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ESSAY

Report 84 p., 10 fig., 37 sources, 4 app.
NON-STATIONARY THERMAL-MECHANICAL PROCESS, SPLINE FUNCTION, TEMPERATURE, HEAT FLOW, HEAT EXCHANGE, HEAT INSULATION, ROD.
The objects of research are a rod of limited length of a variable section, which is under the influence of various types of local heat sources.
The purpose of the project is to develop mathematical and computer modeling of steady-state nonlinear thermo-physical processes in variable-section rods.
Structural members of complex structures that operate under the influence of a large thermal field with axial forces can be represented as variable-section rods. The main property of this rod is that the coefficient of thermal expansion strictly depends on the temperature distribution field along the limited length of the rod element in question. Therefore, the investigation of the physical state of the rod bearing elements of the structure with the simultaneous presence of axial forces, local thermal insulation, heat exchange and temperature, which can be constant, varying in the local length of the rod by linear and quadratic laws, is of particular interest in many technological processes to ensure the thermal strength of the bearing elements of the structure, which operate in a complex thermal and power field.
The objects of research are a rod of limited length of a variable section, which is under the influence of various types of local heat sources.
The purpose of the project is to develop mathematical and computer modeling of steady-state nonlinear thermo-physical processes in variable-section rods.
The development of modern competitive internal combustion engines, power plants, jet and hydrogen engines poses an urgent problem for scientists in the development of mathematical models, appropriate computational algorithms, methods, as well as a set of applied programs that allow them to numerically study the thermomechanical state of the bearing elements of these structures taking into account their operating conditions.
The relevance of these problems also lies in considering the nonlinear relationship between the coefficient of thermal expansion of the rod material and the law of temperature distribution along its length.
Known methods of studying the steady state thermomechanical state of rods of limited length do not allow taking into account the relationship between the coefficient of thermal expansion and the field of temperature distribution, operating conditions and fixation. 
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INTRODUCTION

This scientific work is devoted to an important problem - the development of a computer-mathematical model of nonlinear thermophysical processes in rods of variable cross-section. Such rods bearing elements are used in mechanical engineering, aviation, metallurgy, construction, thermal and nuclear power plants and in other areas where strength issues associated with dissimilar temperature effects can be of great importance. In parallel with the determination in the calculation of the strength, the temperature field, the magnitude of elongation and the arising axial forces, thermoelastic, temperature and elastic components of deformations and stresses, the problem arises of displacements caused by a change in temperature and determining the relative position of individual parts of the units during their operation. In the bearing elements of structures in the world of bars of variable cross-section and limited length, due to the influence of different types of heat sources, thermal, thermo-elastic and elastic deformations and stresses arise, which are created if free deformation is difficult in accordance with temperature changes. Most often, temperature stresses arise at unequal temperatures at different points of the investigated rod of variable cross-section and limited length. Depending on the physical and mechanical properties of the material of the rod of variable cross-section, taking into account the simultaneous presence of heterogeneous types of local sources of heat and thermal insulation. It is necessary to determine the temperature field, the amount of elongation and arising axial forces, all constituents of deformations and stresses, as well as the displacement field. A very important issue for solving urgent engineering problems is the determination of the thermo-mechanical states of load-bearing structural elements in the form of rods of variable cross-section and limited length with the simultaneous action of different types of heat sources. In the practical calculation of thermophysical processes, it is usually necessary to estimate the temperature stress arising from the influence of dissimilar types of local heat sources.
In [1], the thermal conductivity along a rod in the form of a straight round truncated cone was considered. The general analytical solution of the differential equation is expressed in terms of the Bessel functions (cylindrical functions) of the first and second kind of the first order of the imaginary argument. In this case, boundary conditions are set at the ends of the truncated cone.
In [2], a numerical solution of a bar in the form of a truncated cone was considered. The rod is thermally insulated, a heat flow is supplied from one end, and heat exchange with the environment takes place at the other. In this case, the deformation, stress, axial force and displacement of the truncated bar are determined. The finite element method was used to solve the problem.
In [3], various methods for studying the thermal conductivity of rods of limited length are considered, such as the Fourier method, the method of integral transformations, the method of Green's functions, numerical methods for solving boundary value problems of heat conduction, the method of finite differences and the method of finite elements.
In [4], the solution of the inhomogeneous heat equation for an infinite rod of the Fourier method, the propagation of heat in a thin homogeneous rod of finite length, as well as the propagation of heat in the final rod, at the ends of which heat exchange with the environment occurs.
In [5], the differential equation of heat conduction for a homogeneous solid, stationary heat transfer through a multilayer flat and cylindrical wall, etc., were considered.
In [6], some problems of buckling and transverse vibration of a bar, the section of which changed along the bar under the action of loads, were considered.
In [7], the use of an integral formula is considered, the averaging of the coupled thermoelasticity problem for an inhomogeneous rod with a variable cross section is carried out. Effective characteristics are found. It is shown that, in addition to the expected effective constants, five more independent constants appear that reflect the effect of the rate of temperature change on stresses in the rod, longitudinal heat flux, and entropy distribution along the length of the rod. A feature of the new constants is that they vanish in the case of a homogeneous material. The results of averaging the thermoelasticity equations for an inhomogeneous rod made it possible to reasonably construct a new theory of heat conduction in a rod, which differs from the classical one in that terms proportional to the rate of temperature change in time are added to the Dughamel – Neumann law, the Fourier heat conductivity law, and to the expression for entropy. It is shown that in the new theory of heat conduction, the propagation rate of harmonic thermal disturbances depends on the vibration frequency and has a finite value at a frequency tending to infinity.
The work [8] describes the deformation of the rods and the study of the stressed state of bodies under various external influences.
In [9], special attention is paid to turbulent heat transfer in homogeneous and inhomogeneous media, in particular, to the asymptotic properties of a turbulent boundary layer under complex boundary conditions. A significant place is also occupied by the hydrodynamic laws of heat transfer during condensation and boiling. Both in the theoretical presentation and in the experimental data presented, there are a large number of original results. All results are brought to the form of calculated dependences and recommendations.
In [10] the solution of problems of the theory of heat conduction and thermoelasticity is presented. Temperature fields and temperature stresses in plates of various shapes, rods of variable cross-section, circular and non-circular cylinders, a layer with a variable thickness of the thermal conductivity, etc. are considered.
The focus is on obtaining exact solutions and approximate methods based on their use. In this case, various sections of the theory of Bessel functions are applied and the process of solving the problems posed is described in detail. The book uses analogies between separate classes of problems in the theory of heat conduction and the theory of elasticity.
A versatile approach to determining temperature stresses and assessing their effect on strength, taking into account emerging engineering problems, is an urgent issue in the development of a computer-mathematical model of nonlinear thermo-physical processes in rods of variable cross-section and limited length, taking into account the presence of local temperatures, heat fluxes, heat exchanges and thermal insulation. as well as pinching conditions. The advent of new supersonic aircraft and rockets posed new challenges for designers related to temperatures, thermal stresses and material properties under these challenging conditions. Engine designers have done significant work in this direction. The production of nuclear power also poses complex problems in the design of nuclear reactors in terms of heat transfer and temperature stresses. With a known temperature field, the definition of the temperature stress distribution law is considered in books [11-13].
In [14], the basic equations of thermoelasticity are given, which include the laws of conservation of mass, momentum and energy. In this work, the kinematic equations are given, as well as the corresponding relations that close the systems of equations. It also provides physical constraints on the constitutive relations as an inequality of entropy, which expresses the second law of thermodynamics. These limitations are described mathematically. The numerical solution of one of the nonlinear problems of thermal physics is given in [15]. In this paper, a proof of the existence and uniqueness of a solution to the problem under consideration is given. Also, the work uses an appropriate iterative scheme, which allows using all the results obtained in the works. This work also uses the method of successive solutions, which converges to the exact solution of the problem being solved.
In [21,27,34,26,37], a finite element procedure is presented for the analysis of a fully coupled thermo-elastic-plastic reaction of solids, including contact conditions. In these works, the formulation of continuum mechanics for solid and contact conditions is summarized and effective finite element methods for solving the problem are given. The constraint function method is used to impose contact conditions at the Gaussian points of the contact surface. Other procedures widely used in finite element analysis can be considered as special cases of the constraint function method presented in this paper. The proposed solution procedure is promising. Further research is also needed on the accuracy of mathematical modeling and solution.
Fundamental theoretical questions concerning thermoelasticity are presented in works [16,17,20,21,25,28]. The paper [31-33] proposes a method and software for modeling the stationary thermal stress of load-bearing structural elements operating under the simultaneous action of local temperatures, heat fluxes, heat transfer and thermal insulation. This also takes into account the full dependence of the coefficient of thermal expansion on temperature. The developed calculation algorithm and approach are relatively universal for the possibility of computationally solving stationary problems of the thermal stress state of the bearing structure components that operate under the simultaneous effects of local temperature, heat fluxes, heat transfer and heat conservation [24]. For discretization, a quadratic approximation was used [23].
In [29, 30], a computational algorithm and a technique for solving the problem of a given temperature field, deformations and stresses of components along the entire length of the rod, to which heat flows are supplied to the cross-sectional area of ​​both ends and heat transfer in its lateral surface, based on the law of the amount of heat, are investigated. The physical and mechanical properties of the bar are also taken into account. Thermodynamic relationships are considered and applied to thermoelasticity, pseudoelasticity and memory effects in [19,24,35]. But the load-bearing elements of power plants, made of heat-resistant alloys, operate under the simultaneous influence of different types of heat sources. The coefficients of thermal expansion and elastic modulus of refractory materials are functions of temperature.
As can be seen from the literature review, there is currently no comprehensive study of the truncated cone rod when there are local heat sources, some of which are heat insulated, and some are influenced by the environment.
In contrast, this work is devoted to the development of a method for taking into account the presence of local surface heat exchanges in rods of variable cross-section and limited length. The issue of developing a method for accounting for internal heat sources in rods of variable cross-section is also considered. The paper discusses the development of methods for the formation of functionals that characterize the law of conservation of energy in rods of variable cross-section, taking into account the presence of local heat insulation, temperatures, heat exchanges and internal point heat sources. The developed computer-mathematical model of the thermophysical state of the rods of variable cross-section in the presence of surface local thermal insulation and temperatures is also presented.
This report is a continuation of the interim reports for 2019 inv. №0219RK00939 and for 2018 inv. № 0218RK00194


