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OBTAINING POROUS THERMAL INSULATING MATERIALS BASED
ON ASH FROM THERMAL POWER PLANTS

Abstract: We report results of research into processes of formation of porous structure by the method of thermal
bloating of the gellike mixture of raw materials. Regularities of the course of physicalchemical transformations
are considered in the material when it is heated; as a result, we established the initial water content in the raw
mixture, optimal for the formation of xerogel, and the residual water content in gel, sufficient for effective
bloating. We proposed the optimized composition of the raw mixture that employs maximally permissible
amount of ash as a mineral filler; the thermal modes of bloating are studied. Based on the data obtained, a new
technology for the production of porous thermal insulation materials is created. New porous thermal insulation
materials were obtained using soluble glass as a binding component; foaming agent; regulator of hardening
rate of the mixture. The basic thermophysical properties were determined.

Keywords: fly ash; thermal power plants; technology; thermophysical characteristics; building material.

Introduction

The impact of thermal power plants (TPP) on the environment depends largely on the type of fuel. Coal
is most polluted of all energy sources and making the largest contribution to global climate change. In
coal power plants account for the biggest share of greenhouse gas emissions in the energy sector, as
they have the highest rate of release of carbon dioxide per unit of electricity produced compared with
all other fossil fuels. When burning coal into the atmosphere large quantities of solid particles containing
not burned carbon oxides and heavy metals emitted as carbon monoxide (CO) and toxic organic
compounds, including dioxins and benzopyrene, have carcinogenic effect, fly ash, sulfur and sulfuric
anhydride, nitrogen oxides, some amount of fluoride and gaseous products of incomplete combustion.
So especially harmful condensation power plants working on low-grade fuels. Among these stations
applies Burshtyn TPP.

Solid waste production BTPP is the main fuel slag and ash. Laboratory studies show that in 2015 was formed
526,335 tons of ash and 125,583 tons of slag, which in large near BTPP form parts of ash dumps (Fig. 1).

Most European TPP do not form ash dumps because their rational use, given the content of the ash,
useful for technologies manufacturing of building material chemical elements.




B "

.

FIGURE 1. Burshtyn TPP (ash storage No. 3)

Analysis of recent sources research and publications

In the publications [1-10] shows the advantages of using high-calcium ash in the production of cellular
concrete. The use of ashes in the production of cellular concrete in reality presented in various versions,
from using it as a main component to the introduction of ash in the raw material as an additive. Since
the high-calcium ash has all the source characteristics of materials for the production of cellular concrete
(dispersion and binder potential) to the same cellular structure softens degradation expansion ash pore
space without developing cracks.

The main barrier using ash as a raw material for the production of building materials is its content of
free calcium and magnesium oxides in a state of burnout. Other impediment - is the wide range the
composition of highly-calcium ash defining significant fluctuations in the properties (strength, medium
density, frost resistance, etc.) of the finished material.

According to literature data, it was found that neutralize the negative impact of CaO ash possible in
different ways: physical, chemical, and by sharing with cement or other "diluents".

For the production of high-quality non-autoclave gas concrete, complex and energy-intensive solutions
should be used:

e Constantly changing technological modes in accordance with fluctuations in the properties of ash.
Thus, in [2] established the optimum mixing time ash and water mass, depending on the timing of
grasp the

e All the researchers recommend the use of compulsory steaming and grind in some decisions of high-
calcium ash [3] or drying of products [4].

At the same time, some researchers are concerned with the question the use of high-calcium ash for the
production of cellular concrete, not only take into account the factor of variability of composition and
properties of the ash. Therefore, developed technology, ash gas concrete are characterized by a
significant percentage of defective products due to variations in the properties of finished products, and
other problems. The latter is often impossible to organize a sustainable manufacturing process using
raw materials with a large variation of its composition and properties without correction (composition
mass, technological processes parameters, etc.). In addition, the proposed technology is almost
impossible to use in small production.
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Therefore it is necessary to develop such schemes, the production of non-autoclaved gas concrete based
on high-calcium ash TPP that will provide a stable material with high construction and technical
properties on technology that does not require steaming, grind and other difficult-to-small enterprises
process stages.

You should also explore the possibility of obtaining materials with different structures, for example with
a porous structure. These materials can be analogs of foam concrete or porous insulation materials.

Emphasis previously unsolved parts of the general problem

For production non-autoclave cellular concrete, including small enterprises - the most rapidly
developing sector of wall materials today. Classical technology of these concrete is based mostly on
cement and sand unground. The use of ash TPP for cellular concrete recommended by the majority of
regulatory documents. The greatest effect is achieved by using high-calcium ash.

All the previous decisions on the development of technologies of non-autoclaved aerated concrete based
on high-calcium ash TPP on coal were sent to the maximum of their introduction to the raw mixture.
This resulted in unnecessarily complex and energy-intensive technologies (permanent change dosages
and technological modes in accordance with fluctuations in the properties of ash, mandatory steaming,
and some decisions grind components or drying products). All this did not allow to widely implement
the proposed technology, especially in small enterprises. Therefore, it required the development of non-
autoclave gas concrete technology based on high-calcium ash TPP gives the material with consistently
high construction and technical properties on technology that does not require steaming, grind and
other complex for small productions process stages.

Changes in the thermal regimes of processing materials containing ash can also ensure the formation of
a porous structure. The replacement of cement with ashes makes it possible to also get foam concrete.
But to achieve the necessary physical properties of this product, you need to adjust the composition of
the initial mixture. This of course required additional research.

In our earlier studies [5, 6], we changed the structure of the material using thermal modes of processing
the raw mix and selecting its rational composition. And thus it was possible to get a new porous material
that can serve as thermal insulation.

Problem statement

The purpose of this work is to study the possibility of replacing cement with the ash of the Burshtyn TPP
in technologies for producing concrete products, foam concrete and the production of porous insulation
material.

We set the goal of our research to find a rational composition of the raw mix for the production of
efficient concrete, foam concrete and porous materials with the maximum possible replacement of
cement with ash.

The main indicator of porous insulation is thermal conductivity. Therefore, this paper also aims to
develop a method for evaluating this indicator for new porous materials.

Research results. Influence of ash components on structure formation processes

Due to the content in the study ash of basic oxides (SiO, Al,03, Fe,03, Ca0, MgO, K,0) it can be attributed
to the high-calcium mineral resources, which typically use a raw mixture before thermal swelling in the
production of TPM. A result we get a solid porous materials [9-12].

The use of ash in pure form in building materials compounded by the negative impact of calcium oxide,
which is present in free form in a state of burnout.

Hydration of CaO particles, often covered with a vitreous shell leading to cracking and fracture of
hardened material. Neutralize the negative impact of CaO, perhaps in different ways: physical, chemical,
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and by sharing with cement. The positive effect of in the latter case will occur both due to dilution effect
and deterrent effect of destructive phenomena solid cement stone. In our work we use both methods.
Since calcium oxide in the ash BTPP not much, each of the methods may be appropriate. The most
widely, to eliminate the destructive effects of ash are hardening additive calcium chloride or other
chlorides. In our technology for the production of porous concrete to intensify the gassing requires the
presence of alkali NaOH, which can be synthesized as a result exchange reactions (alkali in our
technology can be added to the raw material mixture as a separate component).

It is possible also to its gradual formation of ash elements BTPP, which would control chemical
transformations in the raw mixture in step swelling. New dual compound promote rapid formation of a
mixture of plasticity and its early hardening. These properties can be the basis of the controlled process
of forming a given structure, which is the aim of this study.

Therefore in the interaction these chemical elements, accelerated hydration CaO and accelerated the
process of formation hydrates mixture.

When interacting with lime in the presence of aluminum phases of Portland cement clinker and ash, the
reaction to form the hydro-sulfo aluminate and hydro-chlor- aluminate of calcium:

nCaO + Caz(AlO3), + 2nNaCl + (m + 1)H,0 —»

1
— 3Ca3(Al0;), - nCaCl, - mH,0 + 2nNaOH W

nCaO + Ca;(AlO3), + 2Na,SO, + (m +1)H,0 —

2
— 3Caz(AlO;3), - nCaSO, - mH,0 + 2nNaOH 2)

It will accelerate the hydration of CaO and ash released alkaline solution NaOH.

As a result exchange reactions that occur between sodium sulphate and cement hydration products
formed additional quantity of gypsum and alkali NaOH (reaction (2)). Then NaOH easy carbonization by
carbon dioxide that enters the solution from the air by the reaction:

2NaOH + H,C0; — Na,C0; + 2H,0 3)

Sodium carbonate is primarily interacts with gypsum, as it is most soluble product of cement hydration
and under the influence of NaOH, it significantly increased solubility:

CaS0, - 2H,0 + Na,C0O; — CaCO; + Na,SO, +aq. (4)

Is well soluble sodium sulfate again reacts with calcium oxide to form gypsum and alkali (2). Reactions
Eq. (2) and Eq. (3) intermediate and Eq. (4) main.

Because of the fact that Burshtyn ash contains up to 61% aluminosilicate glass phase in the ash-cement
compositions will be similar to the reaction between with sodium sulfate. This is certainly a positive
moment, since in theory we have the ability to influence the kinetic parameters of swelling. Also,
carbonated shrinkage that occurs during the use of products will partly compensate for their expansion
deformation due to quenching of free lime.

In the DTA curves hydrated mixture based on fly ash, Portland cement, silicate recorded four
endothermic effects, accompanied by a decrease in weight (Fig. 2).

All endo-effects, as the differential - thermal analysis associated with weight loss in a wide temperature
range. Significant endo-effect occurs at temperatures 50-250°C extremes of from 115°C to 123°C and is
associated with the removal of adsorbed water with helium-like hydration products, such as calcium
hydrosilicates type CSH (I), as well as water of crystallization of hydro- sulfo-aluminate of calcium
AFt - phase.
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FIGURE 2. DTA raw mix with the addition of 70 wt. parts of BTPP ash and 5 wt. parts of Portland cement M100 and
15 wt. parts sand pieces

A clear endothermic effect is observed in the temperature range 370-420°C and describes the process
of dehydration of calcium hydroxide scheme:

Ca(OH), — CaO + H,0 (5)

The small endo-effects at 652°C and 780°C associated with the processes of decomposition
hydrosilicates calcium (CSH (II)) and calcination calcite. At temperatures of about 930°C, small exo-
effect is caused by crystallization tobermo-barito-like gel in wollastonite.

Since the swelling and the formation of structural strength aerated concrete array depend significantly
on water-solid ratio (WSR), the first stage searched the optimal amount of water for mixing in ash-
cement gas concrete compositions.

For the purpose of determine the effect of water-solid ratio on swelling aerated concrete, aerated
concrete mixtures were manufactured with WSR in the range of 0.2 to 0.6. In this case, aerated concrete
mixture made based on cement and sand or based on cement and ash Burshtyn TPP (in the ratio from
100 x 0 to 30 x 70) using chemical additives.

