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EXPERIMENTAL DETERMIINATION THERMAL CONDUCTIVITY  

OF DOLOMITIC LIMESTONE 
 
 
Introduction The origin of geothermal energy is in the hot core of the Earth. Due its inexhaustible potential, it is also included among renewable sources. Renewable sources are, from the point of view of national economies, domestic resources that have the potential to replace and in the future, in certain applications, completely dispose of fossil fuels. These sources already offer the opportunity to significantly diversify energy sources in each country. Their development is also seen as an important tool to protect the national economy from future shocks from the rise in imported fuel prices and the cost of environmental damage [1]. Heat from the Earth's rock is obtained from deep boreholes of 100 m to 300 m. Systems for acquiring natural thermal energy from the ground are referred to as ground (wells) – water, i.e. that the rocks are the source of thermal energy that is pumped from the rocks through a circulating antifreeze mixture into a hermetically sealed collector. The heat pump produces a heat output of up to 65C through the compressor, which is sufficient for the hot water heating system or for hot water heating [2]. Limestone and dolomite make up four fifths of all sediments on the Earth's surface. The transition between dolomite and limestone is not sharp, and thus is form a dolomitic limestone – a rock made of dolomite and a predominant limestone. Dolomite is a rock of sedimentary origin. It consists predominantly of a mineral of the same name. It is formed by settling of CaMg(CO3) in hypersalinic aqueous medium, but more often it results from dolomitization of settled limestones [3]. In Slovakia and especially in the Žilina region there is a large number of sites on dolomitic limestone, so it is necessary to know the properties of these rocks in what composition they occur in nature. The course of the temperature field in the rock mass can be determined by direct field measurements and analytical calculations. Mostly on-site measurement results provide input data for analytical calculation. On the other hand, the analytical calculation applies to the ideal body, and the information thus obtained provides a sort of temperature field course. By comparison, we can determine whether the temperature field in a rock mass based on the calculations is real or is loaded by errors (in measurements, in ignorance of structural - texture parameters, moisture and other aspects of material and mass) [4]. 
Thermal conductivity determination We can measure thermal conductivity in several ways. These methods are primarily determined by the thermal mode in which the measurement is performed. The most frequent measurement is in stationary or non-stationary mode. For both methods, a number of specific methods have been developed in practice and are being used successfully. In general, stationary methods of measurement are suitable for thermally conductive materials, and non-stationary methods are more suitable for thermal insulators [5]. 
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At present, the method of measuring the thermal conductivity of dry materials by means of non-stationary heating is being gradually applied. The advantages of this measurement method include short measurement time, simplicity of operation, measuring device, but also determination of the influence of moisture on material samples on their thermal conductivity. Based on the above facts, the thermal conductivity of dolomitic limestone was measured using a non-stationary method – the principle of the heated wire method. The heated wire method is amongst non-stationary methods, the principle of which is to measure the temperature rise at a defined distance from the linear (line) heat energy source or the constant power per unit length in the volume of the measured material. The mathematical model assumes the ideal, endlessly long line heat source, in this case the heated wire, which is surrounded by an endless, homogeneous and isotropic environment with constant temperature. If a heat source with a constant output per unit of length q starts to operate at time τ = 0, a radial heat flow will occur in the material around the source. If the temperature variables are independent of the temperature in the range of temperature changes caused by the effect of the heat source, then the temperature increase ΔT (r, t) at the distance r from the heat source is valid [6]. 


 
  24( , ) ln ,      K4qT r t

r
 

The thermal conductivity λ is determined from the relationship of the linear dependence of the temperature increase ΔT to the logarithm of time lnτ according to the relation: 
1 1,      W m K4 q

SP



     

Experiment The determination of the thermal conductivity of dolomitic limestone results from the determination of the thermal field. Measurement of the temperature field was carried out in laboratory at the University of Žilina on the sample of stone – dolomitic limestone from stone quarry in Varín near Žilina city. In figure 1 is a schematic diagram of measuring the temperature field of a dolomitic limestone sample. The sample has one vertical hole with a diameter of 30 mm and a length of 800 mm and three horizontal holes of 12 mm in diameter and 300 mm in length. In to a horizontal hole is inserted in bentonite cover heating rod of 17 mm diameter plugged to a laboratory DC power supply which supplies a constant heat output of 100 W.  

 
FIGURE 1. Schema of the temperature field measurement: 1 – Laboratory DC power supply, 2 – Measuring unit, 3 – 
computer, 4 – Temperature sensors 
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The principle of thermal conductivity measurement by the heated wire method is that heat samples are transmitted to the analysed sample pulses and the subsequent temperature dependence of the temperature response of the material. The heat flux is generated by dissipated electrical power in the resistance of the probe, which is the heat conduction associated with the laboratory material. Resistance temperature is sensed by a semiconductor sensor. The temperature field was measured using NiCr - Ni thermocouples placed in horizontal holes and on the surface of a rock sample at different levels and at different distances from the heater. Ambient temperature was also measured. The temperature measurement interval was set to 1 minute in order to measure possible thermal effects during the measurement. The whole sample was enveloped circumferentially by thermal insulation from mineral wool 10 cm thick to prevent the influence of heat flow due to ambient temperature fluctuations. 
Results A steady 100 W heat flux was supplied to the sample within 50 hours (3000 minutes), which was sufficient time to dissipate the heat throughout the sample. In figures 2 and 3 are the results of measuring the temperature field in a sample of dolomitic limestone at a delivered heat output of 100 W.  Figure 2 shows the effect of the outside temperature on the temperature of the surface of the stone, where partial stabilization of the temperature is seen after 1500 minutes and completely after 3000 minutes.   

