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BIOGAS AS AN ALTERNATIVE FUEL FOR AUTOMOTIVE 
TRANSPORT IN MOUNTAIN AREAS 

 

 

Abstract: The importance of the problem of effective use of traditional energy sources and the search for 
alternative resources is beyond doubt. However, nowadays Ukraine does not fully use the potential of low-
calorie gases, in particular, biogas, produced by agriculture and industry in large quantities. The number of 
available domestic installations for the disposal of this gas is negligible although a great number of developed 
countries have thousands of such facilities. 

One of the most advantageous sources of energy is biogas produced out of biological waste from communal 
and agricultural dumps – landfill sites for waste disposal. It is meanwhile burnt in flares or emitted into the 
atmosphere contaminating it heavily. The level of biogas used as a fuel in automotive internal combustion 
engines is very low. However, replacing gasoline with biogas results in engine power reduction and fuel 
consumption increase. This should be taken into account when operating cars in mountainous areas where 
atmospheric pressure and temperature are lower. 

Keywords: biogas, efficiency, the heat of combustion, atmospheric pressure, temperature, power, specific 
consumption.  
Introduction Biogas is a gas formed by microbiological decomposition of organic waste in landfills, swamps, sewage systems, and the like. Today, the share of renewable energy in the world energy balance is negligible – it accounts for only 14%, with biomass contribution being 1.2%. Yet, as practice proves, even slight fluctuations in energy resource markets result in significant energy price increases. Therefore, the role of alternative energy in the markets will only grow. The world biomass energy is up to 13% in the structure of alternative energy. According to recent research, by 2040 the share of renewable energy sources will reach 47.7% and biomass will contribute to 23.8% [1]. The problem of mountainous condition impact on performance indicators of automobile engines running on biogas in Ukraine and in the world is not paid enough attention to.  Exploitation of cars on mountain roads in the Carpathian region is rather difficult at altitudes of 1000÷2000 m above sea level with ascents and descents reaching 12%, the length of sections ranging from 10 km to 15 km. The higher is the elevation above the sea level, the lower is atmospheric pressure, air density, and temperature, which affect the filling of the car engine cylinder. Concurrently, air leakage and low speeds on steep climbs result in reducing the engine cooling rate. At the same time, the work of engines on the combustible mixture in question and the movement for the most part on the lower gears leads to engine overheating, and the boiling temperature of the coolant gets reduced in the mountains. 
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Analysis of modern foreign and domestic data According to the data presented in [2], there is a certain dependence of the change in atmospheric pressure and ambient temperature on the altitude which is shown in table 1.  
TABLE 1. Basic environmental indicators depending on altitude 

Position Altitude, m Atmospheric pressure, kPa Temperature, С 1 0 101.3 20 2 1000 89.9 13.5 3 2000 79.5 7 4 3000 70.1 0.5  The purpose of the article is twofold: 1) to analyze the possibility and features of the use of biogas as a fuel for internal combustion engines in mountainous conditions; 2) to investigate the influence of separate parameters of the environment in mountainous conditions on the work of internal combustion engines, their technical and operational indicators.  
International experience Biogas technologies are developing at a fast pace. According to the International Bioenergy Journal, 80% of the biogas potential is contained in agricultural raw materials and 10÷11% in industrial and municipal waste. Now Germany ranks first in Europe in the number of biogas plants: in 2010 there were more than 9000 of them. 7% of the biogas produced by these plants is supplied to gas pipelines, the rest is used for the needs of the producer. Denmark is a leader in terms of biogas application. There this type of fuel accounts for almost 20% of the total energy consumption of the country. Twelve European countries (Austria, Czech Republic, Germany, Denmark, Finland, Sweden, Great Britain, Italy, Iceland, Hungary) use biomethane to fuel motors (including its blend with natural gas), as well as to produce heat [3]. There are few examples of biogas technologies in Ukraine. Several biogas projects at Solid Waste Landfills (SWL) in Mariupol, Lviv, Kremenchug, Lugansk, Kyiv, as well as at Bortnitsky Sewage Treatment Plant of (Kyiv). The project implemented by the LNC Company at Kiev landfill No. 5 proved to be the most successful: the site is equipped with five TEDOM diesel biogas engine with an installed capacity of 177 kW. A vivid example of successful biogas projects concerning the use of biogas for internal combustion engines is the biogas installation "Polygon TPV in the village of Rybne" near the city of Ivano-Frankivsk. 18 boreholes were drilled for biogas production from the landfill, and two gas-fired 330 kV plants were installed to generate electricity. Unfortunately, examples of successful biogas use for automotive internal combustion engines, apart from primitive farmer projects, can be hardly found in Ukraine. Compared with traditional fuels, biogas has the following advantages: 
 It is made from biological raw materials, hence its production and incineration are part of the natural cycle of carbon, which does not cause gas accumulation in the atmosphere and does not result in the greenhouse effect. Environmental damage from organic waste collection systems is decreasing. An ecologically close energy system is provided.  
 Biogas is a renewable energy source; in fact, it will never get exhausted if compared with petroleum which is anticipated to get exhausted in no more than 50 years [4]. 
 Biogas is produced close to the consumer, the raw material for its production is also located not far from the factories and there is no need to transport gas over long distances.  
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The average component composition of biogas is given in table 2.  
TABLE 2. Component composition of biogas 

No. Component  Content, % volume 1 Methane (CH4) 50÷75 2 Carbon dioxide (CO2) 25÷50 3 Hydrogen (H2) 0÷1.0 4 Hydrogen sulfide (H2S) 0÷3.0 5 Nitrogen (N2) 0÷10.1 6 Oxygen (O2) 0÷2.0  Availability of biogas in hydrogen sulfide is a rather negative factor since hydrogen sulfide reacts with most metals and can cause corrosion of some parts of internal combustion engines, reservoirs, and tanks. Therefore, the issue of cleaning biogas is of great importance.  In comparison with traditional automobile fuels, a major disadvantage of biogas is a low concentration of energy from its combustion, which leads to a decrease in the efficiency of the engine, effective power, and increased fuel consumption. Knowing the componential composition of biogas by the Mendeleev formula, we can calculate the biogas combustion heat нQ :  ???          2 2 4128 CO 108 H 234 H S 339 CH 589 C Hн n mQ     [kJ/m3]                                               (1) where 2 2 4CO, H H S,,  , CH  C Hn m  are amounts of individual components in gaseous fuel, % volume under normal conditions.  According to formula (2), combustion heat of gas mixtures is calculated as  
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                               (2) 
where:  
η – a coefficient of combustion completeness;  0L  – the theoretically calculated volume of air necessary to combust 1 m3 of fuel under normal conditions. Our calculations show that when the air excess coefficient α = 1, the values of the lower heat for the Opel-Vectra engine are as follows:  
 for the gas-air mixture – нQ = 3739 kJ/m3, 
 for the air-gas mixture – нQ = 3404 kJ/m3, 
 for the biogas-air mixture (with CH4 content = 62%) – нQ = 2168 kJ/m3. Compared with the standard fuel, reduction of the specific heat of combustion of 1 m3 of the combustible mixture with natural gas CH4 is 8.7%, of biogas is 42.1%, and of the mixture of biogas and 30% CH4 is 15.25%. That is, one of the options for improving the performance of internal combustion engines is to mix natural gas with biogas. The lower heat of combustion of such a mixture varies according to the graph shown in figure 1.        
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FIGURE 1. Lower heat of combustion of gas mixtures of СН4 and biogas  

Discussion The research was carried out on the engine ZMZ-5234 and ZIL-130. The necessary calculations were made by using the software complex designed for calculation and optimization of internal combustion engines "Diesel-PC" [5] was used.  The main technical and operational indices of automobile engines are the effective power ,eN  torque ,kM  specific effective eg  and hourly fuel consumption TG  
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hV  – the operating volume of the engine, l; 
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                                    (5) 
where TG is hourly fuel consumption, g/h. As a result of analytical studies, the graphs of the dependence of the change in effective power and on the effective specific biogas consumption rate from changes in temperature and changes in atmospheric pressure of the environment were obtained. These dependences are shown in figures 2-5.  



