye fields (Chubanov et al. 2008).
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In foreign practice, complex and expensive equipment that requires large capital invest-
ments, high-quality maintenance and competent operation — gas treatment units, pumps and
high pressure compressors — is used to implement gas and water exposure. Attempts to apply
the WAG compressor technology at the Samotlorskoye and Novogodnoye fields under Rus-
sian conditions, despite the enormous costs, were ultimately discontinued.

So the traditional technology of SWAG injection is not widely used in domestic oil fields.
The main problem is the absence of effective processes and technologies for water and gas
pumping into injection wells. In this situation, the use of jet technology, in particular pump-
ejector systems, may turn out to be a very attractive solution.

In previously published papers (Krasilnikov 2010, Drozdov et al. 2008), laboratory studies
of pump-ejector systems were carried out at constant pressure at the jet apparatus intake P;,
(0; 0.5 MPa) with different values of relative power pressure drop created in the ejectors work-
ing nozzle AP,. In this article, the characteristics of an ejector with a constant AP, with
a relative outlet pressure drop AP, created by a jet apparatus were considered.

2 PURPOSE

The purpose of this work is to characterize the pump-ejector system at high pressures at the
jet apparatus intake within 0 — 0.3 MPa. Additionally, the differential pressure gauge should
be calibrated with the creation of a new calculation methodology.

3 MATERIALS AND METHODS

Investigations of the pump-ejector system was carried out on the laboratory bench (Figure 1)
which worked in the following way. The power liquid (water) from the tank 1 enters the
intake of a multistage centrifugal pump 2. Next, the power fluid is forced to the nozzle of the
jet apparatus 3 and injects, depending on the experimental conditions, either gas from tank 1
or gas from the atmosphere, which is regulated by valves 12 and 13.

=—IE 5 r“r’“‘ﬂﬁn

4

Flow dirsclion: =+ - Gag
—_— - i
v o g - minRare

Figure 1. Diagram of the stand for the pump-ejector system investigation: 1 - liquid-gas tank; 2 - multi-
stage centrifugal pump; 3 - ejector; 4 - differential pressure gauge; 5 - fluid meter; 6 - gas meter; 7, 8, 9 -

manometers; 10 - pressure-vacuum meter; 11, 12, 13 - control valves and gate valves.
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The flow rate of the power fluid injected into the nozzle is measured by a fluid meter 5.
Depending on the conditions, the flow rate of the injected gas is measured by a differential
pressure gauge 4 when high pressure gas is injected, or by a gas meter 6 when atmospheric air
is injected. The pressures in front of the working nozzle of the jet apparatus and at the output
from its diffuser were measured using manometers 7 and 8. The pressure at the ejector’s
intake was measured with a pressure — vacuum meter 10. Different operating modes and pres-
sures were generated by a control valve 11.

Measured parameters during the experiment: fluid rate, gas rate from the tank, gas rate
from the atmosphere, power pressure in front of the nozzle, pressure at the ejector’s intake
and output pressure. The efficiency of the ejector , during gas injection is determined by the
ratio of the effective power N, to total power N, (Drozdov 2014):

’7 = % = 7Qg.inpm ln%
& Nl Qp(PO)

(1)
 UgDin lng—;
(P j2 P 0) ’
where Q, j, — volumetric gas rate in the suction chamber;
Pin — pressure in the suction chamber (intake chamber);
P, — outlet pressure of the ejector;
P, — power pressure in front of the nozzle;
Q, — volumetric power fluid rate;
ug = Q,iy/Q, is the volumetric injection coefficient in the suction chamber.
Technical water is used as a power liquid and air as a gas. Relative pressure drop:
AP, _ P.— Py @)
AP, P,— Py

where AP, AP, — pressure drops created by the jet apparatus and the working nozzle of the
ejector respectively.

Differential pressure gauge DT-50 was used to determine the gas rate from the tank. Gener-
ally, it is used to measure the flow rate of non-aggressive gases, vapors and liquids by deter-
mining the pressure drop across the orifice plate or other throttle body.

Additional tubes were used for the accuracy and to increase the measurement range for gas
rate (Figure 2). Were used 3 schemes of gas flow which dependences on the degree of gas rate.

The “right” scheme is used at pressures P <0.18 MPa, which is activated by opening the
valve 7 and closing the valve 6. The “left” scheme is used at pressures of 0.18<P<0.26 MPa,
where the valves open vice versa to the “right” scheme. The “general” scheme is used when
P>0.26 MPa, where both valves open. Theoretically, after getting the calibration curve at any
pressure level, other pressure values can be obtained using the following equation:

B 1 Py
0= Ql“bP{( (3)

where Q;, O, — the gas rates in the rheometer at pressures P; and P, respectively; 4, 4, —
resistance values at P, and P, respectively.