 
FIGURE 2. Dolomitic limestone surface temperature course and ambient temperature course 

 In figure 3 is the temperature flow in the individual probes located in the sample. The red colour shows the temperature of the probe at a distance of 150 mm from the heat source. The green colour shows the temperature of the probe at a distance of 300 mm from the heat source. The blue colour shows the temperature of the probe at a distance of 550 mm from the heat source. The temperature course inside the sample were mainly influenced by heat from the heat source where it is seen that with increasing distance from the heat source the temperature decrease and partly from the ambient temperature when during the day the temperature increase was faster than during the night. 
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FIGURE 3. Temperature course in the dolomitic limestone sample  Calculation of the thermal conductivity of the dolomite limestone results from the theory of the heated wire method and the directives of the trend logarithmic curve determined according to the measured temperatures of the sample. 

1 1125 5.56 W m K4 4 1.786q
SP


 

       
The measured heat flux is determined as the ratio of heat that is delivered (withdrawn) during the measurement and the depth of the hole in which the heater body is located. The amount of heat was determined as the product of the supplied current and the el. with a 100 W power output. The hole for the heater is 0.8 m: 

1100 125 W m0.8Qq
H

     Ražnievič [7] states thermal conductivity value of the dolomite limestone to be 2.268 Wm-1K-1 and Ochaba [8] states thermal conductivity value of the dolomite limestone in range from 4.19 Wm-1K-1 to 6.28 Wm-1K-1. 
Conclusion The aim of the experiment was to determine the thermal conductivity of the dolomite limestone rock origin from the nature in the Žilina region, which could represent a potential renewable energy source for low temperature heating technologies. Experimental determination of the thermal conductivity of the dolomite limestone by the heated wire method revealed a value of 5.56 Wm-1K-1. This value has been compared to the values given in the tables of the thermophysical properties of the Earth's rocks in several sources and can be considered relevant.  
References [1] Petráš D. a kol.: Obnoviteľné zdroje energie pre nízkoteplotné systémy, JAGA group, s.r.o., Bratislava 2009, 246 s. [2] Petráš D. a kol.: Nízkoteplotné vykurovanie a obnoviteľné zdroje energie, JAGA group, s.r.o., Bratislava 2001, 271 s. [3] Kunz A. a kol.: Využití horninového prostředí jako stálého efektivního zdroje energie pro tepelná čerpadla. In Sborník přednášek "Nové poznatky v oblasti vŕtania, ťažby, dopravy a uskladňovania uhľovodíkov, Podbánské 2002, pp. 69-75. 



 - 7 -

[4] Ryška J., Bujok P.: Možnosti využití horninového prostředí prozískávání nízkopotenciálního tepla – zkušenosti 
OKD, DPB a.s. In Sborník referátů conference "Současnost a perspektiv a těžby a úpravy nerudních surovin", VŠB – TU Ostrava 2002, pp. 239-240. [5] Wang H. et al.: Improved method and Case Study of Thermal Response test for Borehole Heat Exchangers of 
Ground Source Heat Pump System. In Renewable Energy, 2010, pp. 727-733. [6] Witee H.J.L. et al.: In Situ Measurement of Ground Thermal Conductivity: The Dutch Perspective. In ASHRAE Transaction 108, 2002, pp. 263-272. [7] Ražnievič K.: Termodynamické tabuľky, Alfa, Bratislava 1984, 336 s. [8] Ochaba Š.: Geofyzika, Slovenské pedagogické nakladateľstvo, Bratislava 1986, 368 s.   
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CONCENTRATION OPTIMALIZATION OF ETHYLENE GLYCOL  
IN THE GROUND HEAT EXCHANGER HEAT PUMP 