  – 153 –

 

60

70

80

90

100

110

120

65 70 75 80 85 90 95 100

кВтNe ,

кПаPo , kPa

kWt

 
FIGURE 2. Dependence of the effective power change of Engine ZMZ-5234.10 on atmospheric pressure  
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FIGURE 3. Dependence of the effective power change of the Engine ZMZ-5234.10 on the temperature change of the 
environment  
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FIGURE 4. The change in the specific effective fuel consumption of Engine ZMZ-5234.10 on the atmospheric pressure change 
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FIGURE 5. The change in the specific effective fuel consumption of Engine ZMZ-5234.10 on the ambient temperature 
changes  As the study proves, when using biogas as automotive fuel in mountainous conditions with lower atmospheric pressure, the effective power is reduced by 6÷9% compared with gasoline; and the specific effective fuel consumption is increased by 7.3-7.5% depending on the size of the reduced pressure. By reducing the ambient temperature, the effective engine power is reduced by 14÷16% and the specific effective fuel consumption is increased by 14÷20%. The impact of these factors can be reduced by adding natural gas to biogas. How it affects the specific effective fuel consumption in engines is shown in figure 6. 
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FIGURE 6. Changes of the specific fuel efficiency when adding natural gas 

 
Conclusions  1. The use of biogas for internal combustion engines in mountain conditions may partially solve the problem of fuel shortages. Ukraine has the necessary reserves to do this.  2. Since the lower heat of biogas combustion is by (40÷45)% less than that of conventional petroleum fuels, the capacity and specific effective consumption of fuel used by cars running in mountain conditions are significantly changing. Depending on the ambient temperature, the power is reduced 
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by 14÷16%, and the specific fuel consumption is increased by 14÷20%. Depending on the altitude, the power is reduced by 6÷9%, and fuel consumption is increased by 7.3-7.5%.  3. It is possible to improve the technical and operational performance of internal combustion engines by blending natural gas and biogas. 
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DETERMINING OF STRESS-STRAIN STATE OF THE CASING STRING 
ACCORDING TO THE DIRECTIONAL SURVEY DATA DURING  

THE WELLBORE CONSTRUCTION 
 

 

Abstract: The casing string in the curvilinear borehole is represented as a long elastic rod, for which a non-
uniform system of differential equations is constructed and integrated taking into account its own weight and 
friction. Formulas for the distribution of axial forces and bending moments in the body of the column, as well 
as the reactions of the walls leading the column to the actual well profile are obtained. To calculate these force 
factors, a method for numerical integration of inclinometric measurements data and software for numerical 
analysis of a real well are developed. This technique allows to detect the areas of local increase of the 
curvature and difficult passage of the curvilinear well and calculate the parameters of the stress-strain state of 
the casing column in it. 

Keywords: casing string, curved well, inclinometric measurements, axial force, wall reaction.  
Introduction The technology of reliable and safe extraction of oil and gas from large depths requires the borehole wall lining by a string of casing. Modern methods of directional and horizontal drilling allow to reach productive layers at a depth of 4÷6 km with a string length of 5÷8 km, while steel pipes have a diameter of only 168÷140 mm with a wall thickness of 10÷12 mm. The main production casing, which connects the wellhead with deposits of hydrocarbons, must be continuous, strong and pressure-tight. A typical well program includes a vertical section, one or more inclined sections (which provide a large deviation from the vertical one) and a vertical bottom-hole section. The straight-line areas are interconnected by transition curved ones, which are described by the circle arc of a constant radius. When designing, all wells are usually located in one vertical plane. While drilling there are deviations from the well design profile, which are continuously corrected by technical and technological means. As a result, the area of the real well is not exactly straight or circular arc, but contains local distortions and deviations from the given shape. To establish the real profile of the drilled well, its logging is conducted, during which zenith angle   between the tangent to the curved axis of the well and the vertical is measured. According to the data obtained, an inclinometric table is compiled demonstrating the table dependence of the angle ( )s  from the coordinate s, which is the distance from the earth surface along the curved axis of the well to the specified intersection. Measurements are carried out from the wellhead to the bottom with a certain pitch Δs. The production casing, lowered into the curved well, enters into force interaction with the wells due to the rigidity of the pipes. Due to the reaction of the walls, the string bends, resembling the profile of the well. As a result, in the pipes body there emerges a complex stress-strain state caused by their bending and axial tension, which greatly affects the reliability and durability of the casing.  
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Literature review The work of Yu. Pesliak [1] is devoted to the study of internal stresses in the columns of oil wells. The problem of determining the forces acting on the string of pipes in the well when its shape is given is considered here. To solve it, a system of G. Kirchhoff equations describing the spatial deviations of a long elastic rod, which has a finite bending stiffness, has been used, and its solution in a vector form has been carried out. However, the results in scalar form suitable for engineering calculations are obtained only for the case of a well section, which is curved along a circular arc of a constant radius in one plane, and for a well case, which is presented by a helix with a constant zenith angle and a constant rate of change of the azimuthal angle. In order to determine the axial forces and frictional forces in the case of random deviation of the well, numerical integration is applied on an example of a well with a constant speed of change of the zenith and azimuthal angle to their maximum value of 90. In the paper by P. Vyslobitskyi [2] the problem of the advance and bending of the string of pipes in the deviated borehole is considered. For its solution a geometric approach is used to study the force interaction of pipes with well walls. At the same time, the pipe was graphically inscribed into well deviated along the circular arc following several possible, according to the author, schemes of placement of contact points with its walls, in which reactions and frictional forces may occur. The acting forces were determined by the equilibrium equations of the pipe sections between these contact points and the pipe deformation equations, for which the formulas of the small deformations of the cantilever beam were unjustifiably applied. With the general formulation of the problem of bending and casing string drift in the deviated wellbore, a system of differential equations was proposed. The system had to express the bent state of the string, but it does not contain two equations of equilibrium of internal and external forces projections, and therefore it is incomplete and cannot be solved. Thus, unresolved remains the problem of obtaining a closed system of differential equations, which describes the deformation of the string of pipes in a deviated well under their own weight and the reactions of the walls. The solutions of this problem will determine the distribution of axial forces, bending moments and stresses in the body of the column. 
 
Purpose A long casing string in the well behaves like an elastic, solid rod [1, 3], which has sufficient bending stiffness. It is influenced by a vertical weight j, uniformly distributed along the length, which creates variable axial forces in the body of the column. The column of initially rectilinear pipes in the curvilinear well forcibly receives the geometric shape of its curved axis. This is due to the reaction forces of the well walls, which, together with the weight, act on the column and bend it. In the first approximation, we consider that the column contacts the well walls along its entire length (we neglect small gaps between the wall and the pipe in comparison with large geometric deviations of the axis from the rectilinear form). Consequently, along with the distributed weight j, a long elastic rod is influenced by the reaction of the walls ( ),f s  distributed by its length according to a certain law, as a result of which it acquires a given form. We assume that the distributed load ( )f s  is directed along the normal to the curvilinear axis of the rod and is positive if its projection to the horizontal has a positive direction. 
The purpose of the work is to develop a method for determining the distribution of axial forces and the reactions of the walls, which, together with their own weight, act on a casing string and make it follow a given wellbore shape. To do this, it is necessary to derive and integrate the system of differential equations of equilibrium of a long elastic rod bent in one plane. According to the obtained results, it is necessary to find expressions of force parameters that describe the stress-deformed state of the casing in a deviated well.  
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The basic system of differential equations The analysis has showed that large elastic deformations of the long rod of the unit-value stiffness can be considered for the bend, without losing the universality of the solution [3]. At the same time, the bending moment is numerically equal to the curvature of the rod, and the current force factors differ in size from the estimated ones by the factor EJ (E is the elastic modulus of the material, J is the moment of inertia of the cross-section of the rod). Let us consider the arc element – the segment of the curved axis of the rod with length ds, at the beginning of which the tangent line is inclined to the vertical under zenith angle   (fig. 1). In this section, the internal axial t and transverse u forces as well as bending moment q are applied. In the final crosscut of the element, which received an increase in zenith angle ,d  the same forces are applied, but with increments dt, du, dq correspondingly, the direction of which must balance the initial ones. The element is also affected by external forces: its weight j ds, the reaction of the wall f ds and the friction force ,tk f ds  directed along the axis of the string against its motion (not shown in fig. 1), where tk  is the coefficient of friction. In the equations of equilibrium, discussed below, the sign of friction corresponds to the descent of the string in the well. For the case of lifting a column in the equations and their solutions, the coefficient of friction should be taken with the opposite sign.  

 
FIGURE 1. Calculation schema of a curved elastic element 

 Let us project all forces on a normal and tangent line, make an equation of equilibrium of their projections, as well as equations of equilibrium of finite moments and moments of finite forces, and obtain a system of differential equations: sin 0du dt j f
ds ds

       
cos 0t

dt du j k f
ds ds

       
0dq u

ds
   A similar system describing the bending deformation of a long elastic rod in one plane was obtained in the work of R. Frisch-Fay [4]. However, it did not take into account the reaction of the wall and friction, and was incomplete. In order for the system to have a solution, the fourth equation is required, which 
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is the kinematic Euler equation. It establishes the connection between the angular deformation of the rod and its curvature q (bending moment) 1dq
ds R
    

where R is local radius of curvature; the dot denotes the derivative of s. Due to this, the system of differential equations becomes closed and has a solution. Thus, the deformations of casing string, bent due to the deviation of the borehole, are described by a non-uniform system of four differential equations: sinu t j f                                                                            ( 1) cos tt u j k f                                                                           (2) 0q u                                                                                        (3) 0q                                                                                       (4) As we see, this system (1)-(4) contains three unknown functions t, u and q (which are internal force factors) and an unknown function of the distributed reaction f (which is an external load). The function 
  is known due to the inclinometric table of well measurement. It is necessary to solve the inverse problem – having the known load j and the deformations  given by the shape of the well, it is necessary to determine the unknown internal forces t, u, q and such an external load function f, which creates a given shape of the rod. Applying the equation (3)-(4), we reduce the system to two equations:  sint j f                                                                             (5)  cos Tt j k f                                                                           (6) The system of differential equations (5)-(6), where the zenith angle function   is known, contains two unknown functions t and f. According to equation (5) we have  sinf j t                                                                            (7) Thus, the problem of determining the distributed reaction of walls f requires the finding of the axial force t. To do this, let us eliminate function f from the system (5)-(6): sin cost t tt k t k k j j                                                              8) The resulting differential first-order equation is linear, inhomogeneous and, in general, with variable coefficients. We will study and solve the basic differential equation (8).  
Integration of differential equation of axial force Let us mark the right part (8) in the following way   sin cost tk j k                                                                (9) Integration (8) is carried out provided that the coefficient of resistance of the string motion within a single area is constant: const,tk   0 1.tk   Let us solve the Cauchy problem provided that in the established intersection with the coordinate ,s L  where ,z Z     and axial force ( ) Zt L t  is applied. 
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The general solution of the inhomogeneous equation (8) is sought by the Bernoulli method [5] in the form of a product of two functions: ;t v w   its substitution in (8) gives 
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                                                                     (10) 