1. Mathematical and computer simulation of established non-linear thermophysical processes in rods of variable section and limited  length under exposure  to  different local heat sources 
1.1 Energy formulations of the problems of the thermophysical state of bars of variable cross-section
When exposed to local heat sources, in the form of local temperatures, heat fluxes, convective heat exchanges and thermal insulation, a nonlinear thermally stressed-strained state occurs in the rods of variable cross-section. In addition, if one end of the rod is rigidly clamped, then it lengthens due to heat sources. If both ends of the rod are rigidly clamped, then an axial compressive force arises in the rod. In addition, the distribution of elastic, temperature and thermo-elastic components of deformation, stresses and displacements is observed along the length of the rod. For a more accurate determination of the values of the above parameters, it is necessary to apply energy methods based on the law of conservation of energy. The essence of this method is to write the total thermal energy functional for each task separately. Consider dissimilar heat sources that act on the considered rod of variable cross-section. To do this, we first give the data of a bar of variable cross-section of limited length, which is shown in Figure 1.
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Figure 1 - Design diagram of a bar of variable cross-section

Given a horizontal bar of variable cross-section with limited length l [cm] left end. The radius of the variable section of the left end is r1 [cm], and the right end is r2 [cm]. Moreover, r1> r2. The section radius along the length of the bar changes line arly

	
                                                               (1)


  
where a and b are some constants. Their value is determined based on the values of the radii of the left and right ends of the investigated bar. In our case, the generatrix of the rod under consideration will be a straight line. Consider one discrete element of length l [cm] from this rod. Within the limits of the length of one discrete element of the considered rod, the temperature distribution field is approximated by a complete second-order polynomial.

	


	(2)



where a, b and c are some constants. Within the limits of the length of the discrete element under consideration, we construct a Cartesian coordinate system TOX. Figure-2 shows the temperature distribution field along the length of one discrete element of the rod.

[image: ]
Figure 2 - The field of temperature distribution along the length of one
discrete element

In Figure 2, in the Cartesian coordinate system TOX, the point with the coordinate x=0 is denoted by i, and the point with the coordinate x = l/2, by j.
Finally, we denote the point with the coordinate x = l by k. In this case, we introduce the following notation:
	


        
	(3)



With these notation, from (2) we obtain the following system of equations for determining the values of the constants a, b, and c.
	
	(4)



Hence, from the first equation of system (4), we obtain

	
	(5)



Then, from the last two equations of system (4), we obtain

	
	(6)



Solving this system, we define

	
	(7)

	
	(8)



Now substituting (5,7 and 8) into (2) we find

	
	(9)



Now we will rewrite this expression as

	


	(10)



Here we introduce the following notation

	
	(11)


These functions are called quadratic spline functions in the local coordinate system. These functions have the following properties

	
	(12)

	
	(13)

	
	(14)

	
	(15)

	
	(16)



The above properties (12-16) of spline functions make it possible to ensure the continuity of the sought-for functions during the transition from one discrete element to a neighboring discrete element. Next, consider a separate discrete variable rod element exposed to various types of heat sources. For each case, we write the energy conservation law in the form of the total thermal energy functional. For example, consider one discrete element of a bar of variable cross-section, the side surface of which is completely thermally insulated. A heat flux  is supplied to the cross-sectional area of ​​the left end of the discrete element. At that time, convective heat exchange with the environment takes place through the cross-sectional areas of the right end of the discrete element. In this case, the ambient temperature, and the heat transfer coefficient. Thermal conductivity coefficient of the rod material
The coefficient of thermal expansion of the rod material is the modulus of elasticity. The design scheme of the considered discrete section is shown in Figure 3.
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Figure 3 - Design scheme of the investigated discrete element
For this task, the functional of the total thermal energy, taking into account the simultaneous presence of lateral thermal insulation supplied to the cross-sectional area of the left end of the tap flow and the process of convective heat transfer through the cross-sectional area of the right end, will have the following form:

	

	(17)



Here we consider the dimensions of each member of the functional. All of them will have dimensions. This is the potential energy of deformation. For example, the first term of the functional J takes place
]
For the second term of the functional J, we have

Finally, from the third term J, we also have

Now we integrate each member of the functional J. For example, the first member of this functional looks like this:
	
	(18)



From (10-11) we determine the expression for the temperature gradient

	

     
	(19)






where .  Taking into account (11), we rewrite (19).


     
In addition, taking into account (1), we find how the cross-sectional area along the ox axis changes.

	

     
	(21)



We integrate J1
	

	(22)



It should be noted here that the sum of the coefficients before the nodal temperature values will be equal to zero. This is a sign of the fulfillment of the energy conservation law.
Now we calculate the second integral J of the functional in expression (17).

	

	(23)



Next, we calculate the third integral in the expression J (17).

	


	((24)



Now we can write the integrated form of the total thermal energy functional for the considered problem of determining the temperature field along the length of the investigated rod of variable cross-section and limited length, the side surface of which is completely insulated, and the heat flux is supplied on the surface of the cross-sectional area of the left end, and through the cross-sectional areas of the right end there is a heat exchange with the environment

	

	(25)



While the unknown nodal temperature values are determined from the energy conservation law as follows

	

	(26)



In system (26), in each equation the sum of the coefficients before the nodal temperatures will be equal to zero. This is a sign of the fulfillment of the law of conservation of energy.
By solving system (26), the values ​​of the nodal temperatures Тi, Тj and Тk are determined. From them and using expression (10), the law of temperature distribution along the length of the investigated section and limited length is determined. If the considered horizontal rod is clamped at one end, and the other is free, then this rod, due to the presence of different types of heat sources, heats up and as a result lengthens. The elongation of the considered bar is determined by the formula
	

	(27)



Here is the coefficient of thermal expansion of the rod material. Relatively low temperatures and for some materials if we take that

	





	(28)


If both ends of the investigated rod are rigidly clamped, then it cannot be lengthened or shortened. But, due to the presence of thermal expansion, an axial compressive force K [kg] arises in it. Its value is determined from the deformation compatibility condition
	

	(29)


where
	

	(30)



In this case, thermoelastic, thermal and elastic deformations and stresses appear in the sections of the investigated rod.
First, from (29), the distribution field of the thermoelastic stress component is determined


	

	(31)



Hence, according to Hooke's law, the distribution law of the thermoelastic component of deformations along the length of the investigated rod is determined

	

	(32)



As can be seen from (29-32), the values ​​of k, σ and ɛ along the length of the investigated rod are constant.
Based on the theory of thermal physics, it determines the distribution law of the temperature component of deformation

	




	(33)



Then, using the generalized Hooke's law, it is possible to determine the distribution law of the temperature component of the voltage.