  
Introduction At present, particular attention is paid to the diversification of heat sources, to the efficient use of energy and to the ecological aspects of the use of primary energies, especially in the EU and within the Slovak republic. A very good way to achieve the use of renewable energy sources. Slovak republic has a real renewable energy potential mainly in biomass, geothermal energy, solar energy and hydroponics of rivers. Every kind of renewable energy has its own specifics. In the Slovak republic water energy and biomass are currently used. In Slovak republic there are suitable conditions for use of geothermal energy due to its suitable placement on breaks in the Carpathian arc.  The average geothermal gradient for the SR is 33 K/km, with some locations up to 50 K/km, while the average is 30 K/km in the world. Hydrological research has been focused on prospective geothermal waters with temperatures ranging from 25C to 150C with a total usable potential of more than 5 500 MW. The problem of using geothermal water is its potential (water temperature) and mineralization causing the incrustation of pipelines and other system facilities. While geothermal resources with a water temperature above 25C are closely linked to certain locations, the country's low-potential energy is above average in the whole of Slovak republic. Geothermal heat from the ground is most commonly obtained through horizontal ground/water type heat exchanger (about 40 W/m) or through vertical exchanger embedded in deep boreholes of approximately 100-150 m (40-60 W/m) [4]. 
Evaluation of the use of low-potential heat sources 
Water/water system As a source of low-potential heat – surface water it is possible to use water from water streams, various natural and artificial water reservoirs, dams and so on. However, this resource, with sufficient expense, is not available for most locations. If it is available, it is often heavily polluted. Surface water temperature fluctuates throughout the year, resulting in an unstable heating factor. For these reasons, the surface water system is not very widespread, but rather for specific local uses. The source of groundwater is generally drilled wells, specific cases are dug wells or deep boreholes. For heat source stability, a sufficient and steady supply of groundwater with low mineralization is required. If the water is strongly mineralized, it is usually pumped from the well to the pre-heat exchanger. The benefits of groundwater application are high heating factors (4 and above) even in the winter. The installation of the water/water heat pump is only appropriate in areas with excellent hydrogeological conditions which are known in advance and there is no need to invest in hydrogeological surveys that may be negative for the use of water for the heat pump. Suitable areas are not commonly found and are often known in the spa and mineral waters protection zone.  
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Air/water (air) system The source of heat is usually the surrounding atmosphere, whose temperature strongly depends on the climate and the season. This is caused by a low annual heating factor and the need for an additional heat source. This system is most easily available due to lower investment costs and simple installation. Air/water (air) application is very well suited to the corresponding climatic conditions (e.g. South Europe) where the air temperature is slightly above 0C even during the winter. For areas in the north of Slovakia, where the winters are much frost-free, this system cannot provide the necessary heat at acceptable operating costs. The air/water system is only suitable for summer cooling of buildings in this area. A notable disadvantage is noise production and aesthetic impairment of the building's appearance and surroundings [9]. 
Earth/water system This system uses two sources of low-potential heat energy: • soil – soil layer to a depth of about 2 m, • grounds – deep boreholes. In the use of soils, the primary heat exchanger of polyethylene pipes is put into excavations on the site. The advantage of this application is relatively low investment costs compared to deep boreholes and a higher heating factor than in the case of air system applications. Suitable soil as a source of low-potential heat is relatively commonly available. The main limiting factor in this application is the size of the land and its deterioration in terms of future building plans and planting possibilities.  The use of grounds as a low-potential source of heat is very widespread throughout the world, particularly in the US, Sweden, Switzerland and Germany. Compared to the above-mentioned low-potential heat sources, the deep-water drilling system is the most versatile because it is not bound to any specific climatic, geological or hydrogeological conditions. The undeniable advantage is the stable heating factor throughout the year and the low land size requirements without its significant deterioration. The disadvantage is that heat pump boreholes can not be implemented where the land is legally protected (e.g. spa areas, water sources for water supply, underground water supply and mining works). The factor that most clearly prevents the expansion of this system in Slovakia is the high initial investment for the drilling. Heat pumps ground/water are also suitable for larger objects where other systems typically have numerous limitations in terms of: • natural conditions – the primary source of low potential heat does not meet the required thermal input either due to low source temperatures, low water resource yield, or limited land area, • technical requirements – unstable heating factor, noise, disturbance of land or building appearance. From the above-mentioned evaluation of low-potential heat sources for heat pumps, it is clear that for the local climatic conditions, the most prospectous option is the use of deep boreholes. It therefore makes sense to deal with the more efficient use of the substrate as a source of low-potential heat for heating or cooling purposes. At present, the Department of Energy Technology is currently exploring the use of low-potential heat from rocks through deep boreholes. In the area of the University of Žilina there are two 150 m deep boreholes works on the Great Work. At present, a standard vertical earth exchanger with two U-tubes is located in one well, and four heat pipes are located in the other [4, 6, 8]. 
Vertical ground heat exchanger Vertical ground heat exchangers are divided according to the geometry of their cross section and the way heat is transferred between the working medium and the borehole. The two basic types of heat exchangers are shown in figure 1 and figure 2. 
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FIGURE 1. Ground heat exchanger – U [6] FIGURE 2. Coaxial ground heat exchanger [6]  Heat exchanger type U exists with one or more U-tubes. In a U-tube heat exchanger, the heat transfer medium flows through the collector one side and the other out of the heat exchanger. Often a collector with two U-tubes is also used due to lower thermal resistance Rb and pressure drops. In the world, well-filled wells (not injected) are used, but they are not being implemented in Slovak republic [6]. In our conditions a U-exchanger is usually made, usually with two U-tubes, so we only work on this type of work figure 3. The experimental exchanger on which measurements were made is also of this type. The exchanger tubes with two U-tubes can be connected in parallel or in series. In case of serial connection, the heat transfer fluid flows through both pipes and at twice the speed of the parallel connection. A characteristic feature of coaxial heat exchangers is that heat transfer with the environment occurs in the outer duct, with the flow direction being different for heat delivery and removal. The inner tube is often thermally insulated to minimize heat transfer between the channels. The coaxial exchanger may be designed with or without an outer tube, i.e. a closed or open system [7].  

 
FIGURE 3. Schematic layout of a typical double U-tube heat exchanger: cross-section of borehole [7] 

Heat transfer medium The heat transfer medium (fluid) used in the primary circuit of the heat pump also operates at temperatures below 0C, so it must be ensured that it does not freeze. To protect the heating and cooling systems from frost, different types and concentrations of antifreeze medium are used. Many products are available on the market, some are used as concentration with water, and others are completely free of water. Below is a brief overview of working mediums. • Ethanol: low corrosivity, high flammability (clean), low toxicity, high thermal capacity, low viscosity, average price. • Methanol: low corrosivity, high flammability (clean), high toxicity, high thermal capacity, low viscosity, low cost. 
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• Propylene glycol: low corrosivity, low flammability, low toxicity, low thermal capacity, high viscosity, high price. • Ethylene glycol: low corrosivity, low flammability, high toxicity, low thermal capacity, high viscosity, high price. In our case, a solution of ethylene glycol and water is used in experimental ground exchangers, so we do not consider other antifreeze working medium (fluids) [5]. 
Optimization of the heat transfer media concentration Pour point is the parameter for determining the required ethylene glycol concentration. The values of the thermodynamic variables vary with temperature, therefore, the density models, the thermal capacity, the thermal conductivity, the dynamic viscosity, and the Prandtl number were used in the calculations. The set values were then used to calculate the amount of heat recovered in the ground  U-heat exchanger, the electric power needed to drive the circulator, and the total heat input of the heat pump from the primary circuit. The calculation also considered type of flow and its effect on heat transfer and pressure loss. The parameters of the heat and rock (soil) parameters required for the calculation were selected according to the experimental exchanger at the site of implementation. The temperature and thermal conductivity of the ground as well as the total thermal resistance of the heat exchanger were determined by a Thermal Response Test (TRT). To assess the overall energy balance of the heat exchanger operation, the heat transfer medium flow is decisively affected by the heat exchanger tubes. Increasing flow increases the amount of heat extracted from the rock but only to a certain value, then increases only slightly. On the contrary, the heat exchanger's pressure loss increases quadraticaly over the whole range of the heat transfer media considered. The selection of optimal flow depends on the required heat exchanger design parameters. The results of the optimal solution concentration analysis can be applied to all heat pump heat exchangers working with the ethylene glycol solution.   