Since we are looking for one function t, then one of the two product functions can be arbitrary. Choose 
v such that satisfies the homogeneous equation, formed from the expression in brackets (10) and solution of which we can find by separating the variables:  0tv k v                                                                                    (11)  ( )Tkv e                                                                                (12) Now let us substitute expressions (11), (12) and (9) into equation (10) and integrate the resulting differential equation: 
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where с is constant of integration. The first of the integrals containing in (13) is found by integrating the parts: 
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where ( )     is the value of the derived function in the intersection, where .   Now the first and second integrals of (13) can be combined: 
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The second of integrals (13) is also integrated by parts: 
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Substituting the resulting integrals in (13), we obtain a function w: 
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Under the conditions of the Cauchy problem we get .Zc t  Consequently, the distribution of the axial force in the body of the column, taking into account the deviation of the well and friction on its walls, has the form 
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In the expression (15) the direction of integration is changed. Transformations helped to get rid of the second and third derivatives under integrals. The last integral (15) can not be simplified in general case. It can be found in quadratures only for the case of a constant radius of the well curvature when 
ds R d  [3]. Knowing the axial force t (15), one can find a distributed reaction of the well walls by expression (7).  
Methods of numerical differentiation and integration of inclinometric table According to the results of directional survey, that is the table of zenith angles ,  measured with the interval Δs, a real well profile is constructed. At first, they determine depth gain Δz, horizontal displacement Δx from the vertical axis of the well in the directional drilling, lateral deviation Δy from the directional orientation: cosn n nz s     sin cos( )n n n nx s A Az     sin sin( )n n n ny s A Az     where:  
n  – sequence number of measurement;  

ns  – coordinate gain s of intersection along the deviated wellbore, 1n n ns s s    ;  
nA  – measured magnetic azimuth;  

Az  – azimuth of directional orientation. According to calculated gains absolute values of depth ,nZ  horizontal displacement nX  and lateral deviation nY  as the sum of gains are determined: 
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by which they build a vertical profile and a horizontal well plan. For a numerical differentiation of a table-defined function, a central scheme is used [6]: 
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where the letter d denotes numerical differentiation. According to (17), the values of the second d2 and the third d3 derivatives can be obtained correspondingly: 
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                                                                       (18) 
Applying the expression (7), the true value of nF  of the distributed response of the well wall in the n-th section is found by the formula:  sin 3n n n n n nF EJ f EJ j T d EJ d                                                               (19) where n nT EJt  is the actual value of the axial force, which must first be found, defining the integrals in the expression (15). The numerical integration of tabulated functions is carried out according to the trapezoidal rule [6]. For this, the interval of integration [ , ]s L  is divided into elementary intervals; on each of them, they find the area of the trapezoid, constructed on the ordinates of the function at the edges of the interval. The value of an integral is equal to the sum of the squares of all elementary trapezoids. For an inclinometric table, for an elementary interval, it is natural to choose the measurement interval Δs, which makes it possible to find the values of the integral functions for the formula (15) at the edges of each interval. As formula (15) shows, to find the value of the axial force t in the current section s, it is necessary to know its value Zt  at the end of the integration interval. The only cross section of the casing, where the axial force is known in advance, is its free end (casing shoe) – here 0.Zt   Proceeding from this, the following method of numerical analysis of inclinometric table is developed. For the integration interval, choose the measurement interval Δs. Then in the current section ,ns  which is the beginning of the interval and where you need to find the axial force ,nt  one can determine all the values of functions and derivatives necessary for (15). The same values at the end of the interval (when s L  and   ) are found by the data of the next (n + 1)-th measurement. At the same time, for formula (15) the integral value is equal to the trapezoidal area constructed on the ordinates of the integrands determined according to the n-th and (n + 1)-th measurements. The value of the trapezoidal area is found as the product of the interval Δs to the arithmetic mean of the specified ordinates. Thus, transforming formula (15) and integrals in it according to the proposed method, the real value of the axial force nT  at each step of integration is determined by the formula 
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         (20) 

Beginning with the last N-th measurement for which the value 0N ZT EJt   is known, according to (20) we find the previous value TN–1, by which we get value TN–2 and so on. The determination of the distribution of the axial forces in the body of the pipe occurs from the bottom upwards along the casing from its free end, with the preset value of the axial force for the last measurement. 
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The design of the casing column is described by setting the diameters nD  of the pipes and the thickness n  of their walls at each depth interval according to the well program; consequently we determine the area nS  of the crosscut of the pipes and its moments of inertia .nJ  At each depth interval, we set the mass tm  of one linear meter of the casing pipe, the mass mm  of the collar, the length ml  of the pipes (the distance between the couplings), the mass cm  of the centralizer and the distance cl  between them. Determine the combined mass nm  of the linear meter of the casing column by the formula 
 cm
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                                                                  (21) 
The coefficients of friction are given for each interval of bedding of rocks in accordance with the borehole log. We also set the values of the densities n  of the drilling fluid, which is in the well after it was washed out before the casing is lowered. The combined weight nj  of the linear casing meter is calculated by the formula  9.8( )n n
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                                                                    (22) 
where: 
  – density of the casing material; 

nm


 – the volume of its combined cross-section. Along the wellbore, we find the values of the axial forces and the reactions of the wall by the formulas (20) and (19). The values of the local radii nR  of the curvature and the internal bending moments nM  are calculated by the formulas:  1 ,n
n

R
d

   n n nM EJq EJd                                                        (23) 
To determine the strength of the casing, we must determine the local maximal values of internal stresses in the body of the pipes by the sum of stresses from tension and bending: 
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                                               (24) 
The value of the bending moment and the radius of curvature is taken modulo to obtain the maximum stress value in the pipe, regardless of the direction of its bend and the location of the stretched fibers. The developed numerical analysis program has been tested in a test mode by comparing with the results of analytically found formulas of the axial force t and reaction of walls f for a well section of a constant radius of curvature, taking into account frictional forces [3]. At the same time the error of program calculations was no more than 0.02%. 
 
Results and Discussion Approbation of the developed methodology is carried out according to the data of the operating well number 170. However, at first the analysis of its program was carried out using theoretical solutions. For this purpose, in the areas from which the real program is made, the following parameters are calculated according to the formulas obtained analytically in [3]: the distribution of axial forces in the initial and final vertical sections; the distribution of axial forces and the reactions of the walls on the 
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radius of zenith angle buildup, on two inclined rectilinear sections and two radius sections of the zenith angle decline. The values of the radii of curvature and bending moments are calculated according to the formulas (23), the maximum stresses – according to (24). The results of calculations are given in table 1.  
TABLE 1. Theoretical characteristics of the well program No. 170 