The mixture was prepared as follows: samples of ash and sand mixed with water at a temperature of
20-30°C, added cement and stirred for 2 minutes. Further, in each test was injected the same number of
aluminum suspension of the calculation of obtaining the average density of aerated concrete 700 kg/m3,
stirred for a further 1 minute and poured in volumetric capacity, which was swelling the mixture at an
ambient temperature of 20°C. After the complete swelling mixture controlled its height as a percentage
of the height of the fill. Then found the perfect amount of water and chemical additives to the maximum
height of swelling. The results are presented in Table 1.

Researches have shown that the studied range with increasing WSR height of expanded cement-sand
aerated concrete increases. For ash-cement aerated concrete is the optimum ratio for WSR, which is 0.5.
With the use of chemical additives NaCl and Na;SOs amount of water does not change except for
warehouses in which these additives are used in small amounts (0.5%). In our studies, we varied the
amount of NaCl and Na;SO4 from 0% to 5%. Table 1 shows the optimal ratios of these additives. The
number of repetitions of all measurements - 6. Decrease WSR in this case is probably due to "dilution”
mixture through peptization effect of fine particles that can get aerated concrete with uniform porosity
with less water. But the additives do not affect the process of swelling as a dry ash (it prolonged storage)




by chemical reactions, these compounds are formed, and adding or increasing their number does not
change the quantitative results of this process (as seen also from Table 1).

The use of Burshtyn ash instead of sand can increase the height of the swelling by 70% and the use of
chemical additives - an additional 3% to 7% due to the intensification of processes of gas emission as a
result of the gradual formation of NaOH in exchange reactions, which activates processes gassing.

TABLE 1. Effect of PTS on percentage swelling of concrete (%)

WSR
Mix

0.2 0.3 0.4 0.5 0.6
Cement + Sand 120 195 220 225 225
Cement + Ash 200 280 350 370 360
Cement + Ash + Na2504, 1% 200 290 350 376 370
Cement + Ash + Na2S04, 2% 205 290 355 380 380
Cement + Ash + NaCl, 1% 210 295 370 385 380
Cement + Ash + NaCl, 2% 205 295 370 390 370

The use of chemical additives can reduce the terms of hardening concrete mass as they provide fast
water binding and accumulation of solid phase with maximum density filling space frame. In our opinion
this is achieved through additional intensive synthesis and AFt AFm phases associated increased
amount of H;0, with a high growth rate and ensure the quick formation of structural strength.

Increasing the WSR, more than 0.5 leads to the separation of the initial mixture to form large cavities
with a diameter of 2 cm. This is usually due to swelling induction processes and prehension gas. In
addition, the increase in WSR promoted extension of swelling and prehension of gas mass since it was
accompanied by a decrease in the limiting stress and shear under plastic strength of porous concrete.
The introduction of additional quantities of water reduces the strength of concrete, increase their
deformation and final moisture content of the material.

The main properties of gas-concrete mixtures directly dependent on the rheology-ash cement and
cement-sand aerated concrete. Under the influence of physical and chemical processes occurring in the
interaction of cement, coal ash BTPP and water, rheological properties of such mixtures vary. Changes
viscosity and maximum stress displacement increases strength plastic systems. The degree of change
rheological characteristics depend on the type of raw mixture aerated, water-solid ratio and additives
used. From the velocity structure formation gas concrete mixtures depends time of stay in array form.
Therefore, the study of rheological characteristics of such systems is an urgent task.

For determination of strength of aerated concrete have been selected compositions with the largest
percentage of swelling (Table. 1). The results are presented in Figure 3. Slow structure formation,
apparently a slow set of structural strength and increase shrinkage, has a classic cement-sand aerated
concrete. It is characterized by slow growth strength, which is to end grasp cement (4 hours) 0.8 Pa, and
in 10 hours - a total of 1.8 Pa, while for subsequent technological processes an array of aerated concrete
should be 2.50-3.0 Pa.

For ash-cement aerated concrete typical slow rate of recruitment strength, even after 10 hours you can
perform various operations that provides technology for manufacturing gas concrete structures. It
should be noted that after 1 day strength of cement-ash aerated concrete is higher on average 50-70%.
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Thermophysical characteristics of porous thermal insulation materials

Thermophysical characteristics of porous thermal insulation materials (PTM) are generally determined
by the structure, size, type and shape of pores, as well as by their mutual arrangement in the material
[1, 2]. Thermal conductivity is one of the most important among these characteristics. Thermal
conductivity in porous material is caused by different physical processes and can be reduced to three
types: conduction, convection and radiation. Literature sources imply that thermal conductivity
dependence is represented as an exponential function [3-5]. These dependencies fail to have a
sufficiently clear and pronounced nature and do not allow developing an analytical expression to
describe this function, especially at high values of material density.

In our experiments, the thermal conductivity coefficient was determined in the dry and sorption
humidity states, not exceeding 20%.

The thermal conductivity of porous thermal insulation materials was studied usingan IT - A - 400 device.
Cylindrical test specimens, 5 mm thick and 15 mm in diameter, were placed in the device and heated to
800°C. Within this temperature range, the material thermal conductivity was determined according to
the standard procedure described in the device operating instructions.

The observed data were processed using the designed experiment approach. Thermal conductivity is
considered as the target function (Y, W/(m-K)). The experiment was conducted according to the
program of the central composite rotatable second-order design by Box-Hunter [5]. The design nucleus
is represented by half-replicated experiment 251 (1 = X1X2X3X4Xs). The factors, studied in the previous
series of experiments, are considered as controllable ones. The selected factors comply with
controllability requirements, mutual independence and unambiguity; variable factors shall meet these
criteria during experiment design process. 16 experiments were conducted at basic levels and
supplemented by another 10 experiments at star points (in our case, the axial distance value is 2) and
six experiments at the plan centre. The basic levels, intervals of factor variation and research area
boundaries were selected according to results of previous experiments and based on a priori
information (Table 2).

TABLE 2. Basic levels and intervals of factor variation and research area boundaries

Value V.?lr:abllllty
Factor Code Interva

-2 -1 0 +1 +2 A
Content of Burshtyn TPP ash, X1 0 30 60 90 120 30
weight fraction
Clay content, weight fraction X2 0 20 40 60 80 20
Water content, weight fraction X3 10 30 50 70 90 20
Processing temperature, °C Xa 100 150 300 450 600 150
Content of Na2S04, weight fraction Xs 0 3 6 9 12 3

The response function is approximated by a second-order polynomial:
2

1<i<k 1<i<k 1<i,I<k

where k is the number of independent variables.

The observed data processing and analysis of regression model were performed using “Experiment
design” module of Statgraphics 5.0 Plus statistical program. The significance of model coefficients was
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determined using P-level and shown on a standardized Pareto chart. The vertical line in Figure 3
corresponds to 95% of the statistical significance of coefficients.

Standardized Pareto Chart for Y1

|

4 6 8 10 12
Standardized effect

FIGURE 3. Significance of model coefficients (Pareto chart)

o -—lllllllllll

N

According to data in Figure 3, the coefficients for linear terms of the regression equation for ash, water
and temperature contents are considered as statistically significant. In this case, the coefficients for pair-
wise interactions are statistically insignificant and may be neglected for this model calculation.

Regression equations, considering significance of coefficients are as follows:
Y1=0.978724-0.00966389 - X; —0.00824062 - X5 -0.000705556 - X, +

(7)
+0.0000322917 - X2 +0.0000664062 - X2

The model adequacy to the analysed process is confirmed by a high value (about 100%) of
determination coefficient R; = 99.44%, and low value of standard error of estimate SE = 0.1598.

Figure 4 shows the comparison of observed and predicted data.

Plot of Y1

observed

0 0,1 02 03 04
predicted

FIGURE 4. Comparison of observed and predicted model data

As can be seen in many cases, the difference between these data is negligible. Most of the experimental
points are located near the straight line.

In Figures 5 and 6 the surfaces of pair-wise factors effect on thermal conductivity of Burshtyn TPP ash-
based PTM.
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FIGURE 5. Surfaces of pair-wise factors effect on PTM thermal conductivity
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FIGURE 6. Surfaces of pair-wise factors effect on PTM thermal conductivity
Conclusions
As it is obvious from three-dimensional cross sections of hypersurface Y1 (Xi) and contour curves of

these surfaces, thermal conductivity of porous thermal insulation materials increases as the weight
fraction of Burshtyn TPP ash (X1) and water content (X3), as well as swelling temperature (X4) decrease.
[t goes in line with our understanding of the effect of specified factors on thermal conductivity.
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POROUS THERMAL INSULATION MATERIALS BASED ON LIQUID
GLASS AND TECHNOGENIC MINERAL FILLERS

Abstract: It was established that ash can be effectively utilized when creating an efficient raw material mixture.
The results obtained could be useful for the production of effective porous thermal insulation materials for
various purposes. In addition, the task is resolved on the disposal of ash from coal-based thermal power plants.

Keywords: fly ash; soluble glass; alkaline silicate composite thermal insulation materials; thermal bloating.

Introduction

Alkali-silicate porous materials obtained by means of thermal or cold foaming of alkali metals silicates
aqueous solutions (soluble glass) or solid alkali silicate hydrogels [1-5], are referred to the present-day,
efficient inorganic insulants, promising due to the ability to achieve low values of the relative density
and thermal conductivity while maintaining sufficient structure strength and easy handling of foaming
and induration processes within a wide range of composition formulations. The above benefits are
based on the equilibrium and homogeneity of the main raw mixture component: soluble glass and
hydrogels based on it.

Composite alkaline-silicate porous thermal-insulating materials, both granulated and block-type,
contain significant amounts of the gas phase. There are various technological approaches to obtaining
such materials at gas development directly in the strata of the formed composition. Moreover, the
process of gas development at high temperatures can be based both on the special additives reactions,
and on the crystallization and chemically bound water vapors liberation.

Recent research analysis

To manufacture foam glass, special gas forming agents are used. Normally, the process of making the
foam glass lies in preparing the batch, consisting of 95-97% of powdered glass and 5-3% of the gas
forming agents (carbonate, such as limestone, or carbon, such as charcoal, coke, carbon dust), heating
the batch to the temperature of silicates’ pyroplastic state. At this temperature glass grains are sintered
and gases formed as a result of the gas-forming agents decomposition, blow highly viscous glass melt.
After annealing and cooling, porous material is formed with high thermal insulation properties and high
mechanical strength [6]. General issues to obtain the foam glass, including granular one, are described
in monographs [7, 8]. The foaming temperature of foam glass usually lies between 750°C and 900°C.

Another method is the heat processing of glassy silicates containing water, which gasifies at high
temperatures and foams the silicate base. Raw material in this process can be both natural [9] and
synthetic water-containing materials.