	


	(34)



Now, on the basis of the fundamental laws of thermal physics and thermoelasticity, it is possible to determine the laws of the distribution of elastic components of deformation and stress

	


	(35)

	






	(36)



1.2 Energy method for determining the displacement field along the length of a rod of variable cross-section and limited length.
Consider the pivot shown in the previous section. For it, we write the functional of the potential energy of elastic deformations.
	


	(37)



Based on the Cauchy relation, we write the relationship between the elastic component of deformation and displacement.
	


	(38)




Field movementalong the length of the considered discrete element of variable section, we represent in the form:

	

	(39)



Now, substituting (38-39) into (37), we obtain the expression for the potential energy of elastic deformations for the considered rod, taking into account the presence of a temperature field
	


	((40)






Considering that both ends of the investigated rod of variable cross-section are rigidly clamped, then 
In order to find the law of displacement distribution, we use the law of conservation of energy. For this task, it is written as follows:

	




	(41)


From (41) for the considered law, we find the displacement values Uj

	

	(42)





Now substituting the found values ипо (42) into expression

	

	(43)



the law of distribution of displacement along the length of the considered discrete element of the investigated rod of variable cross-section and limited length is determined.





















2 Energy formulation of the  problems of the thermophysical state of a discrete rod element  with simultaneous presence of convective heat transfer, temperature   and thermal insulation
Consider a horizontal discrete element of the investigated bar of variable cross-section and limited length. The side surface of this element is completely insulated. Heat exchange with the environment surrounding this area takes place through the cross-sectional areas of the left end. In this case, the heat transfer coefficient h, and the ambient temperature Тос.
	

The temperature is set at the right end of the discrete bar element. those. meaning . The design scheme of the problem under consideration is shown in Figure-4.

[image: ]
Figure 4 - Design scheme of the considered problem

For such a discrete element, the total thermal energy functional is written as follows.

	

	(44)




where
V - discrete element volume
Let us calculate the first integral over the area in the expression (44)

	

	(45)



where
	Now we calculate the second integral in the expression (44)

	

	(46)



Here it should be borne in mind that the given temperature from (46) we obtain

	


	(47)



Thus, for the problem under consideration, the integrated form of the total thermal energy functional will have the following form:

	


	((48)









Nodal temperature values andis not yet known. Their values should give a minimum of functionality J. This is an equivalent condition for the fulfillment of the energy conservation law. Minimization of functionality J withanda resolving system of equations is constructed to determine the valuesand .

	

	    (49)




Hence the determined values and . Then the law of temperature distribution along the length of the investigated discrete element is found according to the formula (10). All other thermophysical characteristics are determined using the formulas (28-43).  
2.1 Energy formulation of the problem of the thermophysical state of a rod of variable cross-section in the presence of lateral heat transfer and lateral heat fluxes.

Consider one horizontal discrete bar element. Through the area of the lateral surface of which there is heat exchange with the surrounding lateral surface of the medium. In this case, the heat transfer coefficient h, and the ambient temperature Тoc. The heat flux is applied to the cross-sectional area of the left end . Similarly, the heat flux is supplied to the cross-sectional area of the right endq2. The design scheme of this problem is shown in Figure-5.

[image: ]
Figure 5 - Design diagram of the problem under consideration

The total thermal energy functional for the problem under consideration will have the following form:
	

	(50)



Where Sпбп–lateral surface area of the discrete element under consideration;
S(x=0) and S(x=l)– cross-sectional area of the right and left end of the investigated discrete element of the bar; V– the volume of this element.
Integrating into the integrals in expression (50), we find the integrated form of the total thermal energy functional for the problem under consideration.
	





	       (51)


Here, that would value Тi, Тj and Tk satisfies the conditions for the energy conservation law, they should give a minimum to the functional J. From this we obtain a resolving system of equations for determining the nodal temperature values Тi, Тj and Tk.
By solving this system, the values Тi, Тj and Tk. Further, according to (10), the temperature distribution law along the length of the considered discrete element of the rod is determined, taking into account the presence of dissimilar heat sources. Other thermophysical characteristics are determined by the formula (28-43).
2.2 Energy formulation of the problems of the thermophysical state of a discrete element of a rod of variable cross-section under the influence of a heat flow supplied to the lateral surface and convective heat exchanges through the cross-sectional areas of its ends.




	Consider a horizontal discrete bar element with variable cross-section and limited length. The heat flux is supplied to the lateral surface of this discrete element. At that time, convective heat exchange with its environment takes place through the cross-sectional areas of the left end. Here the heat transfer coefficient , and the ambient temperature Through the cross-sectional areas of the left end of the discrete element. Here the heat transfer coefficient is h2,The design diagram of the problem under consideration is shown in Figure -6.
[image: ]
Figure 6 - Design diagram of the problem under consideration

The expression for the total thermal energy functional for the problem under consideration will have the following form:
	
	

	(52)


where S(x=0)– the cross-sectional area of the left end of the discrete element under consideration. S(x=l) – cross-sectional area of the right end of the discrete element. V – the volume of a discrete element Sпбп– the lateral surface area of the discrete element, the integrated form of functional (53) has the following form
	




	((53)


	Further, minimizing the functional by the nodal values Тi, Тj and Tk we construct a resolving system of equations to determine Тi, Тj and Tk.
	By solving this system, the values of the nodal temperatures are determined Тi, Тj and Tk. According to them, using formulas (10-28-43), the thermophysical state of the investigated discrete element of the rod of variable cross-section and limited length is determined.

3 Development of a computer –mathematical model of the thermophysical state of rods of a variable section   taking into account the simultaneous presence of a local thermal insulation , temperatures , heat exchanges and thermal flows 
Consider a horizontal bar of limited length L[см]. Axis Ох direct from left to right. It coincides with the axis of the bar. The radius of this rod changes linearly along its length, i.e., where a and b some permanent. At that time, the cross-sectional area of the bar along the coordinate will change nonlinearly, i.e. 
The investigated rod is discretized by the fifth elements of the same length . The side surfaces of 1, 3 and 5 discrete elements are completely insulated. The temperature is set along the length of the second element. Heat exchange with its environment occurs through the lateral surface of the fourth discrete element. In this case, the heat transfer coefficient -, and the ambient temperature -. In addition, a heat flux of intensity is supplied to the cross-sectional area of the left end of the rod. Also, a heat flux of a different intensity is supplied to the cross-sectional area of the right end of the rod. The design scheme is shown in Figure  7.
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Figure 7 - Design diagram of the problem under consideration

Let us consider each discrete element of the bar separately. Consider the first discrete element. It is shown in Figure 8.
[image: ]
Figure 8 - The first discrete member of the bar

The radius of the left end of this element is ; Cross-sectional area of the left end of the element is . The radius of the transverse rod is ; The cross-sectional area of this end is .
In the first discrete element, the designation for the temperature in fixed sections is introduced..  Here the rightmost point belongs to both the first and second discrete elements. But along the length of the second discrete element, a uniformly distributed temperature is seti. Within the length of the first discrete element, the temperature distribution law can be represented using quadratic spline functions in the local coordinate system
	
	(54)



Then the temperature gradient along the length of the first discrete element is determined as follows
	
	(55)


	Now we will write a functional full of thermal energy for the considered first discrete element.
		