 
FIGURE 4. The specific heat collection when the heat exchanger tubes are connected in parallel 

Conclusion From the processed dependence of the parameters (density, specific heat capacity, thermal conductivity, dynamic viscosity) with temperature, the increasing concentration of the medium deteriorates the properties of the solution in terms of its use as a heat transfer medium. Emphasizing 
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the most economical operation is to adequately limit the concentration of the solution to what is necessary to protect the system against freezing. In some cases, a 20% concentration of the solution with a freezing point of -7.7C would be sufficient. The resulting values at 20% and 25% are slightly different, so it is recommended to use a 25% ethylene glycol solution with a freezing point of 10.9C for the normal operation of the heat pump heat exchanger. The use of a 25% solution at low flow rates has only a small impact on the increase of electricity consumption compared to pure water, up to 10% compared to 20%, providing a certain heat reserve against freezing of the system. The use of a higher concentration solution greatly impacts the efficiency of the use of the electricity used to circulate the heat transfer medium in the ground heat exchanger.  
References [1] Baehr H.D., Stephan K.: Heat and mass transfer. Berlin: Springer, 2006, p. 688. [2] Lenhard R., Malcho M.: Numerical simulation device for the transport of geothermal heat with forced 

circulation of media. Mathematical and Computer Modelling, ISSN 0895-7177, vol. 57, iss. 1-2, (2013), pp. 111-125. [3] Jakubský M., Lenhard R., Jandačka J.: Výstavba zariadenia na simuláciu transportu nízkopotenciálneho 
geotermálneho tepla v laboratóriu. ALER 2011, Žilina: EDIS Žilina, pp. 88-102. [4] Lenhard R., Jakubský M., Nemec P.: Device for simulation of transfer geothermal heat with forced and without 
forced circulation of heat carrier. Power control and optimization: proceeding of fourth global conference: Kuching, Malaysia, 2010.  [5] Conde M.: Thermophysical Properties of Brines: Models. 2011. [6] Gehlin S.: Thermal Response Test, Method Development and Evaluation. Luleá University of Technology, 2002.  [7] Pahud D., Matthey B.: Comparison of the thermal performance of double U-pipe borehole heat exchangers 
measured in situ: výskumná správa. Switzerland: Energy and Building, 2001. [8] Ryška J.: Vrty do hornonového masivu - zdroj energie pro tepelná čerpadla (III): Zdroje tepla 2006. [9] Srdečný K., Truxa J.: Tepelné čerpadla. Brno 2005.  
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MATHEMATICAL MODELS FOR DETERMINATION  
OF SPECIFIC ENERGY NEED FOR HEATING USED IN UKRAINE 

  
Introduction The efficiency of energy use is a relevant issue nowadays due to the exhaustion of fossil energy resources. The main consumer of thermal energy is residential and public buildings. One of the key indicators that characterize efficient energy use for heating purpose is the specific value per unit area and/or volume. Therefore, particular attention is paid to the methods for determining the energy need for heating, on the basis of which the values of specific energy efficiency indicators are calculated, to find out the possible level of energy saving in the building. The lack of building energy need adequate assessment in Ukraine leads to the fact that unlike the EU, it is impossible to determine the basis for comparing the current level of energy efficiency of the real estate sector and to establish realistic goals for its improvement in the long term perspective. Solving these problems, analyzing the actual data and obtaining data for energy consumption adjusted to standard conditions require the use of calculation methods and mathematical models for different purposes. This paper is devoted to the study of various methods application features used to determine energy need for heating, which there are a large number [1].  Determination of energy need for heating based on experimental data has a number of approximations and inaccuracies, so it is advisable to establish the annual energy need for buildings based on the calculated approaches. Addressing these challenges requires the use of calculation methods and mathematical models. Depending on the tasks being solved, the following calculation methods can be used: stationary, quasi-stationary and dynamic. Stationary calculation methods, which are the most widely used in Ukraine, allow calculating the energy need for heating in building for the entire year and do not take into account thermal inertial features of the building. Quasi-stationary methods are also used to calculate heat balances for a fairly long time interval (usually one month or a whole season); the dynamic processes of utilizing of heat gains and/or losses are taken into account by empirically determined coefficients. Dynamic methods, by which the thermal balance is calculated for short-term time intervals (usually one hour), take into account the amount of heat accumulated in, or released from the building envelope. Most of the buildings in Ukraine belong to the typical construction of 1960-90s. For these buildings specific heating and ventilation characteristics are determined depending on the purpose, year of construction and the volume of the building [2]. Even nowadays in Ukraine calculations are made according to the aggregated heating characteristics. There are also sectoral norms for energy need for heating depending on the purpose, volume and location of the object [3]. 