Casing length 
intervals, 

m 

Characte-
ristics of 

areas 

Diameter D 
of the string, 
thickness δ 

of pipe wall, mm

Zenith angle ,
angle gain  
 for 10 m 

Reaction  
F = EJf 

of well wall,
kN/m 

Radius R 
of 

curvature, 
m 

Bending 
moment 
M = EJq, 
kN/m 

Tension 
jump in the 
pipe body,

MPа 0…1200  168 10.6  0° 0 – 0 – 1200…1350 vertical  0° 0 – 0 +29.2 
1350…1650 Zenith angle buildup  0...14 .5    0 .5    –0.85 ... ... –0.66 +1146 +1.83 +12.7 –12.7 1650…2400 inclined 146 10.7  14 .5    +0.077 – 0 – 
2400…2480 Zenith angle decline  14 .5...13 .7   0 .1     +0.19 ... ... +0.18 –5730 –0.37 +2.6 –2.6 2480…3700   +0.073   – 3700…3800 inclined  13 .7    +0.068 – 0 +3.3 
3800…4150 Zenith angle decline 140 10.5  13 .7...0     0 .4     +0.23 ... ... +0.11 –1432 –1.25 +9.8 –9.8 4150…4680 vertical  0° 0 – 0 –  The theoretical analysis of the well design has shown that the axial force in the body of the column with increasing depth decreases piecewise linearly on straight sections (vertical and inclined), as well as on the curved ones along a circular arc. The latter is due to the small values of the zenith angles, which is consistent with the results of [3]. The same nature has the distribution of tensile stresses in the body of the pipes. At the same time, a discontinuous change in the stresses of two types was detected. The first type (on the marks of 1200 m and 3700 m) is caused by a change in the standard size of the casing pipes. The second type of stress jumping is typical for the column curving intervals (with a constant radius of curvature according to the program) and is determined by the value of the bending moment created by the curvature. In addition, jumps of well wall reactions in the regions of the conjugation of its rectilinear and curved areas occur. The jump-like nature of the change in the stresses and reactions of the walls is due to the fact that in the transition from rectilinear areas of the design well to those curved along a circular arc there is no geometric break of its axis, since the tangents coincide in the transitional section. However, the jump in the bending moment occurs, which is on the arc and is proportional to the curvature, but is absent on a straight line. This is a consequence of the idealization of the project, in the first place, through the description of the distorted areas by the arc of the ideal circle. In a real well, the diameter of which is slightly larger than the diameter of the pipes, the edges of the column at the conjugated sites due to the elasticity of the pipes receive variable curvatures, which acquire values from R–1 on the arc section to 0 on a straight line and vice versa. A positive well reaction indicates that the casing column rests on its lower wall; this is observed on inclined rectilinear and in the areas of the decline of the zenith angle (table 1). The negative reaction of 
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the walls shows that the column rests on the upper wall of the well due to the forces of elasticity of the initially rectilinear casing; this is manifested in the area of the zenith angle buildup. On the inclined sections, the reaction of the well coincides with the reaction of the inclined plane. On curved areas, the reaction of the walls varies, but given the small lengths of the arcs, its change can be considered linear. These results are consistent with the conclusions [3]. The numerical analysis program also worked out the program of the well number 170, given in the form of inclinometric table; the results of this are presented in figure 2 by lines 1. Patterns of the distribution of axial forces, the reactions of the well walls, bending moments, maximum stresses in the body of the column, obtained by numerical analysis and calculated by analytical formulas [3], qualitatively coincide completely. The quantitative evaluation showed that the greatest difference between the numerical and theoretical calculation of axial forces in the project is observed near the conjugation of rectilinear and arc sections of the well. In the intersection between the vertical section and the arc with the zenith angle buildup it reaches 3.2%, in the intersection between the inclined and the arc with a downward angle it reaches 3.0%. On average, on straight and long arc sections, the difference is 1.5...2.5%. The difference between the numerical and theoretical calculation of the reactions of the walls of the well project is found only in the arc sections (an average of 0.7...1.5%). The greatest difference is near the jump of the reaction value: 2.8% at the beginning of the section of zenith angle buildup and 2.1% at the beginning of the decline. On rectilinear sections (in particular, on inclined ones), the calculations of reactions give the same values. The error of the developed numerical analysis method is due to the inaccuracy of numerical differentiation and integration and depends first of all on the choice of the value of the interval [6]. The difference between the numerical and theoretical calculations of the design maximum stresses in the body of the pipes is 0.01...0.03% along the entire column. In addition, the developed program of numerical analysis worked out inclinometric table of data of field measurements of the actual well number 170; the results of this are presented in figure 2 by lines 
2. This allowed to reveal the following features of the behavior of the casing in a real drilled borehole. The graphs of the theoretical and actual axial forces practically coincide (fig. 2b). The difference between them on the vertical section increases from 2.2% to 3.3% in the cross section where the bending of the well and the zenith angle buildup begin. The greatest value of this difference lies in the lower part of the inclined area and in the transition from the inclined to the vertical one – to 4.6%. On other inclined and deviated areas the difference is 1...3%. However, these estimates of axial forces can not be attributed to the error of the numerical method (since different data have been processed – design and actually measured ones). First, they indicate a satisfactory coincidence in the whole of the design and drilled wells, as shown in figure 2a. The actual deviation of the real well profile from the design one is shown by a graph of bending moments (fig. 2d), which can also be considered as a graph for changing the actual curvature of the well, since they are proportional according to (23). As you can see, the axis of an actual drilled well significantly deviates from the design profile (rectilinear or radius one). This is evidenced by the continuous change in bending moments by both magnitude and direction, which is caused by a change in the actual values of the local curvature of the well. This is due to the impact of a large number of technical, technological and geological factors on the drilling process. Under these conditions, a casing column, trying to preserve its initially rectilinear form, at the expense of the forces of elasticity rests on opposite walls of a stochastically curved well, causing variables in magnitude and direction of reaction (fig. 2c). By comparing figures 2c and 2d, we can see that the magnitude and change of the local curvature of the well causes a proportional value and a change in the reaction of its wall. The reaction of the wall is also proportional to the bending rigidity of the casing. Accordingly, the internal bending moment and bending stress in the body of the pipe also change. 
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                            a)                                                 b)                                               c) 

                                                        d)                                                            e) 

 
FIGURE 2. Wells profile (a), graphs of axial forces T (b), walls reactions F (c), bending moments M (d) and normal tensions 
σ (e) in column combined at depth intervals; where: 1 – according to the well project, 2 – according to inclinometric 
measurements 
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The largest jump in the values of the reaction of the actual well walls, the bending moment and the maximum stresses in the body of the casing is observed at a mark of 1440 m, where the actual deviation of the well and zenith angle buildup (as opposed to the design of 1350 m) begin. Along with this, the results of numerical analysis of an actual well made it possible to detect its areas with a significant increase in the curvature and the reaction of the wall. These are areas where the forced deviation of the well (zenith angle buildup and decline) occurred. In addition, in the areas of stabilization of the zenith angle, one can also find a local increase in the curvature and the reaction of the wall. Numerical analysis of the stresses shows that for this well profile the tensile stress of the column is dominant (fig. 2e). Local stresses are of fluctuating nature and are related to the increase of local curvature of the well and bending moment in the column. 
 
Applying results The developed method of numerical analysis of the well allows detecting the areas with a significant local increase in the curvature, which indicates their obstructed passability. It allows one to accurately determine the depth intervals for increasing the well diameter. This must be done before lowering the casing string. In addition, according to the results of the analysis, it is possible to determine the parameters of the stress-strain state of the casing, which can be used to predict its working capacity and operating life in the curved well.  
Conclusions The stress-strain state of the casing in the curved well can be determined by the non-uniform system of differential equations, which describes the bending of a long elastic rod under the action of distributed forces of its own weight, the reaction of supports and friction. Having the shape of the well with a known function of the zenith angle, we can find the solutions of the system in the form of functions of the distribution of axial forces and bending moments in the body of the column, as well as the reactions of the walls, which lead the column to the actual well profile. Parameters of the stress-strain state of the casing in an actually drilled well can be determined by the developed methods of numerical integration of the data of inclinometric measurements of the well and the software of their numerical analysis. This allows us to identify areas of local increase in curvature and obstructed passability of the curved well.  
References [1] Pesliak Yu.A.: Calculation of stresses in columns of pipes of oil wells. Nedra, Moscow 1973 (in Russian). [2] Vyslobitskyi P.A.: Calculations of boundary states of pipe columns and pipelines. Lotos, Kyiv 1997 (in Ukrainian). [3] Paliichuk I.I.: The Interaction of the Casing String with the Walls of an Inclined, Curved and Horizontal Borehole Areas. Prospecting and Development of Oil and Gas Fields, 1 (66), 2018, pp. 27-37 (in Ukrainian). [4] Frisch-Fay R.: Flexible Bars. Butterworths, London 1962. [5] Matveiev N.M.: Methods of Integration of Ordinary Differential Equations. Vysheishaia shkola, Minsk 1974 (in Russian). [6] Liashchenko M.Ya., Golovan M.S.: Numerical Methods Tutorial. Lybid, Kyiv 1996 (in Ukrainian).  
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PROCESSES OF MASS TRANSFER IN PERIOD LOADING CHAMBER 
OF CONCRETE PRODUCTS 

 

 

Abstract: Proposed investigate variety heat treatment of concrete and reinforced concrete products using 
only the heat released during cement hydration. The peculiarity of this variety consists in that the surface of 
products not hydro-insulated. Accordingly, in the thermal chamber than heat exchange processes the processes 
of mass transfer between the surface products and the air chamber. In the quantitative analysis of these 
processes is necessary to know number the initial factors, among them – the moisture content of the air 
chamber. 

The processes of heat and mass transfer between the surface of concrete and reinforced concrete products and 
air chambers begin already during loading them into the camera. During the loading of products is air 
combined with air workshop. Therefore for each case must quantify the impact of mass transfer processes on 
the initial moisture content of the air chamber. 

Considered dependence that characterizes the process of evaporation of moisture from the surface of concrete 
products. Results of calculating the amount of moisture that evaporates from the surface of concrete paving 
slabs during selected period of time. 

In further research is necessary to analyze the processes of heat and mass transfer in the chamber, where the 
heat treatment of concrete or reinforced concrete products (non-hydro-insulated) is using only the heat 
released during cement hydration. 

Keywords: concrete and ferroconcrete products, mass transfer processes, hydration of cement.  
Introduction Implementation of thermal treatment of concrete and reinforced concrete products using only the heat released during cement hydration needs a number of experimental and computational studies [1-4]. 
 