To obtain blocks of heat-insulating material, the granular thermal insulating silicate filler can be used, as
suggested by the authors [10]. In this case, the use of a silicate binding component permits forming blocks
of the required size and shape, and dehydration of the latter occurs at temperatures within 100-350°C.

The feed silicate composition can be obtained by artificial means. In this case, it is often possible to avoid
energy-intensive and technologically costly operation of obtaining highly dispersed silicate powders.
The raw materials basis for such technical solutions, are water soluble silicates, most frequently sodium
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silicates. Obtaining of sodium silicates solutions is performed in compliance with the schemes of the
technical product synthesis: soluble glass, or by means of silicon oxide dissolution in a strong caustic, or
by autoclave dissolution of pre-fused silicate (silicate-blocks). Further, aqueous solution of sodium
silicate in one way or another is converted into a gel, for example by the adding acids or strong
electrolytes, and the resulting material is accessible to heat treatment, when water is removed from it
and the product foams, increasing its volume significantly. In this case, if heat treatment of the material
is performed in a rigid metal form, then while foaming, the material fills the entire free volume of the
form, forming blocks of the given configuration.

Amorphous silica is frequently used to produce sodium silicate with the required Na,0/SiO; ratio.
Normally, microsilica-wastes from the production of crystalline silicon are used for these purposes [11].

Another option to obtain light porous silicate blocks is mixing the finished granulated lightweight
silicate with any binding material, followed by hardening of the composition and obtaining the required
blocks. Both of the described approaches to obtaining light silicates have been implemented in
numerous technical solutions. At the same time, examples of the particular lightweight products
manufacture may have some differences both in the composition of the starting materials and in their
processing technology.

As it was noted above, one of the ways to obtain foamed silicate in the form of blocks or slabs is heat
treatment in rigid forms of sodium silicates pre-transformed into the gel state with various additives.

For the raw material transformation from the fluid to the thickened pasty state and the subsequent
granulation, it is possible to add not only the hydrophobic agent, but also the acidic components to it.
Thus, in [12], the option of adding boric acid is suggested. In [13], it is suggested to increase the content
of acid oxides in the composition due to adding not only mineral acid, but dispersed acid oxides as well,
preferably SiO, and Al;03, due to adding burnt clay: naturally burnt clay (which constituents content is
close to that of the TPP fly ash); in [14] - fly ash of thermal power plants is directly suggested.

Modification of additives to soluble glass is also proposed in the study [15]. In the invention described,
soluble glass is mixed with portland cement and sodium hexafluorosilicate. The resulting mass is filled
in the forms and undergoes heat treatment in the furnace, where the raw mass is additionally blown up
and acquires the necessary properties.

Currently, the two technologies for thermal insulating materials manufacturing of rare-glass
compositions are suggested. The main difference between them is the method of the starting rare-glass
composition preparation. These are process flow diagrams with the use of liquid [16] and mechanical
granulation. The both technologies are two-staged and include stages of the prepared rare-glass
composition granulation and the subsequent granules heating in a closed form at the temperatures
within 400-450°C.

With the use of technologies for liquid granulation of composite systems, there arise difficulties
connected with the large fillers granulation, which are difficult to pass through the bushing openings;
with maintaining the necessary concentration of Al, Ca, Mg chlorides solutions and their mixtures in the
operation cycle and with the worked-out brine utilization.

The indicated problems do not occur at the use of mechanical granulation, it is possible to use standard
equipment. At the moment, the processing technical procedure, which includes mechanical granulation,
is the most processable, promising and used in our suggested developments.

An interesting technical solution of the set assignment is the suggested variant of using the starting raw
materials mix and the technology used in the production of alkaline-silicate insulation material: “aerated
glass” TOV “Stroyevolutsia” [17]. Under its regulations, heat treatment of the soluble glass mixture, a
creaming agent (slightly hydrated sodium silicate) and hydrophobe agents are provided. The process of
obtaining a granulated “aerated glass” includes homogenizing by mixing the components of the above
starting mixture and subsequent heat treatment at 110-115°C. In the course of the transformation, the
mass viscosity is significantly growing and the initial liquid system is transformed into a plastic-solid mass.
Cooled to the room temperature, the product is completely solidified and acquires fragility, necessary for
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the subsequent crushing into pieces. After crushing, it is fractionated and “beads” are obtained. The air-
entrainment to such “beads” is performed in a boiling layer or in a drum oven at 350-600°C.

The use of such a procedure causes a number of technological problems connected with rheological and
environmental difficulties of introducing in this way hydrophobe agents into the composite system, with
the possibility to reproduce the dimensions and regularity of pores, the granules macrostructure
strength in general and the reduction of internal tension in the products.

Identification of previously unsettled parts of the general problem

Analysis of the existing suggested raw mixtures formulations and methods of obtaining thermal
insulating materials proves that introducing a significant gel formers amount has a serious drawback:
the gelling agent breaks the soluble glass structure to form hydrosilicic acid gel, which is capable of
retaining less water than soluble glass. This adversely affects the porosity of the resulting rare glass
compositions. Therefore, there is a need to introduce such substances that are inert to soluble glass at
the normal temperature.

In addition, a significant drawback of the known methods is performing air-entrainment at fixed
temperatures in the furnace within the range of 300-700°C. Such a mode of heat treatment reveals
several contradictory trends.

At relatively low temperatures, the air-entrainment process is complicated due to the low warming-up
rate of the raw mass internal areas, resulting in the increased duration of its air-entrainment process.

At the same time, the slow warming up of rare-glass mixtures also leads to significant losses of
chemically bound water, due to which air-entrainment of the mixtures occurs. The high rate and
unevenness of their heating is manifested in the size, regularity of the pores and the strength of the
entire porous structure, in the internal tensions of the products. Therefore, an important prerequisite
for obtaining the expanded material possessing a set of required properties and their reproduction, is
compliance with the principle of correspondence between the rate of crystallization and chemically
bound water isolation and the rate of new solid silicate structures formation.

In all of the above-described methods, the first stage is to obtain a solid or plastic composition from
soluble glass which can then be subjected to heat treatment. At the same time it is not necessary to use
different additives that cause coagulation of silicates. It is possible to obtain a plastic composition using
soluble glass simply by means of adding an inert disperse component.

Statement of assignment and methods of its solving

The study performed is aimed at the search and development of an optimized raw material mixture
variant of the silicon oxide containing technogenic component: fly ash of thermal power plants and
methods of obtaining the fly ash based porous alkaline-silicate composite thermal insulating materials of
extended application, differing from the analogues by their composition, the content of the starting raw
mass, the sequence and modes of the target product formation, the applied technological equipment.

Study results and their discussion

In the present project, the set task of making the targeted porous thermal insulating material is achieved
by means of the raw mass hot foaming technology, which procedure includes the four main stages:

1) preparation of the starting raw mixture components and homogenization of the latter;

2) the composite system “gaging” by soluble glass and formation of a persistent gel; fragmentation of
the hardened raw mass and placement of the granulate into lined dismountable molds;

3) heating and transferring of the workpieces’ substance into the pyroplastic state (110-115°C);

4) further hot foaming and reproduction of the regular porous macrostructure of composite systems
(130-220°C) and formation of the targeted processed product’s properties (500-550°C).
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The blowing agent in this case is water (mainly silanol or molecular, strongly bound by hydrogen bonds
with unbridged oxygen atoms), which is released during heat treatment of composite systems.

In the raw mixture, the industrial soluble glass, thermal power plants fly ash of the mixed chemical
composition (see Table 1), sticky portland cement and, additionally, a thickener (pre-staged partially
dehydrated hardened “dry glass”) are used.

TABLE 1. Chemical composition of the thermal power plants fly ash, mass. %

Si0z Al203 Fe203 MgO Ca0 Na:z0 K20 Mn304 TiO: SO3 P20s

51.68 16.75 14.47 0.88 4.38 0.35 2.58 0.04 0.86 4.24 0.49

In the prepared samples, the fly ash is manifesting good reinforcing properties, high thermal stability,
sufficient resistance to aggressive media, has a small bulk density.

At the same time, the results of the authors’ studies [18, 19] (on the ability of alkaline-silicate systems
with Al;O3 in alkaline media to form insoluble products of Na;0-Al,03-2Si»03-nH,0) permit to consider
aluminum oxide contained in ash to be a modifying component that provides the raw mix with the
properties necessary for the targeted product formation.

In forming the raw mix, the results were taken into account on improving the water resistance of alkali
silicate composition by means of replacing the two-calcium silicate (belit) hydrophobe components with
the sticky Portland cement; the results are presented in [20].

The “setting” rate control of the suggested raw mix during the formation of hydrosilicic acid xerogel
(depending on the executed tasks purposes) was performed by means of varying properties of the
thickener used and by means of regulating the hardened processed mass fragmentation in the further
processes and its subsequent hot foaming.

The raw mix prepared according to the optimized formulation, in contrast to the previously considered
analogues, starts hardening at the usual temperature from the moment of its “gaging” with soluble glass
and forms a plastic cake with the properties necessary for further fragmentation.

The suggested raw mix also permits to overcome the difficulties associated with drying of viscous rare-
glass mix to remove a large output amount of water (56-62%) to the water content of 33-38% needed
to obtain a rigid hydrogel capable of thermal blowing.

The optimized formulation of the raw mix allows processing of the compositions in various ways, with
the formation of thermal insulating materials of extended application. An important prerequisite for
their reproduction with the necessary properties system is strict compliance with the regulatory
requirements established by the previous empirical studies.

In parallel with the formulation development, the technology of samples manufacturing was being tried.
Thereat, the decisive factor, in contrast to the regulations [17], the exclusion of the raw mix granulation
stage after heat treatment 110-115°C and the use of sealed closed forms at their temperature annealing.

The suggested hot air entrainment of the silicate compositions structure “blowing” of the systems in
axerogel form passes quickly, avoiding the viscous-adhesive state. The determining factor in the process
of the systems thermal activation was the technical performing of their heating reproduced rate [21].

The conscious choice of its optimal mode is motivated by empirical data to determine the thermal
foaming features of composite systems obtained by the method of differential-thermal analysis (DTA)
presented in Figure 1.
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FIGURE 1. DTA thermograms of sodium rare-glass composites xerogels in coordinates AT - T, recorded at heating the
samples in adequate conditions at different rates: curve 1 - 4 deg/min, curve 2 - 7 deg/min, curve 3 - 20 deg/min

The air entrainment process includes the three main stages, the duration and nature of which depends

on the type and amount of water containing the raw mix:

e within the range of 100-110°C, the hardened composite system partially transforms into the
pseudopyroplastic state and begins to deform with increasing volume;

e within the range of 130-147°C, an intensive release of free and adsorbed water and intensive air
entrainment of the sample mass occurs;

e at the temperature values above 147°C, the removal of constitutional moisture, the completion of
restructuring, physical and chemical transformations of composite systems are observed.