	(56)



Now we turn to the second discrete member of the bar. A uniformly distributed temperature is set along the length of this element So . Now you can go to the third discrete element of the investigated bar. The radius of the left end of this element. The lateral surface of the second discrete rod element is completely thermally insulated. Therefore, the functional zero thermal energy for this element will have the following form

	
	(57)


			
where – the volume of the third discrete element.In this discrete elementHere Within the length of the second discrete element, the temperature distribution field can be represented through quadratic spline functions in the local coordinate system

	
	((58)



Then, within the length of this element, the temperature gradient will have the following form

	
	     (59)



Then, substituting (119) into (117), we find the integrated form of the functional thermal energy for the third discrete element of the rod

	
	(60)



Now we turn to the fourth discrete member of the bar. Heat exchange with its environment occurs through the lateral surface of the fourth discrete element. In this item. They are all unknown yet. The total thermal energy functional for this fourth element will be as follows

	
	(61)



where -element lateral surface area, -element volume. Within the limits of the length of the fourth discrete element, we represent the temperature distribution law using quadratic spline functions in the local coordinate system

	
	(62)



Further, substituting (60-61) into (62), we find the integrated form of the functional total thermal energy for the fourth discrete element of the investigated rod

	
	(63)


where 

Next, we will consider the last fifth discrete element of the considered rod. The side surface of this element is completely insulated. But, at that time, a heat flux is supplied to the cross-sectional area of the right end of this element. 
Here, it should be noted that the radius of the section of the left end of the bar, where ; Bar right end radius. Then the functional of the total thermal energy for the fifth element of the rod has the following form

	
	(64)



Where volume of the fifth element.
In this element, we represent the temperature distribution field through quadratic spline functions in the local coordinate system

	
	(65)



Then, within the length of the fifth element, the expression for the temperature gradient has the following form

	
	(66)



Next, substituting (127-128) into (126), we define the integrated form of the total thermal energy functional for the fifth discrete element

	,   
here  uknown yet.
	(67)



Now we write the expression for the total thermal energy functional for the considered rod as a whole
	
	(68)



In this functional, the unknowns are The sought values of these nodal temperatures must simultaneously satisfy the energy conservation law. Hence, we obtain the following system of equations taking into account the natural boundary conditions
After a slight simplification, we obtain the following resolving system of equations with natural boundary conditions 
This is a resolving system of equations that takes into account the existing dissimilar natural boundary conditions. By solving this system of eight equations, the value of the nodal temperatures is determined
After that, we will determine the laws of temperature distribution along the length of each discrete element of the rod. Further, using (28-43), the elongation value of the investigated rod is determined if one end is rigidly clamped, and the other is free. In the case of pinching both ends of the rod, the value of the arising axial force, the laws of distribution of thermo-elastic components of deformation and stresses are determined. Further, using the method of minimizing the potential energy of elastic deformation in the case of elastic deformation in the presence of a temperature field, the law of displacement distribution along the length of the investigated rod is determined. In this case, the pinching of the ends of the investigated rod of variable cross-section and limited length is automatically taken into account.














4 Development of a computer – а mathematical model of  thermophysical state of rods of a variable section   taking into account the simultaneous presence of internal point sources of heat and other  external sources and their implementation on a PC
Consider a horizontal bar of variable section of limited length L[cm]. Axis OX is directed from left to right. It coincides with the axis of the bar. The cross-sectional radius of the bar changes linearly along its length, r(x)=ax+b, where a,b=const. Then the area on the cross-section of the bar along its length changes nonlinearly,т.е. 
Thermal conductivity coefficient of the rod material,warm expansionand elastic modulusThe rod under consideration consists of five discrete elements. The first disc element (left in steam) length. At the same time, let . The tank surface of this element is completely insulated. Three point heat sources are defined in this element:
Then, within the limits of the length of the first discrete element of the rod, the temperature distribution fields are represented using quadratic sline functions in the local coordinate system
	


	((69)


Then, within the length of the first discrete element of the bar, the temperature gradient is determined as follows
	

	((70)



Now we turn to the second discrete element of the investigated bar. Convective heat exchange with its environment occurs through the tank surface of this discrete element. In this case, the ambient temperature. Heat transfer coefficient. In the second discrete element, we introduce the notation it is a given internal heat source. Then, within the limits of the length of the second discrete element of the rod, the temperature distribution field can be represented using quadratic force functions in the local coordinate system in the following way

	


	((71)


Then, along the length of this second discrete element, the temperature gradient is determined as follows

	

	((72)



In expressions (135-136) it is considered that T3– set point temperature. T4 andT5– unknown yet. Next, we move on to the third discrete element. The side surface of this element is completely insulated. 
Along the length of the third discrete element, we introduce the following notationT5,T6,T7 unknown yet. Within the length of the third discrete element, the temperature distribution field will be expressed using the quadratic force function as follows

	

	((73)



The expression for the temperature gradient within the length of the third discrete element of the bar will have the following form

	

	((74)


HereT5,T6,T7–is unknown yet.
Now we turn to the fourth discrete element of the considered rod. A heat flux of constant intensity is supplied to the lateral surface of this element. Within the limits of the length of the fourth discrete element, we introduce the following notationThen, within the limits of the length of the fourth discrete element, the temperature distribution field can be represented using quadratic sylain functions in the local coordinate system

	


	((75)



Then, within the length of the fourth discrete element, the temperature gradient is expressed as follows

	

	((76)



In expressions (139-140) T7,T8,T9 areunknown yet.
Finally, we will consider the last fifth discrete element of the considered rod. In this element, we introduce the following notation But the value of the nodal temperature T11- given. then, within the length of the fifth discrete element, the temperature distribution field can be expressed in terms of quadratic force functions in the local coordinate system

	


	((77)



Within the length of the fifth discrete element of the rod, the temperature gradient is determined by the formula
Then, along the length of this second discrete element, the temperature gradient is determined as follows


	

	((72)



T5,T6,T7 are still unknown. Along the length of the third discrete element, we introduce the following notation 
Within the length of the third discrete element, the temperature distribution field will be expressed using the quadratic forces of the function as follows


	

	((73)



Выражение градиента температуры в пределах длины третьего дискретного элемента стержня будет иметь следующий вид
The expression for the temperature gradient within the length of the third discrete element of the bar will have the following form


	

	((74)


 T5,T6,T7 - are still unknown 
Now we turn to the fourth discrete element of the considered rod. A heat flux of constant intensity  is supplied to the lateral surface of this element. Within the length of the fourth discrete element, we introduce the following notation .Then, within the length of the fourth discrete element, the temperature distribution field can be represented using quadratic forceine functions in the local coordinate system


	

 
	((75)



Then, within the length of the fourth discrete element, the temperature gradient is expressed as follows


	 
	((76)



In expressions (139-140) T7,T8,T9  are still unknown.
Finally, we will consider the last fifth discrete element of the considered rod. In this element we introduce the following notation But the nodal temperature T11 is preset. then, within the length of the fifth discrete element, the temperature distribution field can be expressed in terms of quadratic force functions in the local coordinate system


	


	((77)



Within the length of the fifth discrete element of the bar, the temperature gradient is determined by the formula


	

	((78)



The calculation scheme of the considered problem is shown in the figure 9.
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Figure 9 - Design scheme of the problem under consideration

Thus, in this problem, internal point heat sources T1, T2, T3, and T11 are given; unknowns are T4, T5, T6, T7, T8, T9, and T10. But the values of these nodal temperatures must satisfy the laws of conservation of energy, i.e. their values should give a minimum to the corresponding functionals of the total thermal energy of the discrete elements of the rod. Since the values of T1, T2, T3 are known in the first element of the bar, we proceed to consider the second discrete element of the investigated bar. Convective heat exchange with the environment surrounding this area occurs through the tank surface of this element. Therefore, the expression for the total thermal energy functional for this element will have the following form

	
	((79)



where  is the volume of the second discrete element: xxx is lateral surface area
Substituting (135-136) into (143), we define the integrated form of the total thermal energy functional for the second discrete element

	


	((80)



It should be noted that in this expression T3 is the given (known) nodal temperature.; Next, we turn to the third discrete element of the bar. The tank surface of the third element is completely insulated. Therefore, the total thermal energy functional for the third element has the following form
	
	((81)



where V3 is the volume of the third discrete element of the rod being followed.
Now, substituting (77) into (81), we define the integrated form of the total thermal energy functional for the third discrete element of the rod

	
=
	((82)


where 
Next, we turn to the consideration of the fourth discrete element of the investigated rod. On the tank surface of this element, a heat flux of intensity    is supplied. Therefore, the total thermal energy functional for the fourth element has the following form

	
	((83)



	where V4 is the volume of the fourth discrete element  is the lateral surface area of the fourth element of the bar.
Now, substituting (139-140) into (147), we find the integrated form of the functional J4


	((84)



where 
Finally, we pass to the last fifth discrete element of the investigated rod. The side surface of this discrete element is fully insulated. Therefore, the functional of the total thermal energy for the fifth discrete element will have the following form

	
	((85)



Thus, the functional of the total thermal energy for the investigated part of the rod has the following form

	
	((87)