.. 24int cр оyear max
о о o

int р о
Q Q n

 
 




        (1) 
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where: 
year
оQ  – annual amount of energy consumption for heating, kWh/year, 
max
оQ  – maximum heating load, kW, 
int  – normative internal air temperature during the heating season, С, 

.cр о  – average outside air temperature during the heating season, С, 
.р о  – design outside air temperature, С, 

on  – duration of heating period, days, 24 – operating time of the heating system during the day, h. 
  30 з . 10max

о int р оQ q V                             (2) where: 
  – coefficient that takes into account the difference between the real and calculated conditions, 0q  – specific heating characteristics of building at the design outside air temperature . 30 Ср о    , 

зV  – external volume of the building, m3. Till the recent years, the methods for determining energy consumption and energy efficiency assessment in Ukraine took into account only annual energy consumption for heating and did not take into account the need for cooling and hot water supply [4, 5]. According to standard [4], the building energy efficiency should be determined on the basis of calculated or actual annual energy consumption for heating needs, while ensuring appropriate sanitary and hygienic norms in the building spaces. Standard DSTU N B А.2.2.5: 2007 [4] uses a more detailed method for energy consumption calculation on the basis of heating degree-days (HDD), that is based on the stationary approach. The fixed heating period duration is necessary for calculating the total heat losses and gains during the heating period [4]. 
 year

о tr int sQ Q Q Q                                  (3) where: 
trQ  – total heat losses through building envelope, kWh/year, 
intQ  – internal heat gains during the heating period, kWh/year, 
sQ  – heat gains through windows from solar radiation during the heating period, kWh/year. 

1tr b dQ k D F              (4) where: 1  – dimensional coefficient, 
bk  – total heat transfer coefficient of the building envelope, W/(m2·K), 
dD  – number of heating period degrees, days,  

F  – internal total area of the enclosing structures with consideration of exterior roof and floor, m2.   
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b tr vek k k                        (5) where: 
trk  – total heat transfer coefficient of the building enclosing structures, W/(m2·K), 
vek  – conditional coefficient of heat transfer of the building enclosing structures, taking into account heat losses due to infiltration and ventilation, W/(m2·K). This method allows adjusting the heating energy consumption according to the actual outside air temperature and average temperatures in building spaces [6]. However, when considering the building as a complex energy system the needs for heating and cooling should be considered in order to maintain the set inside air temperature, also energy need for hot water supply, as well as energy sources should be taken into account. To replace the DSTU N B А.2.2.5: 2007 [4], national method of calculation is introduced on the basis of DSTU B А.2.2-12: 2015 [7], which includes the estimation of energy need for heating, cooling, hot water supply and is based on definition of monthly indicators (quasi-stationary calculation method). In this regard, standard [5] was further developed and standard [8] was introduced. Normative values of specific building energy consumption indicators are also revised, including the need for heating, cooling and hot water supply [8]. The annual building energy need for heating is determined by: 

. .1
n

year
о H nd i

i
Q Q



          (6) 
where: 
i – serial number of the heating month,  
n – number of heating months, .H ndQ  – monthly energy need for heating, kWh. 

. . . .H nd H tr H gn H gnQ Q Q                 (7) where: .H trQ  – monthly total heat transfer by transmission and ventilation, kWh, 
.H gnQ  – monthly total heat gains in heating mode, kWh, 
.H gn  – dimensionless monthly heat gains utilization factor. 

.Н hr tr veQ Q Q        (8) where: 
trQ  – heat transfer by transmission, kWh, 
veQ  – heat transfer by ventilation, kWh. 

.Н gn int solQ Q Q        (9) where: 
intQ  – amount of internal heat gains, kWh, 
solQ  – amount of solar heat gains, kWh. 
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 tr hr int eQ H t             (10) where: 
hrH  – total zone heat transfer coefficient by transmission, W/K, 

int  – the set building zone temperature for heating, С, 
e   – average monthly outside air temperature, С, 

t  – month duration for which the calculation is made, h. 
 ve ve int eQ H t           (11) where: 

veH  – total heat transfer coefficient by ventilation, W/K. Dynamic models for energy consumption calculation are advisable to use for the detailed analysis of energy performance indicators. A large number of papers are devoted to the system analysis mathematical methods application for the study of buildings energy performance [9-11]. The approach of European standard [12] accepted in Ukraine is based on a simplified hourly method for calculating building energy consumption. The standard [12] proposes five resistances, one capacity (5R1C) model, which allows implementing the model in a simplified three-node method. This approach requires the creating or use of existing programs for this method realization. The figure 1 shows a simplified scheme for implementing the method.  

 
FIGURE 1. Model of five resistances and one capacity (5R1C) [12] 

 The energy need for heating is based on the calculation of the heating level, . ,HC ndФ  for each hour to be delivered to the internal air temperature node, air , to maintain a certain set-point temperature. The set-point temperature is an average weighted value of internal air temperature and radiant temperature. Heat transfer by ventilation, veH , is directly connected with internal air temperature node, air , and the node that corresponds to supply air temperature, .sup  Heat transfer by transmission is divided into two parts: the first one is through fenestration surfaces, like windows, . ,tr wH  that do not have thermal mass, the second one is through opaque surfaces ,opH  that have thermal mass, and, in its turn, is divided into two parts: .tr emH  that . .tr msH  Solar ( solФ ) and internal heat gains ( intФ ) are 
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distributed between the internal air temperature node, air , the central node, s  (mixture of air  and mean radiant temperature r ) and the node representing the building mass, .m  The thermal mass is reflected by the specific heat, ,mC  located between .tr msH  that .tr emH . The coupling by conductivity is determined between the internal air temperature and the central node. This scheme is implemented on the basis of standards EN 13790 and EN 13786 [12, 13]. 
.tr is is totH h A        (12) 
.tr ms ms mH h A                     (13) 
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where: 
air  – internal air temperature, С, 
s   – temperature of central node s, С, 
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m  – temperature of node m, С, 
sup   – temperature of supply air in ventilation systems, С, 
intФ  – internal heat gains, W, 
solФ  – solar radiation heat gains, W, , , ia m stФ Ф Ф  – internal and solar radiation heat gains are distributed between the 3 nodes, , , air s m   , 

.m totФ  – total heat flow, W, 
.HC ndФ  – heat flow from heating or cooling, W, 

ish  – heat transfer coefficient between the internal air temperature node, air , and central node, s , has a fixed value 23.45  W/m K,ish    
msh  – heat transfer coefficient between the nodes m and s, has a fixed value 29.1  W/m K,msh   
mA  – effective mass area, m2, 
jA  – area of the j-element, m2, 
totA  – the area of all external enclosures of the building, m2, 
mC  – internal heat capacity, J/K, 
jk  – internal heat capacity per unit area of the j-element of the building, J/(m2·K), 