Based on the analysis of the thermographic data and the macrostructure of the samples obtained, it can be
concluded that the greatest contribution to the formation of the product’s structure with maximum
homogeneity is made by the constitutional water, while removal of the excess adsorption moisture at the
initial stages leads to the formation of large through pores and capillary channels in the raw mass. Therefore,
the initial rare-glass composition should contain a minimum amount of free and adsorbed water.

As the efficient ways to reduce the free water’s effects, the following ones can be recommended:

e direct thermal dehydration and transformation of soluble glass into xerogel (the basis of the present
variant of the suggested technical solution);

e liquid granulation of composite systems (for example, in Al, Ca, Zn, Mg chlorides solutions or their
mixtures);

e introducing of mineral fillers or chemical additives into the rare-glass composite system, which leads
to the development of gelation processes.
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According to the results of the study [22], alkaline-silicate compositions in solutions at heating form a
number of hydrated associates with differing properties (Fig. 2). This permits modifying the properties
of the raw mix thickener - grated “dry glass” - by means of the partial unwatering of the purchased
product in a liquid state at different temperature values, in the conditions of the technological cycle for
the target product formation, simultaneously with the same equipment, without the use of additional
equipment. Meanwhile, the empirically determined physicochemical behavior of composite silicate
systems, the features of unwatering and the viscosity state passing, strong adhesion of the intermediate
transformation products to metals, ceramics, glass allow to suggest technological regulations, stages,
sequence of operations during processing, development and selection of the equipment materials,
variations in the methods of obtaining and using porous targeted composites.
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FIGURE 2, Solubility in the Na:z0 - SiOz - Hz0 system

Laboratory practice proves that the excess amount of the soluble glass introduced in a liquid state
during the “gaging”, on the one hand improves the rheological properties, the plasticity of the treated
raw mix, and on the other hand, during the subsequent heat treatment, causes additional viscosity of
the system, deteriorates the heat transfer conditions, requires more prolonged temperature holding at
higher temperature values and leads to the increased energy costs. Therefore, a necessity arises to find
an efficient way of regulating the rate of gelling, using the method of shifting the equilibrium of physical
and chemical processes of the disperse systems dehydration by adding less hydrated forms of the dried
soluble glass; with the degree of the grated “dry glass” dispersion, with its dosage and regulating the
processes of the hardened processed mix fragmentation during the granulate formation and the
subsequent hot air entrainment.

The improved formulation of the raw mix preparing allows processing compositions in various ways
with the formation of insulating materials of extended application: granular insulating filler (Fig. 3),
materials for thermal insulation for the structures complicated in the form (Fig. 4), the plate and film-
like types of insulating materials (Fig. 5). This task (depending on the purpose and features of the
performed tasks) is solved by the capability of performing the final stages by means of several different
ways of the products obtaining.

The use of the two stages procedure of the suggested renovation in the technology of preparing the
porous thermal insulating materials determines: 1) the nature and the behavior peculiarities of the rare-
glass composite systems components during the heat treatment, their strong adhesion manifestation
related to most structural materials; 2) the necessity to solve the problem of easy workpieces removal
from the formation molds; 3) the choice of the method for lining the internal surfaces of dismountable
equipment molds; 4) thermophysical and chemical properties of the used lining material.
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FIGURE 3. Illustration of the granular thermal insulating fillers’ samples, obtained in the lined molds without
limitation of formation volume: a), b) cutting of iso-sized elements; c) cutting elements of plastic hardened raw cake
of the set preformed thickness; d) of workpieces, formed in separate dismountable molds

a) b)

FIGURE 4. Illustration of fragments of thermal insulation zones sections in complicated form structures performed by
the working zone filling with fragmented elements and the subsequent heat treatment in dismountable equipment of
varying complexity: a) without limiting the free volume of formation; b) with restriction of formation space

FIGURE 5. Illustration of the items fragments formed: a) in the form of plates; b) in the form of films
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The features of the suggested project are:

e ease and availability of obtaining components and preparing the raw mix;

e formation of the raw mix directly at its “gaging” with soluble glass under the normal conditions;

e the thermal insulation method is fast;

o the possibility of easy formation and fragmentation of the raw workpieces, their inherent properties
makes it possible to spread in time and space separate stages of thermal insulation: the stage of
preparation, formation of granulate (possibly, in a specialized site); storage; transportation;
technological packing in the working area complying with the increased resistance requirements to
the heat transfer (possibly, in the construction site);

e processing of complicated working areas: selection of the raw mix cake thickness, the size and shape of the
starting fragmented elements (depending on the target task and in order to provide more tight packing);

o the versatility of the thermal insulation method (based on the manifestation of significant adhesion
ability of alkaline-silicate composite systems in relation to most structural materials: metals,
ceramics, glass, wood);

e low shrinkage with the suggested formulation of the raw mix and the method of treatment;

¢ indifference to most components and stability of the thermal insulation material properties, high
thermal and chemical resistance, non-combustibility, ability to withstand significant temperatures;

combination of the valuable properties set: low thermal conductivity factor, thermal stability,
incombustibility, durability, low cost.

Conclusions

The raw mix of silica-containing technogenic component - fly ash of thermal power plants - and the
methods of preparing waterproof porous thermal insulating materials of extended application on its
base according to the powder low-temperature technology has been developed using multifunctional
properties of soluble glass as: a) a binding component; b) blowing agent; c) the raw mix hardening rate
regulator. The physical and chemical, technological aspects of obtaining and using the suggested
alkaline-silicate compositions have been considered.
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RESEARCH OF THE QUESTION OF INCREASE OF EFFICIENCY
OF COOLING OF THE POWER EQUIPMENT OF HYDROELECTRIC
POWER PLANTS

Abstract: Improving the cooling efficiency of power transformer windings with a cross-sectional width of the
radial channel less than 3 mm, by improving the geometric parameters of the cooling system while reducing the
material consumption of the electric machine is an important area of research. Excess oil pressure in the winding
channels increases with increasing serial number of the coil. It was found that with increasing oil velocity at the
inlet to the horizontal channel, the values of excess pressure in it increase in quadratic degree. It is established
that a lifting force occurs in the oil of the horizontal channel, as evidenced by the increase in excess pressure
near the upper boundary of the channel.

For the first time, an analytical dependence of the excess oil pressure in the radial channel of the disk winding
of the power transformer on the oil flow rate at the inlet to this channel was obtained. The dependences of the
excess pressure in horizontal channels with a cross-sectional width of 1 mm on the velocity of oil at the inlet to
this channel were obtained, which allows to calculate the speed by which it is possible to organize through
circulation of oil in the channel provided that excessive pressure in the channel is prevented. situations.

A new mathematical model of interconnected heat exchange and hydrodynamic processes in the disk windings
of a power transformer is proposed, which, unlike the existing ones, takes into account the width of the
horizontal channel less than 3 mm, which allows to predict the heat distribution in the winding and determine
possible locations overheating of coils and premature destruction of insulating materials.

Keywords: transformer; heat exchange; power equipment; hydroelectric power station; oil cooling system.

Introduction

Today, hydroelectric power plants occupy a significant share in the generation of electricity. The
advantages of using hydroelectric power plants include: the use of renewable energy; low cost of
electricity; quick exit to the mode of delivery of working power after inclusion of station. All power
equipment is located in the hydroelectric power plant building. Depending on the purpose, it has its own
division. In the engine room there are hydraulic units that directly convert the energy of water current
into electrical energy. There are all kinds of additional equipment, control and monitoring devices,
switchgears, as well as a transformer station. The key to the continuous operation of the entire power
plant is the efficient and reliable operation of the transformer station and each power machine
separately.

Among the most important tasks facing science are the improvement of existing and the development
of new, more advanced energy systems. The criteria that determine the choice of electric machines for
operation in power systems are the reliability and cost of power transformer equipment. In most cases,
efficient methods of cooling windings are used to create competitive transformer equipment. One such
method is the natural circulation of coolant in the horizontal and vertical channels of the windings.

In modern economic conditions, one of the key issues in the field of transformer construction is to
reduce the material consumption of electrical machines. This, in turn, leads to a reduction in the overall
dimensions of the transformers, for example by reducing the width of the radial channels in the system
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of its thermal protection. However, it should be borne in mind that this will worsen the heat dissipation
conditions from the active part of the transformer to the environment.

Reducing the amount of heat removed from the windings can cause significant transformer overheating,
cause premature aging of the insulation and lead to an emergency situation.

The aim of the work is to study the nature of the movement of transformer oil in the transformer
winding with a radial channel width of 1 mm.

Literature review

Transformers are the most important equipment in the transmission and distribution system, which
effectively serve a variety of needs, internal and external distribution, medium voltage, high voltage,
additional high voltage and the use of ultra-high voltage. A large number of publications are devoted to
the problems of cooling power transformers [1, 2]. With the help of mathematical analysis and
experimental measurements, the diagnosis of the distribution of oil transformers in terms of mechanical
strength of the winding. Analysis of temperature rise at different loads is very important because it
allows to determine the load capacity and overload of the transformer under different operating
conditions and to adhere to the variable ambient temperature [3].

In the vast majority of scientific works on transformer construction, studies of heat dissipation
processes from transformer windings with a radial channel width of at least 3 mm are presented.

The simulation of the increase of the transfer coefficients for the rise of gas bubbles in the liquid is
carried out and experiments are carried out to study this phenomenon, which provides a new way of
cooling oil transformers [4].

Essential fluids offer the potential for safer and more environmentally friendly power transformers. This
can save significant civilian costs in installations, reducing fire safety requirements and simplifying
containment. These advantages have been used in voltage distribution for almost four decades in many
applications [5].

Under normal operating conditions, equations describing thermal phenomena in a transformer are
established. Algorithms for predicting temperatures at critical points in non-stationary states occurring
on load / time diagrams have been developed [6]. It is proposed to determine the conductivities of
thermal protection materials depending on the temperature and constant capacitances of equivalent
thermal circuits of the transformer.

To date, a study of the methodology for creating thermal protection systems for power equipment. The
creation of a metal system of thermal protection, which is easy to manufacture, and the study of its
strength and thermophysical characteristics is considered in [7].

Thorough studies of the basic rules of design of windings of power transformers [8] and the main modes
of operation of power equipment [9].

The method of modeling turbulent flows using turbulence models that have the form of algebraic
expressions is described in [10]. The proposed models of turbulence make it possible to simplify the
software implementation of the equations describing the turbulent behavior of fluid flowing and
increase the speed of computation.

In [11] the results of application of the original nonlinear nonstationary thermal model of oil power
transformers are given. The main advantage of the created model is the exact consideration of the
influence of heat transfer of nonlinear convection on the thermal transition process [12]. The purpose
of the study is to determine the accuracy of the parameters obtained in the transformer in normal
operation. To this end, the exact calculation of the distribution of power losses required and proposed
in [13].