Review of recent sources of research and publications The interaction of cement with water heat released [2, 4-9]. In the patent [1] proposed to carry out heat treatment of concrete and reinforced concrete products using only the heat released during cement hydration. In the patent notes that the products before loading into the heat-insulating chamber covered with polyethylene film (or other hydro-insulation material) to store in products moisture needed for hydration of cement. However, it is necessary to investigate the way heat treatment of concrete and reinforced concrete products using only the heat released by the interaction of cement with water, in which the surface of products not hydro-insulated. In this case, will be mass transfer between the surface of products and the environment of the camera. In the book [10] shows the processes of heat and mass transfer during evaporation and condensation of liquid. In the book [11] show the processes of heat and mass transfer in steam treatment concrete and reinforced concrete products using steam. 
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Determination unsolved before parts problems The processes of heat and mass transfer between the surface of concrete and reinforced concrete products and air chambers begin already during loading them into the camera. It is advisable to conduct a quantitative analysis of these processes. 
 
Formulation of the problem Purpose of the article – the analysis of mass transfer processes between the surface of concrete products and air thermal chamber when loading them into the camera. 
 
The basic material and results The processes of mass transfer between the surface of concrete and ferroconcrete products and air thermal chamber during loading them into the camera. These processes are interconnected with the processes of heat transfer in the chamber. There are three main cases the direction of heat flow and flow of water vapor during this period. First case: 
 temperature of concrete and ferroconcrete products Ct  lower than the air temperature workshop 

Wt  and temperature Ct  constructions enclosing chamber for thermal treatment of concrete products; 
 temperature of concrete products Ct  higher than the temperature «dew point» РDP .t    The direction of heat flow in the chamber at this time is reflected in figure 1. In this case, the partial pressure of water vapor the air chamber or lower or higher than the partial pressure of water vapor near the surface of the concrete mix. Directions mass flow depends on the ratio between the partial pressure.  

 
FIGURE 1. Scheme of heat flow in the chamber during loading of products  (the first case) 

 
The second case: 
 temperature of concrete and reinforced concrete products Ct  higher than the air temperature workshop Wt  and temperature Ct  constructions enclosing chamber for thermal treatment of concrete products; 
 air temperature chamber is higher than the temperature "dew point" tDP.  The direction of heat flow in the chamber at this time is reflected in figure 2. In this case, the partial pressure of water vapor the air chamber lower than the partial pressure of water vapor near the 
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surface of the concrete mix. Accordingly, will occur evaporation of moisture from the surface of products. 

 
FIGURE 2. Scheme of heat flow in the chamber during loading of products (second case)  

The third case:   C W DPt t t    Consider the cases when the partial pressure of water vapor near the surface formed concrete products higher than the partial pressure of water vapor in the air chamber. The surface of the concrete products during their formation and stay in the chamber while loading – moisture. So take approximately that evaporation of moisture from the surface of the product in this period is similar to evaporation of moisture from the surface of water. The amount of moisture W, that evaporates from the surface of the product per unit of time, kg/s, determined by the formulas given in particular the book [10]: 
   / –  101325/SC AIR BW Р Р Р F                                                       (1) 
    –  101325/SC AIR BW С С Р F                                                        (2) the amount of moisture ,W   that evaporates from the surface of the product for a certain period of time Δτ, kg, calculated by the formulas: 
   / –  101325/SC AIR B FW Р Р Р                                                    (3) 
    –  101325/SC AIR BW С С Р F                                                    (4) where:  /  – mass transfer coefficient (mass returns), referred to the difference of partial pressures ( –  SC AIRР Р ), kg/(m2·s·P);  

  – mass transfer coefficient (mass returns), referred to the difference of water vapor concentration ( –  SC AIRС С ), m/s;  
SCР  – the partial pressure of water vapor near the surface of the concrete product, P;  
AIRР  – the partial pressure of water vapor in the air chamber, P;  
SCС  – the concentration of water vapor near the surface of the concrete product, kg/m3;  
AIRС  – the concentration of water vapor in the air chamber, kg/m3;  
BР  – barometric pressure, P;  

F  – area open surface of concrete products, m2. 
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The concentration of water vapor in the air chamber is calculated by dependence 
 
/133.322   3.463 273  AIR

AIR
AIR

Рс
t




                                                                    (5) 
the concentration of water vapor in the air near the surface of the product is calculated by dependence 
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t
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
                                                                     (6) where: 

AIRt  – air temperature chamber, С;  
SCt  – the surface temperature of the concrete product, С. Mass transfer coefficient β, m/s, is equal to /    DNu

L
                                                                                  (7) where: /Nu  – diffusion Nusselt number;  

D  – the diffusion coefficient, m2/s;  
L  – the determining size, m.  For water vapor the diffusion coefficient, m2/s, calculated by the formula given the book [10] 1.89 101325  0.0754  273 B
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  0.5 AIR SCt t t                                                                         (11) where:  
Т – absolute average air temperature is, K; 
t – average air temperature is, С. Diffusion Nusselt number can be determined by the formula given in the book  [10]: 

 0.26/ /0.66  Nu Ar Рr                                                               (12) (at / 6 8· 3 10 –2 10Ar Рr   ) where:  
Ar  – Archimedes criterion;  /Рr  – diffusion Prandtl number. Diffusion Prandtl number is equal to /  Pr

D


                                                                                (13) where:  /Рr  – diffusion Prandtl number;  
  – kinematic coefficient of viscosity of air at an average temperature of air t, m2/s. 
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Archimedes criterion is equal to  32     L gAr 



                                                                                    (14) 
   L F                                                                                          (15) where: 

L  –  the determining size, m; 
F  –  area open surface of concrete products, m2;  
g  –  acceleration of gravity, m/s2;  
  – air density difference, kg/m3. The density of the air chamber, kg/m3, calculated by dependence  273 1013251.293 – 0.378 101325AIR

AIR
AIR B

Р
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                                              (16) 
air density near the surface of the wet concrete mixture, kg/m3, calculated by dependence  273 1013251.293 –0.378 101325SC
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                                               (17) 
where: 

AIRР  – the partial pressure of water vapor in the air equipment, P;  
SCР  – the partial pressure of water vapor near the surface of the concrete product, P. In the table 1 shows examples of calculating the amount of moisture that evaporates from the surface of concrete paving slabs in the first 15 minutes she was in the chamber  

TABLE 1. Number of moisture that evaporates from the surface of concrete paving slabs 

tAIR, С AIR, % TSC, С W, kg/s WΔτ, kg Δτ, h (s) F, m2 20 65 18 4.52·10–6 0.0041 0.25 (900) 0.5 20 65 20 5.91·10–6 0.0053 0.25 (900) 0.5 20 55 20 8.12·10–6 0.0073 0.25 (900) 0.5 20 65 22 1.12·10–5 0.0101 0.25 (900) 0.5 25 65 25 8.67·10–6 0.0078 0.25 (900) 0.5 25 55 25 1.19·10–5 0.0107 0.25 (900) 0.5  Evaporated from concrete or reinforced concrete products water vapor increases the moisture content of the air chamber. During loading products air chamber combined with air workshop. Therefore for each case must quantify influence of processes mass transfer on moisture content of the air chamber. This moisture content is one of the primary parameters in the analysis of heat and mass transfer in the chamber, where the acceleration of hardening concrete products (non-hydro-insulated) occurs without the use of coolant. 
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Conclusions Considered the processes of mass transfer during the loading of concrete or reinforced concrete products in the thermal camera. In further research is necessary to analyze the processes of heat and mass transfer in the chamber, where the heat treatment of concrete or reinforced concrete products (non-hydro-insulated) is using only the heat released during cement hydration. 
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INVESTIGATION OF THE PROCESS OF PORE FORMATION BASED 
MATERIALS HYDROSILICATES 

 

 

Abstract: Research porosity thermal insulation of refractory materials is the important task of power 
engineering, because the thermal conductivity of porous materials depends on the shape and especially 
location of pore. 

Analytical review of existing technologies shows that research in this area focused on the study of a process 
separately and generalized theories is not sufficient to clear analysis and model building process heat mass 
transfer of alumina porous material. Experimental and generalization of the characteristics of heat and mass 
transfer in porous materials that swelling is actual scientific problem. 

In this paper analyzes the different composition of aluminous minerals, aluminum effect of additives on the 
formation of pores, as well as the influence of various impurities on the thermal conductivity of the material. 
The effect of temperature on the thermal conductivity of porous materials. 

Keywords: thermal conductivity, porosity, swelling, heat insulation. 