4.1 Development of a computer-mathematical model of the thermophysical state of a rod of variable cross-section under the influence of dissimilar local types of heat sources
 The computer program is written in the Phyton high-level programming language with its wide capabilities. Due to this, the developed program makes it possible to carry out automatic discretization of a rod of variable cross-section, taking into account the presence of heterogeneous local types of heat sources, the presence of heat exchange and thermal insulation. Next, the program forms the energy functional for each discrete element and for the entire rod. The program integrates the general functionality using quadratic spline functions. The resulting integral of the functional is minimized by equating to zero the derivatives with respect to the unknown nodal temperature values. To do this, the derivatives of the integral with respect to unknown nodal temperature values ​​are equated to zero, and as a result, a resolving system of linear algebraic equations is constructed taking into account natural boundary conditions. Solving this system, the law of temperature distribution along the length of the investigated rod of variable cross-section is determined, taking into account the presence of dissimilar local types of heat sources, the presence of heat exchange and thermal insulation. After that, using the fundamental law of thermophysics and the found law of temperature distribution, the elongation value of the investigated rod is determined if one end is rigidly clamped and the other is free. If both ends of the bar are pinched, the resulting thermal axial force is calculated. In this case, the deformation compatibility conditions are used. After that, on the basis of the generalized Hooke's law, the distribution laws of the thermoelastic component of stress and strain along the length of the considered rod of variable cross-section are determined. Further, the distribution laws of the thermoelastic component of deformation are determined. It also uses classic Hooke's law. Based on the fundamental laws of applied thermal physics, the law of distribution of the temperature component of deformation along the length of the investigated rod is determined. According to the corresponding Hooke's laws, the distribution law of the temperature component of stress along the length of the considered rod is determined. The fundamental relations of classical thermoelasticity are used to determine the distribution laws of the elastic components of deformation and stress. The developed program also determines the law of distribution of the displacement of the sections of the investigated bar.
To do this, at the beginning, the program forms the functional of the potential energy of elastic deformations, taking into account the emerging temperature field. Further, its integrated form is determined using the constructed quadratic spline functions and nodal displacements. By minimizing the last functional over the nodal points, a resolving system of linear algebraic equations is constructed. In this case, due to the pinching of both ends of the rod, the movement of the end nodes of the rod is taken to be zero. With this in mind, solving the resulting resolving system of equations, the nodal values of displacement and the law of displacement distribution along the length of the investigated rod are determined, taking into account the physical and mechanical properties of the material, as well as the acting heterogeneous local types of heat sources. The program menu is shown in Figure 10.
The initial data for the program are:
m  is the number of bars sampling;
n is the number of nodes;
L is the length of the rod;
Li is the length of the element;
Kxx is the coefficient of thermal conductivity of the material;
neis - an array consisting of the number of non-isolated elements;

[image: ]  
Figure 10 - Program menu
a and b - parameters describing the parameters of the lateral surface of the cone (ax + b);
alfa - coefficient of thermal expansion;
E - elastic modulus;
Tl - temperature on the left;
Tl - temperature on the right;
Tsp - ambient temperature on the right;
Tosl - ambient temperature on the left;
Tes - array of side element numbers, where there is temperature;
Tesi - temperature value corresponding to the Tes array;
qs - array of numbers of side elements, where there is a stream;
Qbi - temperature value corresponding to the qs array;
h is the heat transfer coefficient;
S is the cross-sectional area of ​​the bar;
As a result of pressing "START" we get:
- temperature at nodal points;
- lengthening;
- axial force;
- moving;
- deformation;
- voltage.
In addition, the program displays the laws of temperature distribution, all components of deformation and stresses, as well as the displacement field in the form of graphs.


























CONCLUSION
A mathematical model and a computational algorithm for the numerical simulation of the thermomechanical state for a rod of limited length and variable cross-section in the presence of point temperatures and heat transfer are constructed. The field of temperature distribution along the length of the rod is determined for different values ​​of the point temperature, as well as the relationship between the temperature and the elongation of the rod.
Relationships are compiled to determine the nodal values ​​of the thermal expansion coefficient with a known temperature distribution law in each element. A mathematical model and a corresponding computational algorithm for the numerical study of the elongation of a rod of variable cross-section in the presence of thermal insulation, heat transfer, axial force and temperature of constant intensity, changing along the coordinate by a quadratic law, are constructed.
As a result of the implementation of this scientific project, the following conclusions were made:
1) The energy formulations of the problems of the thermophysical state of the rods of variable cross-section have been developed;
2) Methods for accounting for local thermal insulation in the law of conservation of energy for rods of variable cross-section;
3) An algorithm has been developed to take into account the presence of local surface temperatures in the energy conservation law for rods of variable cross-section;
4) A computational algorithm and a method for taking into account the presence of surface local heat fluxes in bars of variable cross-section have been developed;
5) Developed a methodology for taking into account the presence of local surface heat exchanges in rods of variable cross-section;
6) Developed a method for accounting for internal heat sources in rods of variable cross-section;
7) Methods for the formation of functionals characterizing the law of conservation of energy in rods of variable cross-section, taking into account the presence of local thermal insulation, temperatures, heat exchanges and internal point heat sources;
8) [bookmark: _GoBack]A computer-mathematical model has been developed for the thermophysical state of rods of variable cross-section in the presence of surface local thermal insulation and temperatures.
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TECHNICAL SPECIFICATION AND
WORK SCHEDULE

Under contract No.211  dated  18  march 2018 y

1. Republican State Enterprise on the Right of Economic Management "Institute of Information and Computing Technologies" of the Committee of Science of the Ministry of Education and Science of the Republic of Kazakhstan

1.1 Priority: Information, telecommunications and space technologies, scientific research in the field of natural sciences.
1.2 On a sub- priority: Scientific research in the field of natural sciences. Mathematical and computer modeling in mathematics, physics and astronomy. Applied research.
1.3 On the subject of the project: No. AP05131093 "Mathematical and computer modeling of nonlinear thermo-physical processes in variable section rods"
1.4 Total amount of the project 45,000,000 (forty-five million) tenge, including by year, for performance of works according to item 3:
- for 2018 - in the amount of 15,000,000 (fifteen million) tenge;
- for 2019 - in the amount of 15,000,000 (fifteen million) tenge;
- for 2020 - in the amount of 15,000,000 (fifteen million) tenge.
2. Characteristics of scientific and technical products by qualification characteristics and economic indicators
2.1 Direction of work: Mathematical and computer simulation of steady-state nonlinear thermophysical processes in rods of variable section and limited length under the influence of heterogeneous local heat sources.
2.2 Applications: Load-bearing elements of strategic power plants and processing industry that operate under complex thermal impacts
2.3 End Result:
- for 2018: Tasks of thermophysical state of rods of variable cross-section will be formulated; methods for accounting for local thermal insulation in the law of energy conservation for rods of variable cross section have been developed; an algorithm has been developed to take into account the presence of local surface temperatures in the law of energy conservation for variable-section rods; computational algorithm and method of accounting for presence of surface local heat flows in rods of variable section. Publications on the project topic in scientific journals of the Republic of Kazakhstan.
- for 2019: A methodology will be developed to take into account the presence of local surface heat exchangers in variable-section rods; developed a method for accounting for internal heat sources in variable-section rods; methods for forming functionals characterizing the law of energy conservation in rods of variable cross section, taking into account the presence of local thermal insulation, temperatures, heat exchangers and internal point heat sources; computer-mathematical model of thermophysical state of variable-section rods in the presence of surface local thermal insulation and temperatures has been developed.
- for 2020: A computer-mathematical model of the thermophysical state of variable-section rods will be developed taking into account the simultaneous presence of local thermal insulation, temperatures, heat exchangers and heat flows; a computer-mathematical model of the thermophysical state of variable-section rods was developed taking into account the simultaneous presence of internal point heat sources and other external heat sources and their implementation on the PC; with the help of developed computer-mathematical models, corresponding problems will be numerically solved and investigated and patterns will be derived; publications will be published in publications indexed in Scopus or Web of Sciences, a collective scientific monograph on the topic of the project will be written and published.
2.4 Patentability: Non-potent
2.5 Scientific and technical level (novelty): During the implementation of this project, a mathematical model of steady non-linear thermophysical processes in rods of variable cross section and limited length under the influence of heterogeneous local heat sources will be developed on the basis of fundamental laws of energy conservation.
2.6 Scientific and technical products shall be used by: performer
2.7 Type of use of the result of scientific and (or) scientific and technical activity: Acquisition of fundamental theoretical knowledge in the field of research of stable nonlinear thermophysical processes in rods of variable cross section and limited length under the influence of heterogeneous local heat sources.