In most cases, effective methods of cooling windings are used to create competitive transformer
equipment [14, 15].
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One such method is the natural circulation of the coolant in the horizontal and vertical channels of the
windings, provided that the width of the horizontal channels is not more than 3 mm. Implementation of
this type of cooling reduces the material consumption of the transformer by reducing its overall size,
exclude pumps from the cooling system by changing the forced circulation to natural, reduce the weight
and size of the transformer, which, in turn, will reduce costs.

Problem formulation

Addition to the apparent benefits of replacing the type of coolant circulation in the transformer
windings, there are a number of problems that need to be addressed [16]. Among them: oil stagnation
in the horizontal channels of the windings, local overheating of the coils, the formation of zones in which
the amount of oil flowing is insufficient for efficient heat removal from the coils. In this regard, it is
necessary to accurately predict the nature of the temperature field of such windings to develop
measures to ensure reliable cooling of the transformer windings. Existing methods for calculating the
thermal state of windings are used only in cases where the width of the cross section of the horizontal
channels is more than 3 mm. Therefore, theoretical and experimental study of hydrodynamics in the
cooling channels of the windings with the size of the horizontal channels less than 3 mm and the natural
circulation of the cooling medium is an urgent task.

A cylindrical coordinate system (an arbitrary point has coordinates P(x,r,¢)) was chosen to study the
thermal processes in the transformer windings. The coordinate system is selected so that the coordinate
axis OX is directed vertically upwards. Thus, the decomposition of the free fall acceleration vector in the
selected coordinate system will look like:

9ox =-9; 9,=0; 9,=0 (1)

where g is the numerical value of the free fall acceleration vector, g = 9,81 N/kg.

When studying the temperature field of transformer oil, it is considered that the medium is continuous.
The state of a continuous medium is characterized by macroscopic parameters: velocity, temperature
and pressure. To determine these parameters, consider the basic equations that describe the heat
transfer in a liquid.

The energy equation of a fluid moving in a cylindrical coordinate system has the form:

W
ﬁ'FWX@'FWr@'F—wﬁ:
or ox or r Op

pc, \ox\ ox ) or\ or rlop\  op) r-or pC,

q, - the average density of heat loss in the volume of the conductor, W/m3,

(2)

where:

W - fluid flow rate, m/s,

A - the thermal conductivity of the liquid, W/(m-K),

p - fluid density, kg/m3,

¢, — heat capacity of the liquid, J/(kg'K).

However, equation (2) includes the values of the oil flow velocity projections on the coordinate axes. To

determine them, it is necessary to attach to (2) the equation of motion (Navier-Stokes) in cylindrical
coordinates:
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Results and Discussions

To calculate the unknown in (3) the value of pressure p, we use the continuity equation:

dWx+dWr+dW(P +Wr _

0 (4)
ox or rodp r

Thus, the process of convective heat exchange in cylindrical coordinates is described by equations (2)-(4).
Under the condition of stationary heat exchange, the time derivatives become equal to zero.

Thermal models of the horizontal channel of coil windings with a radial width of 50 mm are accepted as
object of research. The surface area of each coil is 500 mm?2.

Initial conditions for solving this model:
e initial oil temperature 60°C;

e ambient temperature 30°C;

e heat flux density 3500 W/m?.

It is obvious that increasing the flow rate of oil at the entrance to the radial channel of the thermal
protection system of the power transformer will lead to a significant increase in the intensity of heat
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transfer from the heated copper coils to the cooling medium. However, for a comprehensive assessment
of the positivity of such external influences, it is necessary to analyze the dependence of the excess
pressure of transformer oil in the horizontal channel of power equipment on the speed of the medium
at its inlet. To do this, artificial values of oil velocities were set on the right vertical boundary of the
channel. The studies were performed for the following velocities: 0.1 m/s, 0.5 m/s, 1 m/s,3 m/s, 4 m/s,
5m/s,6 m/s,8m/s,9m/s and 10 m/s.

The resulting calculations of the velocity field and excess pressure in the horizontal channel at a speed
of 0.1 m/s at the entrance to it are shown in Figure 1.

0 .02224 .044481 .066721 .088962
s 0Ll L2 033361 055601 .077841 .100082
b)

T [ | B
__—— = E—
-.021615 2.092 4.206 6.32 8.433

1.035 3.149 5.263 7.376 9.49

FIGURE 1. Distribution of oil velocities in the radial channel of the transformer (a) and the distribution of excess oil
pressure (b) in the radial channel of the transformer at a speed at the entrance to the radial channel of 0.1 m/s

Figure 1 shows thatin the right part of the channel of the thermal protection system of power equipment
there is not only the movement of oil into the channel, but also leakage from it in the upper and lower
part of the channel. This indicates that it is easier for the fluid to overcome the velocity applied at the
inlet to the channel (0.1 m/s) and push the oil back than to push all the oil along it.

The high density of currentlines in the right part of the channel (Fig. 1a) indicates the intense movement of
fluid in this part of the model, however, with advancing to the left along the channel, the intensity of current
lines decreases significantly, and about one-fifth of the channel length disappears. The pressure distribution
(Fig. 1b) completely repeats the contours of the velocity field, and in the area where there are no current
lines, the numerical values of excess pressure fluctuate around 0 Pa. The choice of the side of the channel to
which the speed is applied has no effect on the final result. Also, the results are not significantly affected by
the direction of the applied load, ie the effect on the model of the positive sign speed applied to the left limit
is identical to the effect of the negative speed on the right border of the channel.

In general, the identical nature of the velocity and overpressure fields is observed under all the
conditions under consideration. It is obvious that the area where there is intense movement of fluid in
the radial channel depends on the speed of the oil at the inlet. However, at the speed of the oil at the
entrance to the channel, equal to 1 m/s, the separation of the liquid from the walls of the right part of
the channel begins to be observed. This phenomenon can be investigated especially clearly at a speed of
10 m/s at the entrance to the channel. The nature of the distribution of excess pressure at the oil velocity
atthe inlet to the horizontal channel, equal to 1 m/s and 10 m/s is identical to the nature at 0.1 m/s. The
only significant difference is the displacement of the point with the lowest pressure in the right part of
the channel, which is caused by the separation of the flow from the walls and the formation of a vacuum
zone. It is obvious that even if there is an oil velocity at the entrance to the radial channel equal to
10 m/s, it is impossible to organize the through circulation of oil along the entire channel. This is
evidenced by the presence of zones of the channel, in which the excess pressure fluctuates around 0 PA,
and in which there are virtually no current lines. As calculations have shown, the accepted values of
velocities allow to obtain results that fully reflect the nature of the dependence of excess oil pressure on
the velocity of its flow at the entrance to the horizontal channel (Fig. 2).
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FIGURE 2. Dependence of excess oil pressure on the speed of its flow at the entrance to the horizontal channel

The maximum excess pressure in the channel (mark "MX" in Fig. 1b) is taken as the excess pressure,
which is shown in the diagram.

Excessive pressure of the cooling medium in the thermal protection system of power equipment is the
parameter that can cause premature failure of the transformer and lead to an emergency situation. Thus,
it is necessary to estimate the value of the maximum excess pressure in the radial channels of the
transformer. An approximation equation is found for this

y =410.75x* ~599.41x +311.79 (5)

where:
x — speed of the oil at the entrance to the radial channel, m/s,

y - maximum value of excess pressure, Pa.

To study the temperature field of the oil by the method of mathematical modeling, a winding model was
created. Figure 3 shows the temperature field in the radial channel of the transformer.

TEMP (AVG)
RSYS=0

SMN =352.9%09
SMX =355.163

352,909 353 .41 358911 354.412 354, 913
353 ;158 353.66 354.161 354.662 355:163

FIGURE 3. Oil temperature field (K) in the radial channel of the transformer

It is obvious that the oil temperature in the radial channel of the transformer changes its values in the
range of 20°C. This means that there is almost no through circulation of the coolant in the channel. Cold
oil does not flow into the channel, and heated does not flow out of it. Almost all the heat released into
the radial channel is redistributed between the coils that form it, due to the thermal conductivity of the
oil. Convection heat transfer is almost completely absent. A characteristic phenomenon is that the lowest
temperature in the radial channel is observed on the surface of the upper coil, and not at the entrances
to the channel. Thus, the heat flow will be directed in the direction of the zone with a lower temperature,
namely in the upper coil. It is obvious that the temperature maximum of the oil (mark "MX" in Fig. 3) is
observed in the central part of the channel. This is due to the lower temperature of the coils near the
vertical channels through which most of the heat is removed. Thus, Figure 3 clearly shows the lack of
efficient circulation of coolant in the radial channel of the disk winding of the power transformer.
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Therefore, the heat in the horizontal channel is transferred from coil to coil due to the thermal
conductivity of the oil, except for the side parts of the channel, in which there is through circulation due
to the close location to the vertical channels. In radial channels, oil conducts heat almost like a solid, as
evidenced by the characteristic temperature distribution.

Conclusions

The value of excess oil pressure in the radial channel of the thermal protection system of power
equipment is quadratically dependent on the speed of the oil at the inlet to the channel. Therefore,
increasing the speed of the oil will lead to a much greater increase in excess coolant pressure.

In a radial channel 1 mm wide, fluid circulation is detected in the areas located at the entrance to this
channel. This circulation is sufficient to remove sufficient heat from the coils and prevent overheating
of the active part of the transformer. However, it is almost impossible to organize the through circulation
of the cooling medium in the conditions under consideration.

The presence of an artificial speed of oil at the entrance to the radial channel can not organize through
circulation in it. In addition to the fact that it is technically impossible to organize the presence of this
speed without making changes to the design of the transformer, it will lead to a significant increase in
excess pressure in the radial channels, which can disrupt the electric machine and cause an emergency.
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MATHEMATICAL MODEL DECOMPOSITION OF GAS HYDRATES

Abstract: The article presents the results of the study of the influence of pressure and temperature of the gas-
water environment on the process of hydrocarbon gas hydration formation, occurring on its phase interface
surface. A mathematical model is proposed to determine the optimum ratios of pressure, gas temperatures,
water, and gas bubble sizes in the bubbling, gas ejection, or mixing processes. It was determined that there is
a gas temperature range where the hydrate formation speed is maximum. The research findings can be used to
optimize various technological processes associated with production of gas hydrates in the industry.

Keywords: gas hydrates, phase transformations, gas pressure, gas temperature.

Statement of the problem

Marine gas hydrates considered most probable alternative fuel in many countries. Above their
exploration and development work in France, Germany, USA; but especially active Canada and Japan.
The Japanese plan to start commercial production of methane from the "Ice fuel” around their islands
in the basin Nyanhay in 2016. Russia intends from 2020 to extract gas hydrates in industrial quantities.
However, effective technology acquisition, storage and transport of methane gas hydrates as still in the
development stage.