 
Introduction  Argil – widespread rock formation unstable composition and physical properties. Pure argil – clay without any impurities, is rock consisting of small dispersed particles of a certain chemical composition (which includes the base hydroaluminosilicates). Argil has a property to become plastic when saturated with moisture and maintain its form during drying. Argil is a silicate which includes alumina, silica, bound water, sand, lime carbonate, etc. The density of the argil is usually in the natural humidity of 25% the total of 1500÷1600 kg/m3. From argil made such important heat insulation materials such as brick and ceramsite. The properties of these materials depend on the chemical composition of particulate matter fraction included in its composition [1].  Many experimental data indicate the presence of relationship between the porosity of the material and its thermophysical properties [2]. Influence of porosity on the thermal conductivity of the material can be considered following the example of experimental data [3]. The values of thermal conductivity of iron (58.19 W/(m∙K)) and a rock formation (3.26 W/(m∙K)) are different almost 18 times, but the filling of iron balls and balls a rock formation of the same porosity of 62.5% has nearly the same coefficient of thermal conductivity (0.0403 W/(m∙K) and 0.0402 W/(m∙K) respectively. However, the way of forming the porous structure has not yet been investigated, and accurate relationship between the porosity and the physical properties of the material not found. In [2] analyzed the basics the formation of pores, but there is no end link of the form of the porous structure of a material with its thermophysical characteristics. It is also still not clear how necessary to evaluate the porous structure. Most authors studying porous materials are evaluated only quantitative indicator - porosity. The question of the adequacy of the criterion has not yet been raised. 
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The main part of research To conduct a series of experiments on the swelling of hydrosilicates chosen argil different places of birth, with a different chemical composition. For the heat treatment used muffle furnace with thermocouples HC-0.1. The used argil was classified visually ductility and the results are summarized in table 1. We used the following scale: 0 – dry powder,  1 – not plastic, at low load is divided into small pieces, 2 – not plastic, at low load is divided into large pieces, 3 – not plastic, destroyed only under heavy load, 4 – plastic.   
TABLE 1. The characteristics of the argil 

No. sample Colour The plasticity The presence of impurities 1 yellow 3 small 2 dark grey 2 medium 3 mustard 4 small 4 mustard 3 medium 5 gray 3 large 6 gray 3 large 7 gray 3 large 8 gray 3 large 9 mustard 4 medium 10 dark grey 3 medium 11 white argil 0 not available  These samples were filled to the maximum humidity. A portion of each sample was dried and rapid indirect method (10 minutes of drying time, oven temperature 130C) was determined by the humidity of the samples (table 2). The color of the resulting material can be seen on the progress of the main reactions. So red-brown color of the material will indicate oxidation processes, dark gray color of the recovery process. The dried samples had the following characteristics:  
 part of the sample No. 1 - color - yellow mustard, appeared pores fragile; 
 part of the sample No. 2 - color - has not changed, visible small pores and cracks, more robust; 
 part of the sample No. 3 - color - yellow mustard, you can see a few small pores; 
 part of the sample No. 4 - color - yellow mustard, clearly visible pores and layers, brittle; 
 part of the sample No. 5 - color - has not changed, visible layers; 
 part of the sample No. 6 - color - has not changed, there is clearly split into two main layer;  
 part of the sample No. 7 - color - has not changed, there were pores and cracks; 
 part of the sample No. 8 - color - mustard-gray, appeared pores and layers; 
 part of the sample No. 9 - color - yellow mustard, were pores and cracks; 
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 part of the sample No. 10 - color - has not changed, visible small pores and cracks; 
 part of the sample No. 11 - color - has not changed, clearly visible spherical pores, not available layers and cracks, brittle. 
 

TABLE 2. Determine the moisture content of the initial mixture  

No. sample Weight before drying Weight after drying Weight of absorbed water Humidity W,% 1 12.9 12 0.9 6.9767 2 17.7 16.9 0.8 4.5198 3 20.2 11.4 8.8 43.564 4 17.1 14.3 2.8 16.374 5 15 10.4 4.6 30.667 6 13.7 9.5 4.2 30.657 7 20.8 14.6 6.2 29.808 8 17.9 13.1 4.8 26.816 9 19.5 13.9 5.6 28.718 10 10.4 7.3 3.1 29.808 11 10.4 6.5 3.9 37.5  From the experiment it is seen that the evaporation of moisture causes the formation of pores inside the argil. It has highest porosity pure argil, wherein the pores are spherical in nature. The presence of impurities reduces the porosity of the material, as it increases the viscosity of argil. It should be noted that the impurities will also affect the shape of the pores. The pores are becoming stretched perpendicular to the lines of diffusion of moisture, the material is separated into individual layers. A large number of impurities leading to formation of cracks. This is due to the uneven distribution of impurities in volume, thus creating different tensions within the material in pore formation. Also impurities increase the final strength of the material. To determine the effect of triatomic gases swelling process samples available swelling at 750C for 8 minutes. This temperature is enough for allocation the gases, but it is lower than the melting temperature of the argil. After heat treatment, all samples were observed following changes: pore – are bigger than in the previous experiment, but is not spherical; sometimes there is a great time to within the material; the material becomes more durable, that is connected with chemical reactions; there are more distinct crack; material from pure argil is still fragile, but more irregular pores, and various size.  
Investigation of the effect of additives on aluminum swelling of argil Presumably aluminum must enter into relationship with hydroxides and water, thereby forming a new chemical compound. The increase in aluminum oxide will change the structure and physical properties of argil. The samples were saturated with moisture, and they added different amounts of aluminum. The heat treatment temperature is equal to 750C, time 8 minutes. The experimental data are listed in the tables 3 and 4. Moisture and devolatilization gases was determined by the indirect method, accelerated. Results of the experiment are summarized in figure 1 grid is applied to calculate the porosity. Graduation 1 mm.   
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FIGURE 1. Expanded samples of argil with the addition of aluminum  Expanded samples had the following characteristics: 

 part of the sample No. 1 - a color in the middle of - sand, crust color - yellow with orange flavor, closer to the center there is separation of layers (elongated wedge-shaped pores), harder than without the addition of aluminum; 
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 part of the sample No. 2 - color - black, visible small pores and cracks, pores are quite a bit larger than the pore formation of moisture, more robust; aluminum particles are seen, which did not react with the silica; 
 part of the sample No. 3 - color - sandy, more clearly visible pores, there are small cracks, well traced the inner layer with low porosity; 
 part of the sample No. 4 - color - gradient from gray to yellow-orange, clearly visible pores of different sizes, more durable; 
 part of the sample No. 5 - the color of the outside - orange hue color of inside - gray, fine porosity, and visible separation into layers, in some places there are large pores; 
 part of the sample No. 6 - color - black, visible small pores and cracks, a strong, visible aluminum particles that do not react with the silica; 
 part of the sample No. 7 - color outside - dark yellow inside color - black, clearly visible separation into layers, the surface layer of small spherical pores visible, the aluminum particles are visible which are not reacted with the silica; 
 part of the sample No. 8 - color outside - gray inside color - black, clearly visible separation into layers, the surface layer of small spherical pores visible, the aluminum particles are visible which are not reacted with the silica; 
 part of the sample No. 9 - color - yellow-orange with a small plot of gray inside the sample, clearly visible pores and small cracks; 
 part of the sample No. 10 - color outside - gray visible small spherical pores, but the pores predominate vermiculite, aluminum particles are seen, which did not react with the silica; 
 part of the sample No. 11 - appeared in some places a shade gray in color, the pores are larger, there was strongly pronounced channel porosity. Channel porosity occurred during draining different pores. After the experiments it can be concluded that aluminum in argil with a large amount of impurities and a high content of humus practically does not react and no effect on swelling of. In the argil with a small amount of impurities – small additions of aluminum is slightly increased strength properties and slightly increases the porosity. In pure argil small additions of aluminum greatly increase pore formation. In general, all the samples of aluminum additives do not affect the shape of the pores. In samples where aluminum is not reacted, it can be seen near the germ pores aluminum particles. In pure argil all also absent vermiculite pores.  
TABLE 3. Moisture and the amount of volatile gases in the test samples 

No. 
sample 

Humidity W, 
% 

Weight of the 
pure sample 

before drying, g 

Al weight 
before 

drying, g 

Al weight 
after drying, 

g 

Weight 
Al, g 

Al,  
% 

Vro2+W, 
% 

Vro2,  
% 1 6.9767 6.1 6.3 4.1 0.2 3.1746 34.921 27.9442 4.5198 3.5 3.7 2.5 0.2 5.4054 32.432 27.9133 43.564 5.1 5.2 2.7 0.1 1.9231 48.077 4.51264 16.374 6.3 6.5 4.6 0.2 3.0769 29.231 12.8575 30.667 7.3 7.4 4.7 0.1 1.3514 36.486 5.81986 30.657 6.8 6.9 4.5 0.1 1.4493 34.783 4.12577 29.808 9.8 9.9 6.6 0.1 1.0101 33.333 3.52568 26.816 7.6 7.7 5 0.1 1.2987 35.065 8.24939 28.718 5.6 5.8 3.6 0.2 3.4483 37.931 9.213110 29.808 6.7 6.8 4.3 0.1 1.4706 36.765 6.957 11 37.5 7 7.2 3.4 0.2 2.7778 52.778 15.278
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TABLE 4. The porosity and frost resistance of test samples 