.tr msH  – coupling by conductivity between nodes m and s, W/K, 

.tr emH  – coupling by conductivity between node m and outside air temperature, W/K, 

.tr isH  – coupling by conductivity between node s and inside air temperature, W/K, 
opH  – total heat transfer coefficient of building opaque elements, W/K, 

.tr wH  – heat transfer coefficient of building fenestration elements, W/K, 

.1 .2 .3, , tr tr trH H H   – conductivity of conditional nodes 1, 2, 3, W/K, 
veH  – total heat transfer coefficient by ventilation, W/K. An alternative option is to use existing software products, such as EnergyPlus, eQUEST, TRNSYS, ANSYS/FLUENT, SolidWorks, Modelica and so on [14-16]. Depending on the tasks being solved, the corresponding programs are used based on the modeling or physical calculations methodology. The EnergyPlus, eQUEST, and TRNSYS software products are based on dynamic methods and approaches. Non-stationary or transient approaches are used in software products ANSYS/FLUENT, SolidWorks, Modelica that allow to analyze the uneven distribution of the studied parameters. The EnergyPlus software product (E+) is one of the most comprehensive open-access programs for building energy performance modeling [17]. This program uses the best approaches of the two well-known programs DOE-2 and BLAST, the calculation methods of which are close to European standards [17]. In contrast to the above mentioned method, E+ separately takes into account the heat capacity of external and internal enclosures. In the simulation of heat fluxes through fenestration surfaces E+ uses a subroutine of Window 5 calculation [18], a Slab pre-processor program [19] is used for calculating the heat losses through the slab on grade, OpenStudio plug-in can be used for creating geometry.  The E+ software uses climatic data from the International Weather for Energy Calculation (IWEC) file as a typical year for the considered city [20]. For Ukraine territory two climatic IWEC files for Kiev and Odessa 
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are created, which are averaged characteristics of each of two temperature zones. IWEC 2 database has weather files for the 41 city of Ukraine, but this is a fee-based resource that restricts their use.  Consequently, due to the fact that above-mentioned dynamic methods are only becoming widespread in Ukraine, the aim of the work is to compare the approaches for calculating the building energy need for heating when determining buildings energy efficiency indicators. Objectives: 1. Analysis of the features of using the meteorological data of the typical year and normative climatic data and other output data when applying different methods of determining the annual energy need for heating. 2. Determination of the annual energy need for heating by the aggregated, detailed quasi-stationary and non-stationary methods. 3. Creation of a quasi-stationary model using monthly approach according to the national calculation method of DSTU B.A.2.2-12: 2015 and determination of energy need for heating. 4. Creation of a dynamic simplified hourly model based on EN 13790, EN 13786 and calculation of energy need for heating. 5. Calculation of energy need for heating in dynamic mode on the basis of the created model in E+ software.  6. Comparison of the obtained results. 
Input data The research object is a room in the building of the 1970s typical construction. Room dimensions are 5.5×6.1 m, floor-to-ceiling height is 3.2 m. It has one exterior wall (5.5×3.2 m) with exterior window (5×2.5 m). The exterior wall has the thermal resistance R = 0.8 (m2·K)/W (one-brick wall). The outer window is a double glazed system with wooden frame. Interior walls are built with half-brick  (δ = 0.125 m). Ceiling and floor construction is reinforced concrete slab (δ = 0.2 m). Ventilation is natural; air exchange rate is 1 h-1. The building is located in the city of Kiev. The design internal air temperature is 18C. The heating system is ideal load air system. Solar heat gain coefficient of fenestration surfaces in the room is 0.56. This coefficient was calculated in the E+ program according to the type of glazing.  
Analysis of the climatic characteristics used in calculating energy need for heating  
at different bases of climatology The normative climatic data in Ukraine include the average monthly values of the external air temperature and solar heat radiation falling on the vertical and horizontal surfaces, which is sufficient in the stationary and quasi-stationary methods of calculation [21]. When calculating the building energy need for heating and/or cooling by dynamic methods, hourly climatic values are needed. The paper analyzes and compares the normative climatic data in Ukraine and the international weather file IWEC for use during energy need for heating determination. Hourly climatic data from IWEC file was used in the calculations, which include dry-bulb temperature, relative humidity, atmospheric pressure, wind speed and direction, direct and diffuse solar radiation etc. [17]. The weather file was developed as a part of the research project RP-1015. The procedure for obtaining data was based on the choice of a typical year for the 18-year sequence of hourly weather data. To analyze normative climatology used in Ukraine and international weather file IWEC calculations should be made. To calculate solar heat gains on vertical surfaces, the sun position to the horizon during the year and change during the day has to be determined; the hourly values of solar heat gain per unit of surface for each orientation of building surfaces are averaged monthly. Software products that use climatic data of the typical year IWEC (for example, EnergyPlus) contain built-in conversion techniques from simplified to advanced ones. In the created model on E+ base the detailed method of calculation "Full interior and exterior with reflection" is used. 
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Current approaches applied in Ukraine for energy need for heating determination use climatic data from building climatology standard [7, 21]. The use of IWEC file in other approaches, other than the E+ software, has difficulties with information presentation format. In Ukraine, the simplified hourly dynamic method of calculation based on the European standard EN 13790 [12] has come into force, which takes into account in its calculations the total solar heat transfer to the room area. While using dynamic models based on the simplified hourly calculation method 5R1C the classical technique of converting solar heat gains to vertical surfaces of different orientations which is given in Duffy's papers can be used [22]. In this technique it is assumed that the diffuse component of solar radiation equally falls on all surfaces and it does not take into account reflected solar radiation from the ground surface. Therefore, while using a simplified hourly method, this feature of converting IWEC file data can make the difference between the results of energy consumption for heating purpose. The software product E+ was used to compare the methods for converting solar heat gains to the vertical surfaces of the IWEC climatic file. The average monthly values derived from the classical hourly Duffy calculation method [22] and the calculation results in the EnergyPlus software product are quite close, the average difference is 5%, the maximum difference in the results in the winter period was 8%, in the summer – up to 15%. Figure 2 shows a graph of changes in the average monthly values of external air temperature and solar radiation on vertical surfaces, calculated on the basis of IWEC values by Duffy's technique [20] (marking: IWEC S, IWEC N) and the national calculating methodology DSTU B А.2.2-12: 2015 [6] (marking: S Normative climate data, N Normative climate data), also the values calculated by the E+ program on the IWEC database (marking: E+ S, E+ N) are given.  