Overview of the latest sources of research and publications

Tasks unsteady heat conduction with moving boundary conditions called Stefan problems. Melting ice
solidification metal solidification concrete - it's only a few examples of such problems. Solution of Stefan
problem possible to the different ways. Typically for solving such problems using digital methods
because of their analytical solution is possible only in the simplest cases. Analytical solutions of two-
dimensional nonlinear heat conduction problems are known only for certain, relatively simple cases
[1, 2]. The most universal way to solve them is to use digital techniques [3, 4], which can be easily
implemented using computer technology. However, digital methods impose their limitations [5, 2]. For
example, a tridiagonal matrix algorithm using implicit schemes have to solve a system of linear algebraic
equations. Number of equations equal to the number of nodes and computational mesh can be quite
large. In applying the implicit scheme in time step tridiagonal matrix algorithm relatively small, which
increases the cost of machine time for calculation [6, 4]. Using the method of dynamic mesh adaptation
requires a complex algorithm to implement. Applying the average value of coefficient of thermal
conductivity on the boundary of materials with different properties and thermal properties when
materials change also leads to a gradual accumulation of errors in calculations.

Selection of the unsolved parts of general problem

This work was to improve methods of storage and transportation of gas hydrates in equilibrium
conditions. At atmospheric pressure and positive ambient temperature they gradually decompose gas
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and water. Simulation of the decomposition of gas hydrates will determine the optimal conditions of
transportation and storage, to minimize the loss of gas.

The purpose of work

The aim is to create a mathematical model of thermal processes occurring in the decomposition of gas
hydrate.

The main material

Two-dimensional mathematical model of transient thermal conditions based on a linear equation

Fourier thermal conductivity of specific is volume sources (or loss) of heat

dt 0 ot o ot
(xy) _
CnPey) g, —g;(ﬂudoggj+5; A gy [T By) (1)

where:
¢ - heat capacity, J/(kg-°C);

p - density, kg/m53;

t - temperature, °C;

A - thermal conductivity, W/(m-°C);
qv — volumetric heat source, W/m3.

All these values are functions of spatial coordinates X, Y and temperature t.

To calculate the phase transition is necessary to set a number of conditions. The condition for the start
of phase transition element is to achieve the phase transition temperature:

t(x,y) 2 TP (2)

Temperature phase transition (7») consider constant:

Tp = const (3)

For obtain unambiguous solution of this problem it is necessary to complement the geometric, physical,
temporal and boundary conditions. Geometrical conditions determine the shape and size of the body, in
which the study process. Setting the field of solid phase takes place by recording the corresponding
index in the data array that matches a platform with known coordinates - are set point wise.

Physical conditions are set thermophysical parameters of body (4, c,, p) and distribution of internal heat
sources g,y ,)- They are set apart for solid and gaseous phases, also point wise and can be corrected

functional in the case depends of these values on other parameters (temperature, time, coordinates, etc.).

Time (initial) conditions include temperature distribution in the body at the initial time. We specify
point wise (or regions) to separate solids and air, it washes:

Lx) = tixo,p0) (4)
Boundary conditions determine the features the process of passing the heat transfer on the surface of
the body. The boundary conditions of the 3rd kind specified as lateral, angular external and internal

corner elements. Each has one or more surfaces in contact with the environment and for which are valid
the following expressions:
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where:
Ax,y) ~ local heat transfer coefficient near the surface, W/(mz2-°C);

tocx,y) — ambient temperature, °C.

Boundary conditions also depend on the geometric coordinates and therefore are nonlinear.

Since the process of phase transition occurs at a constant temperature must be set such power sources
to the internal temperature at the boundary of the ice array maintained constant until the completion
of phase transition:

0 ot 0 ot
== — | — 6
qV(X:,V) ox [Z(X:Y) axj ay (;{(XJ’) 8},) ( )

Given the supply of heat from the external environment and knowing the specific heat crystallization (r)
is possible determine the change in mass on the border of phase transition:

dm ov 4
(xy) _
o)~ g = ) o (Eot) ~tr1c )+ Ay 5(t0(x.y) ~tiey) (7)

where 0V is elementary volume solid phase, m3.

To find the temperature distribution within the two-dimensional design planes parallel to divide it into
a number of layers, using step Ax and Ay (Fig. 1). In order to be able to use grids with a lot of nodes will
apply the "explicit” scheme in which each step for determining the temperature t; ; solved only one
differential equation.

For internal structural elements (type 1), we assume that the mass volume, limited step 2Ax-2Ay,
concentrated in the central point of this element. Boundary elements (2,3,4,5) is located on the surfaces of

the two-dimensional structures, so they concentrated only half the mass of the inner layers. External
(6,7,8,9) and internal (10,11,12,13) in accordance with angular elements %4 and 34 mass internal element.

¥ ix Ax‘ Zhx ‘ ‘ X
A A A

7
O @ @ O M @

FIGURE 1. Average two-dimensional design to domestic (1), marginal (2,3,4,5) and angular (6-13) elementary step of
plane Ax and Ay
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Within each plot two-dimensional structures are uniformly distributed source the thermal (or heatloss)
power (,. For internal j, j-th element (type 1) differential equation of heat flows in finite differences can

be written as:

Ay _ 1 | tynTten  tep e |1

i VP j =
CTEDAr 20k | Moy M A, M | 20

Yij-y o Aapn o Aaip A

(8)
(e W) e () I () I L= ) B I G

Vi) Van VY Vi Ve

Mivpy Ay i A
where:
Cuj) heat capacity material enclosure, J/(kg-°C);
P,jy - density material heat accumulating platform, kg/m3;
t(,-, j) -~ temperature area of two-dimensional design with coordinates X =i, Y =j, °C;
AT - estimated time interval, s;
Ai,jy - thermal conductivity material, W/(m°C);
AX, Ay - coordinate steps according to the X axis and axis H, m;

Qy(i,j) - specific volume heat source, W/m3.

For two-dimensional problem of boundary conditions are different. First the number equal to the
number of lines that limit the area calculation, both outside and inside the structure. Secondly, boundary
conditions may vary along the axis for which they set. If an external surface area calculated to set the
boundary conditions of the third kind, the heat balance equation for the first layer (item 2) would look
like this:

At . 1 tr: A —C: - 1
(7)) @) "G+ *
Cii nNPri i = a.‘. t.‘.—t;.‘. — +
U2 I(LY) Ry AX; (i 1)( o(i,j) —~(i 1)) Axg; jy +Ax(i,j+1) 20 ;)

ijy i)

)

N W) s () I (F) N (22 9)
V-1 Vi) Vap Vi)

M-y Aap o A Aaen

v, j)

where:

(;,jy — local heat transfer coefficient near of the corresponding element of the surface, W/(m2°C);
totij) ~ ambient temperature, washing the local surface element, °C.

Similarly, we can write the boundary conditions (heat exchange with external air layers) for the other
three sides of the rectangular area (Item 3, 4, 5 Fig. 1).
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In linear boundary calculation on the plane and there are corner units, which are characteristic of
simultaneous action boundary conditions on two coordinate axes. Corner units can be divided into
"external” and "internal'. External elements (type 6,7,8,9) only to touch the boundary element
calculation plane Figure 1. Their thermal conditions can be described by equations of the form (type 6):

AL, - 1 tri ~—tr: 1
(5))] (i,j) ~(,j+1) *
Cei nPri i = O: ~NEri A= N )— +
AP A AXi (w)( o(i,J) (1.1)) Ax;; jy . AX(; jiny M

iy A

(10)
teo v =t
* o Mt o —t o)) UH1)) +qy;
(@) \o(i,)) — ~(i.)) v(i,j)
( ) M) , Vi)
Aijy A
For providing any form of heat exchange area must take into account the internal components. These

units will also be 4 types (10,11,12,13). The equations for describing heat exchange processes in such
sites have the form (node 10):

il ,)Af(i,j)z 1 z(t(i.j—n‘t(i.j)) N (T fip~tipy |, 1
PN AL 3AX(; ) Ax(i.j—1)+AX(i,j) L \M) ™ PoliLj Ax(i,j)+AX(i,j+1) 30V

Z(i, j-1) A(i, i) ﬂ(i,j) ﬂ(i.j+1)

2(t. Nt .) £
* (i-1,j)  "(i.)) (i,j)  “(i+1,))

— O Es A —=C. N ])— +q,i i
i) , Vi) ottt My | Virt 1
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(11)

Provided to the border ? =0 value of the specific volume sources available for each boundary element
T

on similar formulas:

1 L,y ~ i) 1
q LN =— | A t, =t |- : ' + i
v(i,j) AX(i,j) ( 0 ("1)) AX(,-J) N AX(i,j+1) 2A}"(i,j)
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Moving boundary phase transition occurs discontinuously from one calculation to another node. The

condition of the jump is the completion of phase transition in this node (eg. mass of ice in the node
reached zero).
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To increase the time step, this system of equations solved by means of convenient digital method of Runge-
Kutta 4th order. Proposed mathematical model used to create a computer program in QBasic. Package size
is 13 kilobytes. To test its efficiency calculation was performed decomposition of gas hydrate in the
following initial data: initial temperature of methane hydrate -10°C; its thermal conductivity 0.5 W/(m°C);
density 940 kg/ms3; heat transfer coefficient on the surface 23 W/(m2°C); the heat of the phase transition
530000 J/kg; mass heat capacity hydrate-crystals 2060 ]J/(kg°C). Outdoor air temperature +20°C.
coordinate step Ax = Ay = 0.01 m. The dimensions of a piece of gas hydrates in section 8*6 cm length
1 meter. On all four sides washed air. All Step 1 minute. The calculation results showed that the melting of
the crystal-hydrate given shape, weighing 5.6 kg was completed for 10.4 days.

Conclusions

A mathematical model for calculating the decomposition of gas hydrates in equilibrium conditions. All
thermal physical coefficients can be defined as a function of coordinates, temperature or temperature
difference. In addition, its partitioning feature is the ability to design the desired number of layers,
variable grid density and lack of rigid connection of coordinate and time steps.
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RESEARCH OF ENVIRONMENTAL AND TECHNOLOGICAL
PROBLEMS OF CAVITATION

Abstract: The comparative analysis of systems of conversion of electric energy into mechanical and mechanical
into thermal with realization of effect of cavitation in a stream of the liquid transported in a closed circuit is
carried out. The optimal dimensions and relief of working surfaces of swirlers in tubular and rotary cavitators
are determined. The regularities of the change of the coolant temperature depending on its nature, the intensity
of cavitation, which is determined by the rotational-translational and rotational motion in cavitators of two
types - tubular and rotary.
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Introduction

The need for priority implementation of energy development and its integral part of environmental
security is due today not only for Ukraine but also for industrialized countries such as China, USA, Japan,
Russia and most European countries.