For a quadratic zone of gas flow in a tube, as is well known 1;= 1,, where at the same water
level difference in the differential pressure gauge, we obtain:
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Figure 2. Diagram of a differential pressure gauge with variable parameters of the measurement range:
1 - differential pressure gauge; 2 - manometer; 3 - copper tube (shortened); 4 - copper tube (elongated); 5,

6,7, 8 - valves and gate valves.
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In article (Drozdov 1982) it is pointed out that in the calibration process where brass tubes
with an internal diameter of 4-6 mm was used at pressure under 0.6 MPa, the resistance values
are not equal 4; # A>. Analytical determination of A with the required accuracy depending on
pressure and flow rate by formula (3) is difficult to perform. Due to it, the calibration depend-
encies were built at the same pressures as in the experiments pressures values. Since our studies
are carried out with 6 mm tubes at pressures below 0.6 MPa, it is necessary to introduce cor-
rection factors for formula (2).

Calibration of the differential pressure gauge was carried out in this way. Calibration
curves were registered at pressures of 0.1; 0.14; 0.18; 0.22; 0.26; 0.3 MPa. Gas rates at appro-
priate pressures were calculated based on 0.1 MPa by the formula (4). After that, the devi-
ations between the calculated and actual values were estimated. According to the deviations,
correction factors were found, and flow rates based on new formula were calculated. Next will
be presented the results.

4 RESULTS AND DISCUSSION

This section presents the results of experimental studies of the pump-ejector system and cali-
bration of the differential pressure gauge.

4.1 Differential pressure gauge

Because of the calibration carried out, it was possible to achieve sufficient accuracy of the new
calculation methodology (Table 1, Table 2, Table 3). The following formula was obtained for
the “right” scheme:
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Table 1. The results of the calibration of the differential pres-
sure gauge for the “right” scheme.

P, MPa Old method (4, %) New method (4, %)
0,14 9,9 1,14
0,18 16,8 1,78
0,22 22,7 1,71
0,26 26,3 1,62
0,3 28,7 1,35

Table 2. The results of the calibration of the differential pres-
sure gauge on the “left” scheme.

P, MPa Old method (4, %) New method (4, %)
0,14 9,1 1,37
0,18 15,4 1,11
0,22 18,9 0,99
0,26 23,1 1,01
0,3 254 1,15

Table 3. The results of the calibration of the differential pres-
sure gauge on the “common” scheme.

P, MPa Old method (4, %) New method (4, %)

0,14 9,7 1,86

0,18 14,7 1,5

0,22 20,0 1,66

0,26 23,0 1,83

0,3 25,2 1,44

P
Qy = Q[+ (=5,04 5 (4P)” +2,38+(4P) + 1,01), (5)
2

where Q,;,Q, — volumetric gas rates in differential pressure gauge at pressure Py, P,
respectively;

AP = Py, — P,

During the calibration of the differential pressure gauge on the “right” scheme, the follow-
ing results are obtained:

* according to the old method, the averaged inaccuracy is 20.88 %;
+ according to the new method, the averaged inaccuracy does not exceed 1.8 %.

The next formula was obtained for “left” scheme:
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Q= Q, % 1/11%><(—3,08*(AP)2+1,75*(AP)+1,()3), (6)

During the calibration of the differential pressure gauge on the “right” scheme, received the
following indicators:

+ according to the old method, the averaged inaccuracy is 18.52 %;
» according to the new method, the averaged inaccuracy does not exceed 1.9 %.

The next formula was obtained for “common” scheme:

Q=Q x| /i—; x(~3,53 % (4P)° + 1,834(4P) + 1,03), (7)

During the calibrating for the “common” system, we obtained the following indicators:

* according to the old method, the averaged inaccuracy is 18.52%
* according to the new method inaccuracy does not exceed 1.9%.

4.2 Characteristics of the pump-ejector system

After the calibration of the differential pressure gauge, the pressure-energy characteristics of
the ejector were obtained (Figure 3, Figure 5). The maximum efficiency of ejector #, during
gas injection is obtained 0.325, where the relative pressure drop is AP,/AP, = 0.315, injection
coefficient ug in the suction chamber is 1.13 at intake pressure P;, = 0.26 MPa and outlet pres-
sure P, = 0.636 MPa. The minimum efficiency of ejector #, during gas injection is obtained
0.245, where the relative pressure drop is AP,/AP, = 0.294, injection coefficient in the suction
chamber is ug = 1.14 under intake pressure Py, = 0.05 MPa and outlet pressure P,= 0.397
MPa. It can also be noted that in the pressure range P;,, = 0.05 - 0.3 MPa the injection coeffi-
cient in the suction chamber is varies from 1 to 1.14.