 
FIGURE 2. Average monthly external air temperature and solar heat gains  The external air temperature is almost the same for the two climatological bases. Solar heat gains are significantly different from those used in norms of Ukraine. The difference for Kyiv for the vertical surfaces is about 40% in the winter and 30% in the summer and 10% gor the horizontal surface. E+ uses IWEC file for a particular city during the calculations. The difference between regulatory documents climatic data in Ukraine and IWEC file can make a difference in results of calculating buildings energy efficiency indicators. 

Application of different methods for calculation of energy need for heating The space energy need for heating was calculated according to the IWEC and normative climatic data and included transmission heat losses, ventilation heat losses and solar heat gains to the zone (in all methods for determining energy need, solar heat gains to the space was determined using the same technique proposed in E+ Full interior and exterior with reflection"). Two extreme cases of determining the energy need for heating are considered: for southern (S) and northern (N) 
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orientation, because the difference in climatic values of solar radiation for the southern and northern orientations significantly changes the value of the energy need for heating, which is derived from the energy balance of the space with the appropriate orientation of the exterior walls and translucent elements of building envelope.  Calculation models using aggregate indicators (KTM-204) [2], detailed annual calculation using DSTU N B A.2.2.5: 2007 (HDD method) [4] and monthly calculation method according to DSTU B.A.2.2-12: 2015 [6] are implemented in the Microsoft Excel, the model based on EN 13790 and EN 13786 [12, 13] is implemented on the basis of Mathcad. E+ is a software product for calculating building energy performance without its own graphic interface. E+ uses the Google Sketch-up graphic editor that is synchronized through OpenStudio Plug-in. The calculation of annual energy need (KTM-204, method GD), monthly energy need (according to DSTU B.A.2.2-12: 2015) and hourly energy need for heating (E+ and 5R1C) is carried out. In the context of the annual energy consumption calculated values using different methods are shown in figure 3. Considered calculation methods take into account solar heat gains to the building zone, depending on the orientation, except for KTM-204 which considers the average value of solar heat gains during the heating period.   

 
FIGURE 3. Annual energy need for heating calculated by different methods and weather data bases  Figure 3 not only shows a comparison of different methods for calculating the annual heating energy need using the same input climatic parameters (IWEC data by the recalculation method given in E+), but also differences in the case of using normative climatic data. Calculation for KTM-204 takes into account solar heat gains in the specific characteristics of heating level. These characteristics are selected based on indicators such as volume, building purpose and year of construction, and do not take into account the object geographic location, which leads to overestimating the calculated energy need for the southern regions and underestimating for the northern regions. Energy need for heating calculated based on E+ is chosen as a reference value for calculating differences in the results of calculations according to given approaches. The difference in energy heed for heating values is higher for southern oriented zone than for northern oriented zone. KTM-204 uses in calculations building energy characteristics that take into account average value of solar heat gains for southern and northern orientations. Sectoral norms are given for large cities and regional centers of Ukraine. Among the methods presented, sectoral norms give the greatest value of specific characteristic. Stationary methods (using sectoral norms and aggregated method) and quasi-stationary method of calculation (monthly calculation method according to DSTU B.А.2.2-12: 2015) have the largest differences compared with E+ results. The calculated heating energy need for southern orientation 
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according to the aggregate indicators (KTM-204) gives a difference of about 40%, sectoral norms – up to 60%, the detailed method of the HDD (DSTU N B A.2.2.5: 2007) has the lowest difference which is about 5% for southern orientation and 10% for northern orientation, for DBN B.А.2.2-12: 2015 is 12% for northern and 28% for southern orientation. The dynamic methods E+ and 5R1C give almost the same value of energy need for heating difference up to 7% for all orientations. If the method of converting solar heat gains to the vertical surface according to [19] is used, the annual energy need for heating for 5R1C model differs by 4% compared with the energy consumption for 5R1C model, calculated for solar heat gains by the E+ method "Full interior and exterior with reflection". Figure 4 shows the heating energy consumption diagram depending on the heating period month.  