Despite the significant progress in the field of environmental safety achieved by leading developers of
production, nuclear energy, oil and coal industry, the search and solution of non-traditional and
alternative technologies for electricity generation, heat and disposal of human products are becoming
increasingly important today. The rescue of the population of the planet Earth from energy "hunger”
and environmental pollution is given increased attention, the reflection of which is found in new
developments of devices and technologies [1-10].

In non-traditional technologies, the manifestation of cavitation energy is considered mainly for heat
production [5]. At the same time, a number of studies are devoted to solving environmental problems
[11]. Given the established effect of the double action of cavitation energy on liquids: changes in
properties, chemical composition while releasing heat, the need to improve cavitation systems and
technologies is obvious. A number of researches are devoted to this direction, the results of which are
presented in the offered work.

The first tests of cavitation of liquids in order to reduce the cost of heating were performed in 1998 at
the Dnieper HPP-1 in Zaporozhye and positive results were obtained within 4 years. Despite the
advantages in the work (for subjective reasons) in recent years continues to improve heating systems,
wastewater disinfection, regeneration of transformer oils. At this stage, the accumulated research
material and the availability of existing pilot samples give grounds for a proposal to implement in the
production of developed samples of heat supply at state enterprises.

Literature review

Cavitation, as a phenomenon of erosive destruction of the surface of metal structures (turbine wheels,
pumps, propellers) is known for over a hundred years [1]. Research of the last 50 years is devoted to
the issues of determining the conditions of cavitation destruction of metal and technological
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developments that ensure the prevention of this destruction [12]. In most studies, the effect of cavitation
is considered as a negative factor influencing the service life of the product. The most intensive work has
been carried out since 1985 to identify the possibility of studying the results of the manifestation of the
action of cavitation energy as a source of heat production [12-14]. Over the past 10 years, the number of
publications with positive test results of cavitators in technological processes has increased significantly
[11, 15-17]. In addition to changes in the main technological parameters that occur after cavitation, the
publications have virtually no information about the actual operational stability of the working chambers
of cavitators. This condition indicates that in the works of the first - used a laboratory (or pilot) sample of
the cavitator and the second - the operational stability of the working chamber of the cavitator is not
advertised for commercial reasons or insufficient hours of machine hours. This conclusion arises in view
of the known data given in 2003 by NASA (USA) on the characteristics of cavitation bubbles with
a diameter of 10 um, which when destroyed emit ozone in a micro-pulse, the oxidizing ability of which for
structural low-carbon steel is known - is its intense dissolution, leading role in which is played primarily
by corrosion damage. The energy of "collapse” of the cavitation bubble itself is directed not at the metal,
but at the product of the corrosion process, the oxidized film (Fe203 - nHz0), for the destruction of which
the energy consumption of the cavitation flow is negligible.

Reports that cavitation devices (especially rotary ones made of structural steel) have been operating for
a number of years (3-7) are more than doubtful due to the implementation of the above-mentioned
fracture mechanism.

The lack of reliable and reliable information on the actual operational stability of the working chambers
of cavitators when using water as a coolant necessitated the development of such autonomous vortex
energy systems, which could simultaneously use the cavitator as a tool to solve environmental or
technological problems by influencing the intermediate structure and solution of the problem of heat
production during cavitation for heating and hot water supply.

In addition, a number of recent publications have debated two main issues:

e lack of a clear method of calculating economic efficiency from the use of cavitators in one and two,
three-circuit systems;

e unproven persecution of authors who explain and show in their experiments the presence of
processes of "CNF" (cold nuclear fusion) during cavitation of water [5, 14, 18-20].

These two fundamental questions necessitated the implementation of these studies.

Problem formulation
The object of study - tubular and rotary fluid energy converters, i.e. cavitators.

The purpose of the study - to determine the optimal size and relief of the working surfaces of the vortices
in tubular and rotary cavitators.
To achieve this goal you must perform the following tasks:

1. To determine the coolant, the physicochemical properties of which do not change during long-term
cavitation and when using which the greatest thermal effect is obtained.

2. Determine the temperature regimes for waste transformer oils.
3. Determine the timing of cavitation of wastewater to its complete disinfection.
The study was conducted using as energy and the object of study network and wastewater, technical

glycerin (GOST 6824-96) and its solutions, waste transformer and motor oils, thermolan (TU 24.1-
0025601-099-2001), polymethylsiloxane mixtures of two brands PSM-500, PSM-1000 (GOST 13032-77).

Studies on laboratory installations of tubular (SEW-0) and rotary (PCT-1) were performed using an
active energy meter (EMP134.02.1, No. 65067, 2002), and flow meters (VSKM-16/40), capillary
thermometers (SB 15), clock.

In the study of wastewater, waste transformer oils before and after cavitation used standard methods
of laboratories of state enterprises: Right-Bank Separate Subdivision of the Zaporizhia Regional
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Laboratory Center of the State Sanitary and Epidemiological Service of Ukraine ("Ukrainian Research
Design and Technology Institute of Transformer").

When performing experiments, temperature sensors recorded the current temperature before and after
the release of the test liquid in the first and second circuits of the cavitators. The change of the radio on
the route of the flow was recorded by a radiometer through a special cell with a transparent shielding
glass, which eliminates the distortion of the y-radiation. With the help of an electric active energy meter,
instant, accumulated readings of the consumed energy were recorded. All characteristics of the studied
liquids are obtained by varying two factors: time and cavitation temperature.

Direct assessment of the influence of time and limit temperatures of cavitation was carried out based
on the results of determining the specific consumption of electricity, maximum changes in its properties
and chemical composition when selecting two (before and after cavitation) or several (up to seven) to
identify extreme changes in properties.

The main indicators determined in the experiments of the heat engineering direction were chosen:
specific electricity consumption Wy, W/m?2h, the amount of heat @, kcal/h, the amount of electricity
consumed W5, kW /h; thermal equivalent of 1 kW = 860 kcal = 3600 k]J.

During the experiments of technological and ecological direction, the degree of water disinfection and
regeneration of transformer oils was determined by the change (*A) of the indicators of the studied
liquids during their cavitation.

The final evaluation of the efficiency of cavitation in existing heating systems was determined in advance
after control measurements of heat and electricity consumed in a constant mode of automatic thermal
cycling without taking into account the efficiency of the electric pump (Table 1). The calculation of KPI
(energy conversion factor) was made for a facility with a volume of 2000 m3 without the use of night tariff.

TABLE 1. Example of calculation of KPE AMK-3 for double-circuit heating system and hot water

Name of indicators Symbol Units of Number Notes
measurement

The installed power of the electric N, KW 11x2 2 pumps
motor
Mlmmu.m power consumption when Wa KW 9 _
output in cycling mode
Water outlet temperature from the A oC 65 battery tank
accumulator tank heat exchanger 11 V=580 liter
Water return temperature to the heat I o

ty C 53 -
exchanger
Performance of the circulating pump of .
the second circuit Qu liter/hour >80
Average daily electricity consumption Wee KW /hour 45 _
per cycle t,=50: 7= 50

o kcal/hour 6960 2 tubular cavitators
Heat productivity: Q =e-m - At Q KW /hour 81 0=1-580-12
0 8l [-th heat exchanger -
COp==x -°" KPE _ 18 a solution .Of water and
W, 45 glycerin 50:50,
II - water
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Results and Discussions

Schematic diagrams of laboratory and industrial pilot designs developed by the authors of the systems
for the use of tubular and rotary cavitators are based on the well-known principle of separation of the
moving flow of the working fluid in the Ranke-Hillsha tube, which forms conditionally "hot" and "cold"
transport zones in a closed loop. In addition to the separation of the flow in all areas of energy
movement, the main attention is paid to different structures of the relief of the working surface to
enhance the effect of nucleation and "collapse" of cavitation bubbles in the flow of liquid energy.

In the opinion of the authors, in fact, the cavitator, as a device for intensive production of cavitation
bubbles, should be called a converter of vacuum energy, which actually implements the process of
vacuuming the fluid flow by destroying its continuity, i.e. by forming gaps - caverns (actually
microbubbles) pressure. This process is provided with a special relief of the working surfaces, which in
the reaction zones of the device created the conditions for the rupture of the flow continuity. A special
relief mimics the structure of shark skin.

To ensure the stability of the cavitation process, the design of the cavitator is a vacuum energy converter
connected by a closed pipeline to an electric pump (in the case of a pipe type) or to a housing (rotor
type); on the inlet fitting in front of the cavitator is a temperature sensor 6, which ensures the operation
of a single-circuit system in automatic mode (Fig. 1).

i/
L@ cold water

— 1 S
6" i A —
E—— i_n.t‘
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FIGURE 1. Schematic diagram of the use of a cavitator for heating and hot water

1
L
1
L4

a

This scheme of the AISW is tested and is in operation for heating more than 1000 m2 using two circuits:
in the first circuit (actually "cavitation") as a heat carrier is a solution of technical glycerin and water
(50:50), in the second circuit, including a heat exchanger, placed in the body of the cavitator, water is
used. There is a possibility of using 2 heat exchangers in the second circuit - for heating water and for
consumed water. In this case, the temperature sensor of the 1st heat exchanger is installed on the water
supply pipe (6') in the 2nd heating circuit, and in the second heat exchanger the temperature sensor is
installed on the hot water supply (DHW) pipe (6").

The composition of the AISW (Fig. 1) includes: cavitator 1 (tubular or rotary), electric pump 2 (or electric
motor for rotary cavitator), supply hot pipe 3, radiators 4, pressure gauge 5, temperature sensors 6 of the
primary circuit 6', 6" - for two consumers of the second heating circuit and the consumed hot water, the
accumulator 7, the control unit and automatic control 8. The increase in pressure in the circuit when
heating the liquid is compensated by the expansion tank 9'(first) and 9 (second) circuits.

-39-




iﬁﬂf@@

An additional reduction of (1.5-2) times the electricity consumption is achieved when using liquids as a
heat carrier, in which thermal conductivity, viscosity, boiling point are maximum possible, and heat
capacity is minimal.

Such liquids include technical glycerin, polymethylsiloxane mixture (PSM-1000), thermolan, etc., the use
of which significantly (2-3 times) increases the rate of temperature rise than the use of water (Fig. 2).
When heated by cavitation, in particular, PSM-1000 there is no odor and corrosion of the working area
of the converter.

—#—PMS-1000 —+— glycerol water

180
160 /L
140
120 P \
O 100 _— _—

40 /
20

2 3 4 5

T, min

%

[e]
B

—_

FIGURE 2. The rate of temperature rise of the coolant in the cavitator (without load II circuit)

The established dependences of the influence of the nature of the coolant on the dynamics of
temperature change and specific costs in the process of its cavitation in a closed volume are manifested
in determining the end result of the heating system. In the second circuit - water. The calculation data
are given in Table 2.