3. Name of works, terms of their implementation and results
	The  cipher of the task, stage
	The  name of the work under the contract and the main stages of its implementation

	
deadline 
	   
Expected Result


	
	
	Start 
	Ending
	

	1
	Energy task formulations of the thermo-physical state of the variable cross-section rods and their implementation on PC
	January 

	March
	Tasks  of the thermo-physical state of the variable cross-section rods and their implementation on PCwill be energetically formulated

	2
	Development of methods based on local thermal insulation in the law of energy conservation  for the variable cross-section rods and their implementation on PC

	
April 
	
June
	Methods based on local thermal insulation in the law of energy conservation  for the variable cross-section rods and their implementation on PC will be developed

	3
	Development of algorithm subject to the presence of local surface temperatures in the law of energy conservation for the variable cross-section rods and their implementation on PC
	
July 
	
August
	Algorithm subject to the presence of local surface temperatures in the law of energy conservation for the variable cross-section rods and their implementation on PC will be developed

	4

	Development of computational algorithm and method of accounting for the presence of surface local heat flows in the variable cross-section rods and their implementation on PC
	September 
	October

	Computational algorithm and method of accounting for the presence of surface local heat flows in the variable cross-section rods and their implementation on PC will be developed

	5
	Issuance of reports for 2018
	October

	Till 1 November 2018 year 
	A report for 2018 will be issued

	6
	Development of a methodology of accounting for the presence of local surface heat exchange in the variable cross-section rodsand their implementation on PC
	January 

	March
	A methodology of accounting for the presence of local surface heat exchange in the variable cross-section rodsand their implementation on PC will be developed

	7
	Development of a method of internal heat sources in the variable cross-section rods and their implementation on PC
	
April 
	
June
	Method to account for internal heat sources in variable section rods will be developed

	8
	Development of methods of formation of functional characteristics of the laws of energy conservation subject to the presence of local insulation, temperatures, heat exchange and internal point heat sources in the variable cross-section rodsand their implementation on PC

	
July 
	
August
	Methods of formation of functional characteristics of the laws of energy conservation subject to the presence of local insulation, temperatures, heat exchange and internal point heat sources in the variable cross-section rodsand their implementation on PC will be developed

	9
	Development of mathematical and computational models of the thermo-physical state of the variable cross-section rods subject to the presence of local insulation, temperatures and their implementation on PC
	September 
	October

	Mathematical and computational models of the thermo-physical state of the variable cross-section rods subject to the presence of local insulation, temperatures and their implementation on PC will be developed

	10
	Issuance of reports for 2016
	October

	Till 1 November 2019 year 
	A report for 2016 will be issued

	11
	Development of mathematical and computational models of the thermo-physical state of the variable cross-section rods subject to simultaneous presence of local insulation, temperatures and their implementation on PC
	January 

	March
	Mathematical and computational models of the thermo-physical state of the variable cross-section rods subject to simultaneous presence of local insulation, temperatures and their implementation on PC will be developed

	12
	Development of mathematical and computational models of the thermo-physical state of the variable cross-section rods subject to simultaneous presence of the internal point heat sources and other external heat sources and their implementation on PC
	
April 
	
June
	Mathematical and computational models of the thermo-physical state of the variable cross-section rods subject to simultaneous presence of the internal point heat sources and other external heat sources and their implementation on PC will be developed

	13
	Using the developed mathematical and computational models to numerically solve and explore relevant tasks. To display relevant regularities.
	
July 
	
August
	Relevant tasks will be numerically solved and exploredusing the developed mathematical and computational models. Relevantregularitieswillbedisplayed. 

	14
	To write and publish a collective scientific monograph on the theme
	September 
	October

	A collective scientific monograph on the themewill be written and published

	15
	Issuance of a  final report on the theme
	October

	Till 1 November 2020 year 
	A  final report on the theme will be issued
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Tpuoxesus 131
x Jlorosopy No_ ot 2018
a rpasToRGe GiEECApoBaLHE

TEXHHYECKASI CHEUH®HKALIMS H
KAJEHIAPHBII IUIAH PABOT

o soronopy Me201_or_(S pgpmé___ 2018 rom

1. PecnyGaMKANCKOE FOCYAAPCTBENHOE NPEANPHATHE Ha IPARE XOIHCTRENHOTO
Bezenns «HHCTHTYT WHGOPMAUNONNLX W BUIHCIHTEALNBIX TeXHOAOrHID KowkTeTa
nayku Munucreperna OGpasonanus u naykw PecnyGanku Kasaxcran

11 Tlo npuoputery: MHGOpMALMOTHE, TEACKOMMYHHKALONHNE 1 KOCMHIECKIC
TEXHOTOTYH, HaYWHELE HCCTEIOBAHIA B OGIACTH ECTECTRCHHX HaYK.

1.2 Tlo momnpwoputery: Hayuhiie MCCACIOBAHHS B OGIICTH €CTECTBEHHEX HAYK.
MaTewaTHieCKoe 1 KOMIIHOTCPHOE MOACTHPOBAIHE 5 OGAACTH  METEMTHEH,
HSHKH W ACTPOHOMHH. TIpHKTANHE HCCICAOBINNA,

13 Mo rewe mpockra: Ne APOSI3I093 «Marewariieckoe  koummoTephoe
MOACTHDOBIHHE METHHCAHAX. TepMO-BHINNCCKITX IPOLIECCOB B CTCPRHSX NCPEMENHOTD
ceuennm

1.4 O6mas cymma mpockta 45 000 000 (cOpOK T MIHOROB) TEHTE, B ToM HEe ©
'PaIGHBKOR 110 FONAN, 21K BHTIONHERHS PAGOT COTRECHO MYNKTY 32

- 1a 2018 roa - u cysee 15 000 000 (NATHANIATS MIIHOHOB) TeHre;
- wa 2019 ron - b eysesee 15 000 000 (IATHATUATS MIHILTHOHOB) TeHTE;
- Ha 2020 ron - 8 cywsee 15 000 000 (MATHAAUATS MILIHONOB) TeHTE.

2. XapaKTepHCTIHKA HayHO-TEXHNYECKOH IDOAYKITAN 11D KDATHGUKALHONIMIN
IpH3HAKAM W JKomOMMHECKHE TOKAITEN

21 Hanpasnewne pabors:  MATcMaTieckoe M KOMTHOTEPHOC | MOICTHPOBARHE
CTAHOBMBLIAXCS HEHHEHHBIX TEPNOGHIFIECKHX IPOLIECEOB B CTEPAHAX IEPEMEHHOTO CCHCHHA H
OTDHMICHHOH ZTHHEI TP BOSACACTINN PASHOPOIILIX JOKATBHIX HCTOSHHKOD TETTR

22 OGnacts npwweHciis: Hecylide EMEHTH CTDATETHUCCINX SHEPICTHICORHX
SCTAHOBOK H MEPEPaGRTMAUOLIER TPOMMULIEHHOCTH, KOTOPHIE PAGOTAIOT P CAOKHELX TEMAOBX
BoumeicTmax

2.3 Kowessi perysrar:

-3 2018 ro: ByAYT copyTHPOBANH JIAH TCPMOBHIHIECKOTO COCTORHHS CTEpRHEH
TepeNCHHOTO. CecHR; PISpAGOTIN NCTOTH YWETA JOKATHHBX TeIOWIOTAINH B JAKOHE
‘COXPAHEHHA JHEPrHI UK CTEPAHER NIEPEMEHHORD CCHEHHE; PAIPABOTE ATFOPHTM YICTa HATHYKS
JOKATLHMX TOBEPXHOCTHEX TCMIICPATYP B JAKOHE COXPAHCHHS JHCPIHH AMA CTepanieh
TIEPEMCHHOTO CetCHiA; BHSHCTHTEIRHAA QTODHTM M METOX YVETA HATHYMA NOBCPXHOCTHSEX
IOKTBHIX TEIUIOBBIX TIOTOKOB B CTEPHAX NIEPENEHHOFO cereHitA. [IyGTAKALNH 10 Tewe NPOSKTa
B Hayunbox KypHatax PK.

- 32 2019 rox: By7er paspaoTaa METOTIKS YHETa HATHIAR NOKATHHAIX HOBCPXHOCTHHX
TEIOOGMEHOB B CTEPXHAX NEPEMCHHOTO CeNGHAN, PmipabOTAH MCTOX YWCTa BHYTDEHHIX
HCTOMHHKOB TEIia B CTEPAHAX MEPEMCHHORD CEUEHNS; PaIpabOTAHS METOTH (GOPMMPOBHA
DYHKINONAIOn XaPAKTEPHAPYIOUIX 3KOH COXPAICHAR JHEPIHA B CTEPKIHAX MEpeMEHHOTO
COUEHEA  C YWTOM WATWHA OKATSHMX TENIOWIOTALIA, TEMTEPATYP, TeTI0OOMEHOD
BHYTPEHHNIX TOUCTHAX HCTOYHHKOR TELA; PATpIGOTAA KOMITHIOTPHO-MATENATI'ECKA MOCTS
TEPMODHIHUECKOTD COCTONHIS  CTCPAHER TCpEMEHHOTO CCHCHHA NP HATHIMM TIOBEPXHOCTHAIX
AOKRTLILX TenIOSOTALIH, TEMTIEPATYP.