After that, a graph of maximum efficiencies #, was plotted to the function of intake pres-
sures P;, (Figure 4.). This graph shows that the difference between the maximum and
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Figure 3. The ejector efficiencies #, to the function of injection coefficient u,.
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Figure 4. The maximum efficiencies #, to the function of intake pressure Pj,.
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Figure 5. The relative pressure drop AP,/AP,, to the function of injection coefficient u,.

minimum values is 0.078. The value of #, gradually increases to P;, = 0.26 MPa and after this
point some decline is observed.

5 CONCLUSION

Research and calculations have shown that, the new calculation methodology of the differen-
tial pressure gauge makes it possible to calculate gas rates with an inaccuracy of no more
than 1.8%.

The obtained pressure-energy characteristics for high pressures at the ejector’s intake in the
range from 0.05 to 0.3 MPa allow us to conclude that the maximum efficiency at this condi-
tion, do not exceed 32.5%. The volumetric injection coefficient rates range from 1 to 1.14. It is
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worth noting that after the intake pressure of 0.26 MPa, there is some decrease in the effi-
ciency, which can be assessed in further studies at higher intake pressure Pj,.
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ABSTRACT: The article discusses the problem of choosing the working fluid for the Ran-
kine organic cycle. This is done by analyzing the parameters of the ORC unit on these
Freon’s. It is proposed to use low-grade heat of technological units for oil refining as a heat
source for the organic Rankine cycle unit. Currently, a significant part of the available low-
grade heat from oil refineries is lost into the atmosphere. The installation of the organic Ran-
kine cycle allows the use of this heat to generate an expensive energy resource - electricity. This
is the advantage of this installation over other methods of utilizing low-grade heat. At the
moment, there is no clear methodology for choosing a working fluid for the organic Rankine
cycle, that used at an oil refinery. For comparison, the following freons were selected: r245fa,
r152a and r404a. To solve this problem, a model that calculates such indicators as thermal effi-
ciency, coolant flow rate and electric power of the installation, for the simplest scheme of the
organic Rankine cycle was built. The article also provides an analysis of the results obtained
by modeling the comparison of the considered working bodies. To assess the feasibility of
using the unit with selected coolant, the economic effect of its implementation was evaluated.

1 INTRODUCTION

In the modern world, more and more attention is paid to the problem of improving energy
efficiency. One of the tasks of increasing energy efficiency is the development of methods for
recycling of low-grade heat. Low-potential heat sources include flows of various substances
and gases with a temperature of not more than 300°C. Such sources are very common in the
oil, metallurgical chemical and other industries.

Consider the refining industry in more detail. The technological process of oil refining is not
perfect in terms of the full use of thermal energy. Thermal energy supplied to oil at refineries is
used only by 30%. About 35% of it discharged into the atmosphere using circulation water system
or air-cooling units, about 10-15% released into the atmosphere from surfaces of equipment and
about 15% released into the atmosphere with flue gases (Burdygina, 2003). According to esti-
mates, at refineries with a capacity of 5-6 million tons per year of crude oil, at least 15 MW of low
potential heat with a temperature of at least 150°C are discharged into the atmosphere.

One of the modern ways of recycling this low-grade heat is organic Rankine cycle (ORC).
ORC is used to generate electricity. The schematic diagram of the OCR unit is shown in Figure 1.

368



avaponior

4
3 i -
Shaam
lurbing
Elacirical
geEnerEhar
| 0
Fead
ol condensar

Figure 1. Schematic diagram of the OCR unit.

OCR works on the same principle as the classical Rankine cycle with water as a fluid. The
main difference between organic fluid and water is a low boiling point, which allows steam to
be generated at low temperatures of heat sources.

For the normal operation of a steam turbine, it is necessary, to have a large pressure differ-
ence, which is different for various fluids. In this regard, depending on the temperature condi-
tions of the thermal scheme of the organic Rankine cycle, it is necessary to determine the
compound that will be used as a working fluid. When choosing different compounds, you
must follow rules:

— Work, done by steam in the turbine, should be as much as possible;

— Thermal conductivity of the fluid should be as large as possible for more efficient heat
transfer in the evaporator and condenser;

— Fluid must be stable at high temperatures;

— Fluid should be environmentally friendly and safe.

Based on these criteria, for further consideration, the following freons were selected: r245fa,
r152a, r404a. The parameters of the considered working fluid are presented in Table 1.