TABLE 2. Comparative data of indicators of thermal efficiency of AMK-2 (double-circuit)

Heating rate in the
The coolant in the primary circuits, deg/min t Viscosity v, | Conversion efficiency
circuit °C boiling cCt ratio (CE)
I 11
Water 2.50 0.40 100 1 >1.86
Technical glycerin 5.60 0.77 265 450 >2.46
Polymethylsiloxane mixture 10.80 1.62 317 1000 >3.89

The greatest efficiency of using PSM-1000 as a heat carrier is obvious. There is a direct relationship with
a high degree of correlation (r = 1), between the boiling point, viscosity, heating rate during the
implementation of the cavitation effect.

In Figure 3, and presents the results of determining the rate of temperature rise in the first circuit after
the cavitator when used as a heat carrier water, glycerin and polymethylsiloxane mixture (PSM-1000).
Analysis of the results of temperature measurements and electricity consumption with increasing
temperature showed that the use of high-temperature coolants significantly reduces the cost of heat
production. The decline in electricity consumption is determined by three main changes in the structure
and properties of the coolant:

e when heated, the viscosity of all tested coolants drops markedly;

e similarly manifested change in heat capacity and wettability;
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e saturation of the liquid volume of the coolant in the primary circuit with cavitation bubbles,
"collapse" of which in the existing design in two stages, partly on the vortex (or brake) and in the
relaxer, i.e. saturation of the fluid volume with billions of microcavitation bubbles, transition from
single-phase ) in two-phase (liquid + cavitation bubble) led to a significant (2-4 times) reduction of
hydraulic resistance and a corresponding reduction in energy consumption when consuming an
electric drive (Fig. 3b). Simultaneous manifestation of these changes in liquid-gas energy leads to a
reduction in costs, in particular, for heating by 3 times. The data were obtained during the operation
of a two-circuit system with tubular cavitators.

—s—water —+—glycerol PMS - 1000
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IluToMi BUTpaTH eNmeKTpOEHeprii,
Bt/kr-°C

0,2

0
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FIGURE 3. Influence of the nature of heat carriers: a) on speed of heating of liquid in a cavitator (with the loaded 11
circuit); b) on the specific cost of electricity (at the start)

Long-term (more than 4 years) operation of tubular cavitators on pilot samples of heating systems
showed that the special relief of structural elements of working surfaces in the zone of intensive
nucleation and destruction of cavitation microbubbles excludes cavitation destruction characteristic of
traditional forms of turbine blades, propellers and propellers. as the origin and destruction of
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microbubbles occurs out of contact with the surface of the structure, and in the volume of the mobile
coolant, the nature of which must ensure compliance with two requirements:

e do not cause corrosion inside the structure;

¢ not to polymerize at detailed repeated action of effect of cavitation.

Among the previously tested as coolants of the primary circuit of waste oils, hydrocarbon compounds
with water, the most effective was polymethylsiloxane mixture. Two brands of the mixture were tested:
PSM-500 and PSM-1000.

Actually, a complete explanation of the increase in cavitation efficiency is confirmed by the graphs in
Figure 4, obtained from measurements of changes in temperature, pressure and electric current on a
single-circuit system with a tubular cavitator connected to an electric pump (power N = 32 kW, n=3000
rpm) pumps in a closed circuit 800 | of water.

The pressure drop in the circuit in 4 times, electricity consumption almost 2 times at a temperature of
90°C provide the possibility of using cavitators to solve technological problems.
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FIGURE 4. Dynamics of change of indicators at heating of water in a tubular cavitator

In Figure 5 shows a diagram of the technological use of cavitators (rotary and tubular) consisting of:
cavitator - 1, electric motor - 2, pipeline 3, bypass - 4, swirler - 5, thermocouple - 6, tank for
intermediate - 7, tank for finished product - 8, and control and automatic control unit - 9.
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FIGURE 5. Schematic diagram of the use of the cavitator to solve technological problems
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When the conditions of use of the converter in a closed system, heat arises primarily as a result of the
destruction of many microbubbles of cavitation nature during the passage through all structural
elements. The liquid is heated by implementing the following processes:

e destruction of cavitation microbubbles, in which at the same time with a high rate of "collapse” of
microbubbles is the removal (discharge) of the electric potential between the surrounding liquid
bubble and the vapor-gas space, which has a negative pressure;

e internal friction of the layers of the working fluid (liquid);

o friction of the liquid on the surface of the structural elements of the transducer and pump;

e weakly expressed cold nuclear fusion (CNF) (with existing limited liquid motion), the occurrence of
which is confirmed by changes in the physical and chemical properties of the liquid working fluid
(during prolonged use) and a slight but still increase in the radio (5 on 10 pR at P900 = 0.8 MPa).

The latter process (CNF), despite the numerous "revelations" of its absence, is confirmed by no less
numerous studies of its presence in the operation of cavitation systems [21-24].

Many works with different contradictory results and the only correct statement from the point of view
of the authors of the article have been devoted to the CNF process over the last twenty years: the CNF
process cannot but exist in the nature around us, because it is, in terms of temperature, an intermediate
modification of nuclear reactions. To confirm this real existence of CNF, it is enough to give an example
from the study of Academician B.V. Bolotov, who proved the reality of HY reactions in the stomachs of
chickens that ate sand (SiO;) and the absence of shells on eggs of chickens that did not have sand in their
diet [2].

To show the primary effect of cavitation on the coolant and determine the effect of cavitation on changes
in fecal wastewater on laboratory equipment, work was performed (on a rotary cavitator) to determine
pH, chemical composition of water, biological contamination, tg dielectric loss angle, water content in
spent transformer oils before and after cavitation (on a tubular cavitator). The results of analyzes of
samples for wastewater are shown in Figure 6, changes in the main components of water are shown in
Table 3.
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FIGURE 6. Dynamics of changes in the results of cavitation of wastewater: a) pH; b) CBO (chemically bound oxygen),
BBO (biologically bound oxygen); c) Fe, Composition of surfactants; d) Cl, Pz0s; e) NOz, NO3; f) E-coli 930

TABLE 3. Change of the basic parameters of water after 12 minutes of cavitation

Parameter Up to, mg/dm?3 After, mg/dm3 *A, %
pH 7.8 8.6 +10
BSK-5 150.0 88.0 -170
CBO 180.0 80.0 -225
Dry residue 3712.0 1370.0 -270
Iron 0.9 0.2 -450
Chlorides 2680.0 1670.0 -160
Nitrites 2.75 1.50 -183
Nitrates 2.7 0.5 -675
Composition of surfactants 1.0 0.2 -500
Phosphates 9.8 4.8 -204
LKP index (E-coli 930) 4300 <300 -1433

The obtained results testify to the efficiency of using cavitation systems for activation, purification and
disinfection of water.

Changes in the state of transformer oils before and after cavitation are presented in Table 4.
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TABLE 4. The results of cavitation of waste transformer oil

. Indicator
Units of
[HEANAIIREES measurement Change
Up to After g
Ignition temperature °C 135 148 +9.1
. per 1 gofoil 1 i
Acid number mg of KOH 0.064 0.025 256
Water-soluble acids % 0.0042 0.0015 -280
Dnipro HPP, kw 19 33 +42.5
transformer substation
Dniprospetsstal Plant, KW 15 64 4977
. . arc furnace transformer
Dielectric
strength .
Zaporizhstal plant, arc KW 12 69 +82.6
furnace transformer
Coke plant, KW 15 40 +62.5
arc furnace transformer
tg of the angle of dielectric loss % 7.5 4.8 -156
Changes in the composition of gases
H> % 0.06053 0.00147 -4117
02 % 0.34804 0.15793 -220
N2 % 5.0632 4.3033 -117.6
CH: % 0.01568 0.003 -11.1
CcO % 0.03024 0.04079 +31.8
CO2 % 0.17294 0.19977 +15.5
C2Hs % 0.00553 0.00086 -643
C2H4 % 0.00107 0.00268 +250
Cz2H2 % 0 0 0
General content % 5.69 4,17 -20.8

The results obtained indicate the fundamental possibility of using cavitation of waste oils and a
significant reduction in the cost of the regeneration process and ensuring compliance with
environmental requirements in the implementation of the proposed technology at the facilities and
industries listed in Table 5.
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TABLE 5. Objects and main areas of use of cavitators

Heat supply Technologies Ecology

Homogenization and heat | Water management

Residential buildings treatment (TO) technologies

Housing and communal services of

AMK for heating of hot water Production of perfumes Disinfection of wastewater
Industrial and domestic premises Paint and varnish production Disinfection of intake water
Farms and greenhouses Paper industry Increased humus activity

Disinfection and regeneration of

Sports complexes Regeneration of transformer oils .
P P & therapeutic muds

Restoration of properties of motor | Increasing the activity of irrigation

Schools and kindergartens .
oils water

Methane production in the

Hospitals, sanatoriums Biofuel production processing of waste livestock
complexes
. . Increase the activity of binding Defecation of water in fish farms,
Sleeping railway cars : -
mortars reduction of acidity
I Increasing the growth of
Barracks Beet processing in distilleries gthee

microalgae in fisheries

Cafe bar Pasteurization of food products Mixing of immiscible liquids

Regeneration of technical alkaline
Dining rooms Beer and wine production solutions for washing of axles of
railway cars

Conclusions

In comparative experiments of the choice of the heat carrier the most corresponding to performance of
the set task is a number of polymethylsiloxane mixes, in this case, the PSM-500 and PSM-1000 brands
are tested.

Temperature regimes for spent transformer oils are determined. The optimum regeneration
temperature for transformer oils type T-1500 is 90°C. Cavitation time on laboratory devices -30+60
minutes. The obtained results of the characteristics of cavitary oil are given in Table 4.

The terms of cavitation of wastewater to its complete disinfection are determined, the results of which
are given in Table 3, and the dynamics of disinfection - in Figure 6.

The results of experiments performed on laboratory devices of cavitators (tubular and rotary) indicate
the efficiency of cavitation of wastewater (Table 3), regeneration of transformer oil (Table 4). At the
same time, the manifestations of the thermal effect during the cavitation of liquids confirmed the
possibility of using the same device to obtain increased economic efficiency in heating and hot water
(Table 1). At the same time, a significant influence of the nature of the heat carrier on the heat generation
index was established (Table 2).

Implementation in one unit of two mechanisms: the transformation of the structure of the liquid and its
simultaneous heating can significantly increase the list of objects and areas of use of cavitators (Table 5).

The authors of the article consider it possible to attribute the positive results of the study of the
cavitation process in solving thermal, environmental and technological problems to the advantages of
the developed devices.
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The disadvantages of cavitation devices offered for different industries include noise pollution, the
reduction of which requires their use in isolated rooms.

In general, the usefulness of the proposed developments can be obtained with greater effect in areas
where it is necessary to simultaneously solve, say, thermal and environmental problems. The ultimate
potential goal of the performed research may be the development of an autonomous heat generator, i.e.
a system for the production of heat and electricity at the same time.
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