- 200 rox Bymer papaloTaHi  KOMTHOTPHO-MITEMATHHECKE MO
TEPMOPUINIECKOTO COCTORNNS CTEpKHEH TIEPENCHHORD COYEHHN © YHETOM. OTHOBPEMEHHOTD

B i
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HATHH JOKATSHMX TCAOWS0TAIA, TCMICPATYP, TELIOOGNCHOD M TCIOBMX HOTOKOW;
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MIAXT-GAXTOPOM, OYIET WATHCAHA M HIAAA KOVIEKTHBNAN HZyWad MOHOTPAQHA 1m0 TeMe
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2.4 TlarenrocnocoGHocTs: HenorenTocnocoGwst

2.5 Haysno-Texiseckih yponens (obina): Tph BUTOTHERHH ARINOTO NPOCKTa GY7yT
PASPACOTAHG W3 OCHOBE QYWIAMCHTATHHEIX 3AKONOB COXPUHCHHA IHCPIHN MATEMATHIECKI
NOICTE YCTANOBHBILNXCA WCTVHCHNAX TEPUOJHSHIECKX IPOLCCCOB B CTEPATAX IPEMEHHOT
IR W OFPANISERHOM ATHS TPH BOSACHCTENH PASTOPOLSBEX TOKRTLHBIX HCTONHHKOB TETTA.

2.6 HCHOTHI0BIHE HaYSHO-TEXHIIECKOR MPORYKILAH OCYIIECTBIRCTCR: HCTIOTHHTREM

2.7 Bt HCTOTBI0BHHA DE3YANTAT HayuHOf W (HTH) HAYSHO-TEXHICKOH ICKTCTRNOGTH:
TIpHOGPETENHE  YHIAMENTATHHEX  TEOPETHNCCKHX  SHAWWH B OGIACTH  HCCICIOBAHHA
CTATOBBINXCA HeTHIEHIX TEPMOBISHIECKYX POTIECCOB B CTEPKHAX IEPENEHHOTD CeSEHHA 1
‘OrpameHHOl ATHEEL M BOSEACTENH PASHOPOIIX AOKATLHLEX HCTOUHHKOB Ter.
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ALGORITHM FOR THE STUDY OF THE THERMO-MECHANICAL CONDITION OF THE ROD
INSIMULTANEOUS LOCAL TEMPERATURES AND THERMAL INSULATION

Abstract. A homogensous sonopicrod of it Janth and constant cosssecion bas beenconsidered Negative
{esmperaures sr -t the o ends ofthe rod. The rod - diadd o haee equl part. The e sufsce of the st ad.
third part of the rod i inculaed. On th sde surface o the midle (113) partof the rod, e temperstre i summed w,
‘which varis alomg the lengh of i segment nonlnear. To stdy the emerging seady-state tharao sres: srain sate. 3
computstional algoitim baced on the fndamental energy concervation aw s proposed — the fempersture is
approcinated by quadrati spline functions. The i of tnmperauredstibuiion slong he Length of e rod i determined.
rom which the valueof the extesion ofthe od s caleulaed,fr e case when oneend o he rod i rigly lamped nd.
the othr i fe.Inthe caceof pinhing the fvo ends of e od,the valusofthe resuling =l oce s calealatd In s
cace, thedistbution ields of thethermoslate, emperatue, and latic components of e deformations nd sresces re
2o determined. Using the v of dirbation o the sl component of deformatons an he property of contiuity of
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Algorithm of applying the energy conservation law to study

the thermal stress-strain state of a rod of variable cross
section with the simultaneous presence of local temperatures,
heat exchanges and thermal insulations

Mubeyat Nigzbeld, Kuensaule Talp’, Kudaykulov AK, Mukaddas
arshidinor, Anarbay kuaykulosit, Azat ashess

School of Information Science and Engineering Xinjiang Universty, $30046, Unma,
China

*College of Chinese Medicine o Xinjiang Medical Uiversity, $30011, Unumaj.
China;

 Intinte of Information and Computational Technologies CS MES BK_ 010011,
stana, Kazakistan

* Al Farabi Kazakh National University, Almay, Kazakbstan

Abstract: The bearing elements of porwer plant, infenal combustion engines of jo engioes,
muclear thermal power plants, gas-genersting power plant, processing line, and spacecraft
antemnas are ods of vanble cros: secton. They work in 3 difcult famperatire emvrcement
In i paper e propose an lgorsth for applyn the fndamenta v of enerey conservation
Sor 3 dasp sy of the remlting hermslsvec-srn tte f o of iited ength snd varisble
cross sacion in the smltansou: preence of locsl temperaues, best exchange and hermsl
inoulzton. At e s2me e, he obfained soluins i the formn of detenmining the femperaure
il icplacemen, Il the components of deformation: and strescs, 3 well s e calculated
values of the rod slongaton and the resuling 2l foce are highly sccurate 3t th level of
stifying the energy comservaton L.

1 Formulation of the problem
A borizontal rod of limited length is considered Lcm]. The axis O i directed from lef to right.
‘which coineides vith the axis of the considered rod. Radius of section of the left end of the rod
r=0ymlcm].

Radius of secton of the right end of the rod r(s=L)mu{em]. The radius of the rod section along its:
length varies linearly i e

@) = (L) x+m, 0<x<L [
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Figure — 1. Computational scheme of the problem.

‘The temperature s given at all points of the cross section of the lef end of the rod T(x = 0) =
T,[7C]. Heat exchange with the environment occurs through the lateral suface of the first (1/3) length.

oftherod. In i cte, the bes exchange cofficintis b [=2], and T[] - ambint temperatre,
The lterl sufic of the middle 1) pat of e rod (4. 3 <.2) s nnlated. A e, threwill
e 0 bea s tough the el e f th sction (5. 3 < 2) o the rod. N we o 0 the
Vst thind part of the rd section (2 < ) . Hes eschang with the envionment o ke place
through the lateral surface of this section. A similar process occurs through the cross-sectional area of
the right end of the rod (x=L). In these places, h is also the heat exchange coefficient, and the ambient
‘temperature is Toc. If the radius of the rod in question changes linearly. According to (1), the cross-
sectional area along the length of the rod varies nonlinearly, as follows

5)x? +2m (B2) 5 478, 05xsL

Phvicl and mechaical properte of the rod paterial ae clracteized by thenl condctivty
Coeffiints g =5 of thermal espansion 4] an the lastic mochlus £[A2] 1t i reuie to
detemine;

1. The law of temperature distribution along the length of the investigated rod section:

2 ‘The magnitude of the elongation of the rod if one end of the rod is rigidly pinched, and the
otheris ee;

3. The magnitude of the resulting axial force, if both ends of the rod are rigidly pinched;

5 The s of dmbuaon of o<t lempente i st tomponnts of
deformations and stresses along the length of the rod;

5. ‘The law of distribution of displacement along the length of the rod.

2. Building the functional of total thermal energy for a rod of limited length and variable cross-

Séction
‘We will consider the frs discrete element of the rod in question. Figure -2

-
N
Figure - 2. The firs discrete elemen.
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ABSTRACT

The ectsblihd thermo mechasical st of 3 sod of inited
Tongth of vanable secion 3t mlianeous existence of local
Superficial heat xchanges, beat nculaion and bt fuses b
beem comidersd At 3 reeach of 3 rod fundument]
conservation i of enery nd square the function -pine i 2
Iocal coorinate rystem as been wed.