These freons have already been used as a coolant for ORC, but under other conditions. It is
advisable to consider them for specific conditions of use at a refinery.

One of the main indicators of the effectiveness of the Rankine cycle is the thermal efficiency
of the cycle. In this case, the thermal efficiency of the cycle will depend on the selected com-
pound. Based on this fact, the choice of the working fluid will be made according to the high-
est thermal efficiency of the cycle. Further in the work, an unit working on the selected fluid
will be considered.

Consider freon r245fa as a working fluid for the proposed heat recovery unit at oil refiner-
ies. The p-h diagram of the ORC with r245fa is shown in Figure 2.

Table 1. Parameters of the considered working fluid.

Value
Parameter r245fa r152a r404a
Molar mass, g/mol 134,1 66,1 97,6
Boiling point, °C 15,3 -24 -46,3
Specific thermal capacity in a liquid state at normal pressure, kJ/kg K 1,36 1,8 1,62
Ozone depletion potential 0 0 0
Global warming potential 1030 140 3750
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Figure 2. P-h diagram of the ORC with r245fa.

The following algorithm was used to determine the installation efficiency:

— The value of the temperature of the quenching compound in the condenser and power of
the low-potential heat source and its temperature are set. The temperature of the low-
grade heat source determines the maximum attainable temperature of the organic fluid;

— The enthalpies of the fluid at the characteristic points of the cycle are determined. The
characteristic points of the cycle on r245fa are presented in Table 2;

— Further, the thermal efficiency of the unit, the work done by steam in the turbine and its
adiabatic power are determined from the values of enthalpies in the evaporator and
condenser;

— Then, the power of the feed pump is determined. Power of the ORC unit, taking into
account the operation of the feed pump, the energy loss in the generator and the internal
efficiency of the turbine is determined.

Then, in a similar way, calculation was performed for the remaining freons. To facilitate the
calculations, a model of the OCR unit was built in Microsoft Excel. This model automatically
calculates all parameters of the cycle after entering the initial data. °C

For comparison, several freons as a working fluid in the ORC, the temperature range of the
quenching compound is assumed to be the same (from -20°C to 20°C), as well as the values of
the internal efficiency of the turbine (86%) and the efficiency of the generator (95%). Then we

Table 2. Characteristic points of the cycle on r245fa.

Point Enthalpy, xJ/kg Note

0 410 End of expansion in a turbine

1 175 At the exit of the condenser

2 185 At the entrance to the evaporator
3 480 At the exit of evaporator

4 505 At the exit of the superheater
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compare technical performance of the unit with different fluids. The most suitable compound
is the one at which the power of the unit is greatest.

One of the problems of ORC is low efficiency. Thermal efficiency of these installations usu-
ally does not exceed 28% (Casati, 2014). One of the methods for increasing efficiency is the
improvement of the cycle arrangement. However, this method leads to a complication of the
design of the unit and an increase in its cost. For this reason, we built computer model that
allows you select the most optimal cycle diagram of the ORC unit. The selection is made
according to the following principle:

— The technical parameters of three cycle diagrams are calculated (simple circuit, circuit with
economizer, circuit with intermediate steam overheating and economizer);

— Economical indicators of each circuit are determined;

— The optimal cycle diagram is selected based on the economic performance.

The calculation of the technical indicators of the unit without intermediate overheating of
the steam and with economizer was carried out similarly to the algorithm for choosing the
working fluid. The difference is that in this calculation the power of the feed pump is not
taken into account.

Consider the OCR unit with an economizer. The thermal circuit of this unit is shown on
Figure 3.

This scheme is used to increase the efficiency of the cycle. Economizer is installed between
the turbine and the condenser and it heat the condensate after the feed pump in front of the
evaporator by cooling the steam leaving the turbine to a condensation temperature 20°C.

The calculation of the technical indicators of the unit with an economizer was carried out
similarly to the above algorithm; however, the calculation is complicated due to the need to
make the heat balance of the economizer. From the heat balance equation, the enthalpy of the
heated refrigerant at the outlet of the economizer is determined.

Next, a thermal circuit is calculated with an intermediate superheat of the steam and an
economizer (Figure 4).

The calculation of the technical indicators of the unit operating according to this thermal
scheme was carried out similarly to the calculation of the scheme with the economizer; how-
ever, the calculation is complicated by adding two characteristic points of the cycle: after
high-pressure section and before low pressure section. It is necessary to set the value of the
pressure of steam after the high-pressure section (0.6 MPa in this case), as well as to compile
the heat balance of the intermediate superheater of the steam. The initial enthalpy of steam in
the low pressure section is calculated from the heat balance equation.
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Figure 3. Thermal circuit of OCR unit with an economizer.
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