The number of pores per 20 mm2 

vermiculite spherical No. 
sample 

<1 mm 1-3 mm >3 mm <1 mm 1-3 mm >3 mm 

Limit the number  
of cycles of wetting - 

drying 

Limit the number 
of cycles  

freeze defrosting 

1 7 1 0 11 0 1 15 17 2 6 1 1 0 0 0 7 9 3 10 1 1 10 1 0 10 11 4 4 0 0 25 3 0 8 9 5 5 1 0 7 1 0 15 13 6 12 1 1 21 0 0 9 8 7 5 4 1 1 0 0 15 14 8 13 3 1 6 0 0 12 13 9 6 1 0 8 2 0 12 13 10 4 2 0 7 0 0 11 11 11 0 0 0 28 4 1 5 3  
Determination of the effect of porosity on thermal conductivity Previously described numerous analytical and empirical studies of the effect of porosity and bulk density on the thermal conductivity of the final material or layer. It was shown that all dependencies have their uses and are not suitable for general cases. Some dependencies absolutely not suitable for calculating the thermal conductivity of porous material. Therefore, experiments were conducted to determine the thermal conductivity of different porous materials. We investigated samples of expanded argil (sample number 2, 3, 4), the sample 2 3 23CaO Al O 6H O   (sample No. 5) and pressed gypsum powder (sample No. 1). Samples of expanded argil differed only by the temperature of heat treatment. The temperature of the heat treatment of the sample No. 2 was 800С, sample No. 3 – 650С, sample No. 4 – 750С. Measurements of thermal conductivity were performed on IT-λ-400. This measuring instrument is designed to study the temperature dependence of the thermal conductivity of solid, machined materials in the heating mode, a monotone, which allows one to get the experiment right temperature dependence of the studied parameters and provide high performance. The theoretical basis of the method described in [4].  Working calculation formulas for the thermal resistance of the sample and its thermal conductivity are given below [5]. The thermal resistance of the sample was the following formula 
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

 where: 
TK  – coefficient of proportionality is characterized by the effective thermal conductivity of the plate (constant value for the device is in the calibration), W/K, 

kP  – thermal contact resistance (constant value for the device), 
c  – the amendment taking into account the heat capacity of the sample, the contribution does not exceed 10%, 
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0  – temperature difference across the sample, K, 
T  – temperature difference on the plate, K. The amendment takes into account the heat capacity of the sample was determined by the following formula [6] 00 2с

r

C
C C

 


 where: 0C  – the total heat capacity of the sample, 0 0 0( ) ;C c t m   
rC  – the total heat capacity of the rod, ( ) ;r c rC c t m   0c  – the approximate value of the mass specific heat of the sample, J/(kg∙K); 
cc  – the value of the mass the specific heat capacity of copper, J/(kg∙K); 0m  – sample weight, kg; 
rm  – weight of the rod, kg. This formula differs from the formula proposed by [5]. Its choices are substantiated by the fact that calibration ratio is calculated before it under this formula. The thermal conductivity of the sample is determined by the following formula 

0hP   where h is sample height, m. The calculated values of the thermal conductivity of the sample were attributed to the average temperature of the sample, which is determined by the formula  00.5c tt t A n     where: 
t  – the average temperature of the sample, °С; 

ct  – the temperature at which the measurements, °С; 
tA  – the sensitivity of the thermocouple CA, K/mV; 0n  – temperature difference across the sample, mV. The results of experiments and calculations were analyzed. With an increase in temperature from °С to 275°С the thermal conductivity of the porous material is increased. Moreover, the thermal conductivity pure Al2O3 when the temperature rises (within the specified range) should decrease [7]. This confirms the possibility of regulating thermal conductivity by increasing the content of Al2O3. But based on previous experiments, it can be argued that the increase in content Al2O3 into alumina will be justified only when a minimum of impurities. For all of the samples characteristic that all of the temperature dependence of the thermal conductivity of most accurately describes the logarithmic dependence. Figure 2 shows the dependence of the thermal conductivity of five samples of the temperature. From this graph it can be concluded that the behavior of the thermal conductivity of all the samples of the same, but the dependence of aerated concrete has a gentle nature, i.e. It is minimally dependent on the temperature.  
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FIGURE 2. Dependence of thermal conductivity of samples on temperature  Dependence of the temperature swelling argil on the thermal conductivity is ambiguous. The minimum thermal conductivity was achieved at 750C. Moreover during the heat treatment of 650C slightly higher than the thermal conductivity of the material, and at 800C – substantially higher than twice. This is due to the uniformity of the pore distribution and the same size during the heat treatment of 750C. Thus, when the heat treatment of 650C – less uniform pores and smaller in size (sample less porous). At 800C – a considerable increase in for some time, but disappear smaller pores and the total porosity of the material at greater than 750C heat treatment, but the porosity is non-uniform. Also at 750C and 800C will be leakage of different chemical reactions that also significantly affected the results. It can be concluded that the uniformity of the porosity has a significant effect on the thermal conductivity of porous building materials. 

 
Conclusions The presence of impurities in the intumescent of aluminous materials reduces the of the final porosity material. The pores are becoming stretched perpendicular to the lines of diffusion of moisture, the material is separated into individual layers. A large number of impurities leading to formation of cracks. The amount of aluminum in the alumina has different effects on the process of swelling. The alumina with a large amount of impurities – aluminum practically does not react and do not affect the swelling. In the argil with a small amount of impurities – small additions of aluminum are slightly increased strength properties and slightly increase the porosity. In pure argil small additions of aluminum greatly increase pore formation. In general, all the samples of aluminum additives do not affect the shape of the pores. Small content of Al2O3 mixture increases the duration blistering, and also increases the viscosity of the mixture. The iron content in the intumescent mixture should be kept to a minimum. Dependence of the temperature swelling argil in the final thermal conductivity of the material is nonlinear. The uniformity of porosity has a significant effect on the thermal conductivity of porous building materials.  
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THE THERMOPHYSICAL PECULIARITIES HEAT AND MASS 
TRANSFER INOCULATORS IN MELTS METALS 

 

 

Abstract: The article presents the results of research of thermophysical peculiarities obtaining volumetric 
amorphous structures in metals and alloys. This technology differs mainly the realization internal heat 
removal by means of local heat sink (inoculator). A mathematical model of melting inoculator in melts for 
optimizing the process of obtaining massive amorphous structures, which allows to reduce time of 
experimental research and material resources to create massive amorphous structures. Mathematical 
modeling of processes heat and mass transfer inoculator in melts allows you to identify peculiarities of the 
technological process, and establish influence inoculator on the degree of amorphization melt. The results 
provide an effective assessment of the intensity of heat transfer during the casting process, which makes it 
possible to estimate and predict the ability of alloys to the amorphization of the structure. 

Keywords: heat and mass transfer, amorphous structure, inoculator, thermal conductivity, mathematical 
model, cooling, melting 

 
The physical statement of the problem Consider the process of melting solid inoculator having a melting point ,T

Lt  completely immersed in molten metal with a given temperature .pt  In reality, the initial temperature inoculator 0t  always less temperature of solidification metal p
St  and therefore, initially formed on its surface shell of solid metal. Further progress depends on the melting of the relationship between temperature values ,T

Lt  ,p
St  pt  [1]. In I inoculator period when immersed in the molten metal at its surface formed shell of solid metal. The heat coming from the melt by convection and solidification of metal on the surface, is spent on heating and melting inoculator shell melt. End of period determined by moment of complete melting of the shell. In the II period the solid inoculator heated to the melting point T

Lt  and direct contact with the liquid alloy. In III period inoculator begins to melt and liquid phase body dissolved in the melt.  
Mathematical model On the surface inoculator the formation of solid metal shell with further melting of the shell. This period is described melting heat conduction equations for two-layer body, which includes the equation for the material body ( 0 ir R  ) and for shell melt ( i мR r Z  ????) at 1 2:     ( , ) ( , )1( ) ( ) ( ) , 0( , ) ( , )1( ) ( ) ( ) ,
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Boundary conditions at 1 2:      on the axis of symmetry of the body ( 0r  ) given the symmetry condition [1]: 
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
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at the interface between the material inoculator and the shell melt ( kr R ) given boundary conditions IV: 
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of heat exchange condition on the boundary of frozen shell melt – melt ( мr Z ): 
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The initial conditions:                       
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where  1 2,i r   , a solution to the problem of heat conduction material inoculator at 1 2.     Three period ends when the shell melts completely melt, formed on the surface of the body. Duration of the third period – 3.  Process melting material inoculator begins after heating its surface to the melting point. Thus, we solve the problem of heat conduction for a body with III kind boundary conditions at the outer edge ( ir Z ) for calculated area. Heating the body surface is described by the heat equation for the material inoculator at 1 2 2:       
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Boundary conditions at 1 2 2:       on the axis of symmetry inoculator ( 0r  ) symmetry conditions: 
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of heat exchange condition on the boundary surface inoculator – melt ( kr Z ): 
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where  1 2 3,i r      solution to the problem of heat conduction material inoculator described in period 3, at 1 2 3      . The duration of heating of the body surface to the melting point – 4 .п  After heating the surface of the body begins the process of melting, which is described by the heat equation for material ingot (6) at 1 2 3 4 .п         Conditions on the boundary of heat exchange surface of the body – melt ( ir Z ): 
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The initial conditions:              1 2 3 4 1 2 3 4, , , 0п п
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where  1 2 3 4, ,п

i r        a solution to the problem of heat conduction material inoculator described in the heating period surface of the material inoculator to the melting point at 1 2 3 4 .п         The duration of the melting material body – 4 .пl  Four periods considered complete with the full melt material inoculator. The duration of the fourth period – 4 4 4 .п пl     The estimated model was made using the programming language BASIC, calculations obtained allowed to determine the impact inoculator on the degree of amorphization structure. The calculation results in graphs in figures 1-2. As a model alloy was chosen alloy that has a good tendency to amorphization due content in the element prone to amorphization, Zr [2-3]. In table 1 are researched thermophysical properties of the alloy.   