Key words - Lengiening, sl foce, secions, temperanee,
movenen, deforminon, i

LINTRODUCTION
Casider the horntal coe of liited length Licm] snd
bl ection e, Radie of saction of 3 core dhanges
Tneaty an s engh e blem, (O, whers 3 snd e
constamts, The cooeseciousl aes of 3 core changes ot
e S
Fx)=m=n(a'x - 2abx+b)fem’], 0=x-L).
Phyacal and mechanical propernes of matenial of 3 core
are charsceied by bt conducitycoeficiets, (2] o
thermsl expsnsions [ module of elstiity of matel of 3
cone[25] Lot ssoum tha o th cros-sctiosl s of he
1R end of 3 core the hest fux of comstnt memsty =
rougte =], At this s o the o ecinal e of he
vight endof 3 coe the beat fux i biousght by
ity o] Local side ees0xcL miLocweLybe
ndied o e bestnalated. Throngh 2 ol ide e
(Lyzx=L;)core there iz 3 heat exchange to the emaronment of
B suwbes At e cme dme hest exhmgs
wod it temperatze TIKD 1t &

A DO @ me- R

Volume 9, No.4, July
International Journal of Advanced Trends in Computer Science and Engineering
Available Online at http://wivw. warse.org JATCSEstafic/pdf Slefjatese366942020.pdf
bitps:/doi.org/10.30534fatcse/2020/366942020

August 2020

Software implementation of a Computational Algorithm for accounting for
the presence of local Superficial Heat Exchanges in Rods of var

ble section

Archidinora'Azat Taber’, Anasbay Kudaykalor”
AL Frabi Kazals Ntiona) University, Almary, Rasabbtan smkadd wchidigmslru
latiue of Information and Compuiatioal Technologies CS MES RE. Almaty, Kazakhstn aatash@mail
“tiute of nformation wnd Computatonsl Technclogies CS MES RK. Almary, Kasakietan
udayilon 206Gl re

ICONSIRUCTION A QUADRATIC _SPLINE
FUNCTION _IN THE LOCAL SYSTEMOF
COORDINATES

The imesigated rod of aisble crosssection nd
‘bounded length is discreized by lements of length I=Linfex]
[L2] Tnthis cae, . the mumbr o disrete clments inthe rod
Hire 1L Concidr th temperature distbusion Seld along.
the lngth of one et element o] e Fewe2).

Fisuwe 2 Teparnas dvinon S son e o
s s (012

Inalocal cordinate sstem (0 < ¥ < Deross secion with the
coondinat of he cros ecton withcomdinse % — 0, danateby
& Similaly, the cross section it the coordinate x =
denote by . Finlly,thecrosssection wth the conrdiate x
denote by k The temperature values in e nodes 1 k dente T,
Tj 20d T, respectively. The law of femperature dstrloution
Sl the length of one discrte slement ipprosizsted by 3
complete polymomsi] of the cond arder st 2
TG0 =G + G+ G G52 <D W)

whereC, €, and C,fhe comtants e

At sbove the accepted deignations it 5 possible o construct
the following stem for detrmination of vakues of coustants
2 aboveC, C; and G,

Tx=0=604G0+ =T

safiatia=T, @

Gl e lie=T

o, we nd it
€=, 6 = T
G=E@ -2 4T ®

=)
v

B 7 &

@  Bowm

Mouck "Penaxtuposas Tekcr”

[® 3xcnopr PDF v
PeaakTuposats PDF
Cospars PDF v

[lo6asuTs KoMmeHTapHin

@

OBbeanHMTs Qaiinbi
Vcnpasurs
SaumtvTs

Cxars PDF

3anoHwTL ¥ noanucaTh

& D B O

[lononHUTENbHblE MHCTPYMeHTS!

Mpeobpazostsaiire u wamernirre dasine PDF
 Acrobat Pro DC

Becnnatvan npo6ian sepcns




image122.png
ijatcse366942020.pdf - Adobe Acrobat Reader DC
aiin Pegaxtuposanme Mpocuotp Mognuce Okwo  Crpaska

TnagHas  VHCTpymeHTsl BECTHMK-2020 Ne... ijatcse366942020.p... X

Mukadts Anbidioova ral, Taerason! ovraa of Advanced Treats n Compraer Sciece and Engiserin, 59, Joly —August 2020, 6710 6716

Further ubstnating (3) formmla in (1) we vl rceive

P I
+ T+

L
2k
L RN
These functions we will call square 2 spline functions in the

local system of coondisates (0 < ¥ < 1) (3] These fenctions
v the following properte:

B R Q ®O® 277 A MO nx- B

XLy
Figare :The fist dscee e of e siedcom
For his clement the fmcticnality oftoal thermal energy
s the fllowing sppearance [4-7]

- [fe

Lax=0 vatx=0 atx=0 rim (0sxzngy

L

L h
a0=loax=L g@=liax= L o@=lonx= L, g g b b 15 1

dax=t (g Loax=1t

Aot shonld be noted st

009,000,
20.%0 50

EREREEN)

These proparties square the spline of fncions povades the
contizty of required fnctions upon Sansiion from 2 dicrte
Slementtonext.

Using exressions (6) we will revte (4) in the fllowing.

T =0T +0,0T,+0,00 021
Expreicn of s gradient oftepers it g of coe
dite et b e Ellowing sppence
ERERRCEC
e e
VS e

IT

@sxsn
Simlaly (5, the Geld of movement witin lengh of e
it e el v the fllowing sppesace

V)= (U] 40,00, +0, (0, (0 = ¥ < DA0)
whare UL Uk .. - movesset of sectons £,k

3.CREATION OF FUNCTIONALITIES OF TOTAL
HEAT ENERGY FOR DISCRETE ELEMENTS OF A
ROD OF VARIABLE SECTION.

Lt considar discste elment o the sdied od of vaishle

section with lef on the right At frt we sl conciderthe it
et clement, sioce the et end of 2 rod(eg Figure3 )

P BseavTe 31ech TekcT Ans noucka n E e .

clobal mumbeing of hubs 12 and 3
o the et disrets slemnt of the rudied core

LTI -L:L =T
Hrethe 2 1 3 ks v e, N, tkin it

account physicalLws we integrate xpression (11). Fo the st
Gl of this expresion we ave.

Ji= [aTdsF =0 aT-stia,
e @
a1 =20

Sty e willconsdr e scond gl n th olme

IF(xX%)’&v(li)

Hre it iz sevesled that the sum of coffcents 3t
TLLE ILILIT, e e conmo
Moo will conide the zcand icrste slement which
through sde surfces thare 15 3 beat exchames fo the
exvironment (eg Figwe).
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where, Vs —solume of the second diserete clement |

S e of  side e ofthe sacond dicrete slement
o e pass tothe tird disree clement. The side.

surice of i slement i best sulsed. On the ez actions]

—cros ections wes of he right s of 4 core FGmLI
sl =Rl 5

Then the itegated e of fuctiomlty of J, bas the
llomag sppearance

Lt frth thin st of 3 core we hsve

T@=0@I 0 Wl+0,0)T,
©0<x<n) o

4DEFINITION OF THE FIELD OF TENSION AND
DEFORMATIONS

1 cne end.of the considared esizantally locsted rod of
arible secion i rigdly jummed, hen it because of xitence
of 2 Seld of temperatre  extnded. The vaue of lenthening.
12 dfine in compliance ofhe general s of hermophysics

oty = L arax ey

were 2] conficin of sl expansion of st of
a core. T (x) the law of distribution of temperature on core
ey

er(0) = - aTG) = 226 =30 + BT, +
(4 — 40T + (427 — 4lx + )15 + (4l — 43T, +
(427 — 4lx + )T + (4lx = 42T, + (2% — OTy] 5

gl By 3 1, 16, B0l 1o T,
o T LI S 0
i

w

Then fnciality of total thermal energy for the sudied
core on nodal values of temperatues Ti. (=1, we wall
construt the allowing cyotem of the linex algsbraic squaion:
‘aking ioto account satual boundry conditions

R A

Fuather miniizing thiz Sancionslity on sodsl values of
temperatures T, (=1.7), we wll consruct the allowing system
of the linear algebraic equions taking into accomt manual
boundary conditons 9]

‘Salving his -yem odal values of empertuze T, (=17
s definad. On them the i of dobation of tempersture o
Tength ofthe sudied cove 2 fllows is mder constraction:

For the st te of s core

TW=oWI +o,WL+a W,

©0<x<n) s
Forthesecond i of  core

TE)=q 0T, +0,(OT, 0,04,
©<xs1) ©

P BseavTe 31ech TekcT Ans noucka n E e .

quecring force of R (eg Bigurs).

Fitare 6 Rod o bl section e e afence of sl
ey

For determnaton o e of the arising sl fce of K, we
£ the verage aea of cross ccton

LFOdr _ fr(a®® + 2abx +b2)dx
LR T T
(v a+r)n
whereky[en’]

Lt consider 2 tck abont compresion of the studied
core e the nfluenc of the w5l frce of R (eg Fiewe 7).
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