 0 – 20 – initial temperature inoculator according 0°С and 20°С 
FIGURE 1. Graph changes mass of the alloy Сu45Ti35Zr20 in the melting liquid alloy during the initial diameter of inoculator 
1 mm  
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 0 – 20 – initial temperature inoculator according 0°С and 20°С 
FIGURE 2. Graph changes mass of the alloy Сu45Ti35Zr20 in the melting liquid alloy during the initial diameter of inoculator 
2 mm 
 
TABLE 1. Thermophysical properties investigated alloy 

 
Alloy 

The melting 
temperature,  

°С 

The transition 
temperature in 

amorphous state, K 

Density of the 
alloy,  
kg/m3 

The heat 
capacity of alloy,  

J/(kg·K) 

Coefficient of thermal 
conductivity,  

W/m·K Сu45Ti35Zr20 1090 410 6900 513.9 175  
Conclusion 1. Add inoculator leads to the implementation of the internal heat removal and the formation of additional active melt crystallization centers.  2. Impact inoculator manifested in the increasing speed and preferably volume solidification. This technology differs mainly the implementation of internal heat removal by means of local heat removal. 3. At the time of solid particles inoculator contact with liquid metal melt creates local thermal hypothermia even in the event of significant overheating of total melt.  
References [1] Pavlenko A.M., Usenko B.O., Koshlak H.V.: Analysis of thermal peculiarities of alloying with special properties, Metallurgical and Mining Industry, No. 2, 2014, pp. 15-20. [2] Pavlenko A.M., Usenko B.O., Koshlak H.V.: Mathematical modeling of the casting process in Comsol 3.5a 

package, Metallurgical and Mining Industry, No. 1, 2015, pp. 132-140.  [3]  Pavlenko A.M., Usenko B.O.: Investigation thermophysical processes obtaining of massive amorphous structure, The special aspects energy and resource saving, Oradea University Press, 2015, pp. 235-274.     
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THERMAL INSULATION MATERIALS  
WITH POROUS STRUCTURE 

 

 

Abstract. 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. 

Keywords: fly ash, soluble glass, alkaline-silicate composite heat-insulating materials, thermal foaming 

 
Statement of the problem 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. 
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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 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 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 Na2O/SiO2 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 SiO2 and Al2O3, 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 poured into 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 while using 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. 
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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 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.  
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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). 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. % 

SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O Mn3O4 TiO2 SO3 P2O5 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 provides 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 Al2O3 in alkaline media to form insoluble products of Na2O·Al2O3·2Si2O3·nH2O) 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. 
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The suggested hot air entrainment of the silicate compositions structure “blowing” of the systems in a xerogel 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 [see 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.  

 
FIGURE 1. DTA thermograms of sodium rare-glass composites xerogels in coordinates ΔT – 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 three main stages, the duration and nature of which depend on the type and amount of water containing the raw mix: 
 within the range of 100-110°C, the hardened composite system partially transforms into the pseudopyroplastic state and begins to deform with increasing volume; 
 within the range of 130-147°C, an intensive release of free and adsorbed water and intensive air entrainment of the sample mass occurs;  
 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. 



  – 192 –

As the efficient ways to reduce the free water’s effects, the following ones can be recommended: 
 direct thermal dehydration and transformation of soluble glass into xerogel (the basis of the present variant of the suggested technical solution); 
 liquid granulation of composite systems (for example, in Al, Ca, Zn, Mg chlorides solutions or their mixtures); 
 introducing of mineral fillers or chemical additives into the rare-glass composite system, which leads to the development of gelation processes. According to the results of the study [22], alkaline-silicate compositions in solutions at heating form a number of hydrated associates with differing properties (see 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.  

 
FIGURE 2. Solubility in the Na2O – SiO2 – H2O 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), 
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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.             a)                                                                                                 b) 

                 c)                                                                                                 d) 

      
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  
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           a)                                                                                                 b) 

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

 ease and availability of obtaining components and preparing the raw mix; 
 formation of the raw mix directly at its “gaging” with soluble glass under the normal conditions; 
 the thermal insulation method is fast; 
 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); 
 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); 
 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); 
 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 
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regulator. The physical and chemical, technological aspects of obtaining and using the suggested alkaline-silicate compositions have been considered. 
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THERMAL CONDUCTIVITY OF THE GAS IN SMALL SPACE 
 

 

Abstract: he article is devoted to research of peculiarities of porous materials with micropores thermal 
conductivity. The temperature influence pattern of heating surface on the process of heat transfer by 
convection in the pores is given. Mathematical model of gravitational convection, which allows to predict the 
intensity of the convection current is proposed.  

Keywords: convective heat exchange, the particulate material, thermal gradient.  

  Convective heat exchange arising in the pores of the material dominates the elementary components of heat exchange in porous materials. That is why theoretical analysis of convective heat transfer is the actual problem, which comes to development a methodology for quantitative evaluation of convective heat transfer in the pores of heterogeneous systems.  Traditional methodology of evaluation the nature of heat transfer in enclosed space is based on the calculated Grashof number (Gr) and Prandtl (Pr) for particular environment. Correlation of these numbers in a given range of values makes it possible to establish the presence of convection currents in the heated surface. One may judge about the accuracy of such assessment from the change of intensity of heat transfer under the conditions of heat conditions change. Such qualitative characteristic of heat transport process in our view does not reflect real physical processes occurring in confined space. The intensity of gravitational convection current is determined not only by thermophysical characteristics of contacting media, scaling factors, but also by orientation of the heating surface in space. Heat is transferred from the surface in the near-wall region, the thickness of which is sufficiently small. If one takes it as a scale factor for Grashof’s equation, the number of Gr will not exceed the critical value corresponding to a heat transfer conduction. But when heating the space through the side surfaces the convection currents are always present. And the question of what they contribute to the heat transfer remains relevant. The figure 1 shows that along the walls of the layers with relatively high flow rate are forming. Isolines in the center tend to a horizontal position. Such current distribution was more typical for all calculated cases. When large numbers Gr gasflow from the heated surface is formed. It is for these cases in the literature critical numbers Gr are shown, which formalize the heat transfer process in closed area.  But convective heat transfer can occur along the surface, wherein the moving in the center of motion is absent. Such a case in the literature is considered to be the heat transfer by thermal conductivity. Obviously, the energy transfer in the boundary layer can be significant.  To estimate the intensity of heat transfer, mathematical model connecting the surface temperature with the speed of convective current was developed [1].   
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FIGURE 1. Distribution of velocities and temperatures  Mathematical model of gravitational convection includes the following equations: 
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where: 
  – kinematic viscosity coefficient 0/   ;  
a  – thermal diffusivity, values which correspond to the tabular ones for 0 ,Т Т ;a

c



  
V  – velocity vector;  
p  – pressure;  
T  – absolute gas temperature;  
  – density;  
  – dynamic viscosity;  
  – thermal conductivity;  
t  – time; 
g  – acceleration of free fall.  For simplicity we may use the Oberbeck-Boussinesq approximation. 0Т  is some value from the interval of temperature change in the medium, at which the density equals. Let us suppose that the temperature T in the medium deviates a little from 0.Т  Then the equation of state may be linearized, 
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leaving only a member of the 1st-order of smallness in the expansion of a function ( )Т  in a Taylor series in the neighborhood of the value 0:Т  
  0 01 T T      

where 01 ( )  T
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



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
 is coefficient of thermal expansion of the gas at 0 .Т Т  Density dependence on the temperature is taken into account only in the term with volume force of gravity ,g  but in other cases they consider 0 .   Under such assumptions, the problem becomes as follows:  Let us find a solution to the boundary value problem:                                       ( , ) ( , ) ( )r R
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Approximate solution of the problem for equation (5) becomes: 
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Solution of equation (8) is shown in the graph of figure 2.  

 
FIGURE 2. The solution of equation (8), where: 1 – the pore radius r = 2.5 mm; 2 – the pore radius r = 4.5 mm; 3 – the pore 
radius r = 7.5 mm 
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For vertical heating wall the calculated values of the number  ,Nu f Gr Pr  are given in figure 3. 

 
FIGURE 3. Change the number Nu in time for the conditions of the figure 1 

 
Conclusions  The calculations performed confirm the presence of convective current on the heating surface in closed gas volumes with any geometric and energetic characteristics.  According to computation data it is possible to determine the basic stages of heat transfer and set their boundaries. On the graph of figure 3 in the time interval 0 0.4    one may observe the relaxation period of gas (air) heat exchange with the surface. If convective heat transfer was absent, meaning of the number would approach to Nu to 1, i.e. heat flux transmitted by convection would be equal to the heat flux thermal conductivity. The minimum value of Nu number on the graph corresponds to the beginning of convective transfer.  Thus, the above mathematical model and calculations allow to perform a quantitative analysis of the convective heat transfer in  dependence on the temperature of the heating surfaces in a closed volume.   
References  [1] Pavlenko A.M., Basok B.I., Avramenko A.A.: Heat Conduction of a Multi-Layer Disperse Particle of Emulsion. Heat Transfer Research. 36, (1,2), 2005, pp. 55-61.  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