 
FIGURE 4. Diagram for heating energy consumption depending on the heating period month  In general, the lowest values of the monthly energy need for heating are for results based on E+, rather close values are obtained on the basis of 5R1C model; the average monthly difference of received calculations is 2 kWh/m3 or 5% for S and N. The average monthly difference in the calculation using DSTU B.A.2.2-12-12: 2015 according to IWEC with the results obtained on the basis of E+ model is 3 kWh/m3 (12%) for S and N. According to the results based on normative climatic data the difference is greater 4-5 kWh/m3 (13%). The national method of calculation has the highest values of heating energy demand using IWEC climatic data, compared with other considered methods, and when using normative climatic values, these values are increasing. As the first measure of increasing the buildings energy efficiency in Ukraine, the thermo-modernization of buildings is considered, where the consumption of the building is analyzed annually. The next step in improving energy efficiency is to regulate the amount of heating during the day, which reduces the consumption of thermal energy during non-working hours or hours of peak solar activity. The analysis of methods for solving such problems is carried out on the basis of dynamic models. In this work, two dynamic models are considered based on the 5R1C model and the E+ software product.  Tendencies in the behavior of heating energy need graphs for hourly dynamic modeling using E+ and 5R1C are almost the same. Figure 5 shows the non-stationary hourly calculation of the heating energy need for a zone oriented to the South using the average daily and average monthly values of exterior air temperature and solar heat gains by 5R1C model and the results obtained on the basis of the national calculation method of DSTU B.A.2.2-12: 2015. Built on the basis of the hourly calculation of heating level change for the average daily and average monthly values of text and Qsol, the annual heating energy need using 5R1C model is almost unchanged. The results of hourly energy need for heating using monthly values of weather conditions by 5R1C model have a smooth transition between months, which is due to the heat-inertial features of the model, in contrast to the method of DSTU B.А.2.2-12: 2015. The average monthly energy consumption based on hourly calculation of heating load is almost the same as the hourly calculation results for average daily and average monthly values of text and Qsol, but the latter does not allow analyzing the possibility of regulating the heating system during the day. 
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FIGURE 5. Hourly change of heating level during the heating period for the zone oriented to the South 

 Hourly changes in the heating level are significant and lead to the fact that in the heating system adjusting mode there are some hours of operation when it is necessary to switch off the heating. This is typical for off-season period, as well as for the anomalous climatic data values for February (the lowest temperatures and the highest values of solar radiation for winter months).  The application of the above discussed methods depends on the tasks being solved. In terms of daily change, data on average monthly and average daily values do not allow tracking of dynamic characteristics, therefore hourly changes in external weather conditions should be used for forecasting or dynamic regulation tasks. 
Analysis of the specific indicators of energy need for heating using different mathematical models On the basis of the above methods of energy need for heating calculation, specific indicators of building energy performance are established and compared with the normative values (table 1). This building refers to the old building stock. Current normative values are used for buildings energy certification, so table 1 also shows current normative values and normative values used for buildings during 1970s.  
TABLE 1. Indicators of the specific energy need for heating obtained by different calculation methods (average for southern 
and northern orientation) 

КТМ-204 DSTU  
N B A. 2.2.5: 2007 

DSTU  
B.A. 2.2-12: 2015 5R1C E+ The norms of 

the 2000's 
The norms of 

the 70's kWh/m3 40 35 42 38 36 31 47  The specific value of energy consumption in the whole building will be somewhat greater than the values given in table 1, as the calculation was made for the space having one external wall. Heat losses through the roof and floor will also bring a slight increase in specific indicators. For old buildings, the norms of energy consumption for heating are higher compared to the current standards, due to the increased requirements for the thermal characteristics of building envelope during the construction/design phase. Specific energy consumption indicators for non-stationary calculation methods are lower compared to stationary approaches, with the exception of the HDD method by DSTU N B A.2.2.5: 2007. 
Conclusions The paper analyzes and compares the normative climatic data used in Ukraine and the international weather file of IWEC when used to determine the energy need for heating. IWEC climate files is created for Kyiv (I climate zone). The normative climatological data used in Ukraine shows the average 
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monthly values of the external air temperature and solar heat gains on the vertical and horizontal surfaces, which is sufficient in the stationary and quasi-stationary methods of calculation. When calculating the buildings energy need for heating and/or cooling by dynamic methods, hourly climatic values are needed. The international climatic weather file for the considered city of Ukraine almost does not differ from the average monthly values of the outside air temperature from the normative climatology of Ukraine. The solar heat gains given in the IWEC file cannot be immediately used to compare climate databases or to calculate the buildings energy needs for heating, therefore, the Duffy’s methodology for calculating solar heat gains is used. The solar heat gains to the vertical and horizontal surfaces according to the IWEC file are significantly different from the current climatology in Ukraine. The average difference in solar radiation on vertical surfaces is about 40%, on the horizontal – up to 10%.  Unlike experimental methods of the analysis, the calculation methods allow not only to evaluate a number of influential factors in a complex, but also to evaluate their influence on the value of energy need for heating separately. In the paper, five methods of calculation are compared starting from the aggregated annual indicators and ending up with detailed hourly calculation methods. Stationary methods of calculation significantly overestimate the annual energy need for heating and do not allow the analysis in the daily context. The calculation based on the national method has the greatest difference with non-stationary calculation methods. The calculated heating energy need for orientation according to the aggregate indicators (KTM-204) gives a difference of about 40%, sectoral norms – up to 60%, the detailed method of the HDD (DSTU N B A.2.2.5: 2007) has the lowest difference which is about 5% for southern orientation and 10% for northern orientation, for DBN B.А.2.2-12: 2015 is 12% for northern and 28% for southern orientation. The dynamic methods E+ and 5R1C give almost the same value of energy need for heating difference up to 7% for all orientations. The model based on 5R1C model is easily adaptable to new input parameters (geometric sizes, thermal characteristics of enclosures, climatic data) unlike the E+ software product. The software E+ allows analyzing a larger range of parameters: it considers separately the accumulation of internal and external walls, takes into account the air flows between zones, the inertia of the heating system. E+ uses climatic data of the typical year; therefore, in simulating the current situation, the IWEC file must be adapted to actual climatic conditions, which adds additional difficulties in implementing on the basis of the information provided on the meteorological sites. Dynamic calculation methods allow conducting hourly, daily analysis of energy consumption for heating and can be used in predicting the heating level and/or for intermittent heating mode.  
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METHODOLOGY OF CALCULATION OF MULTIPLEX HEAT 
EXCHANG APPARATUS WITH CROSS FLOW AND MIXING  

IN HEAT CARRIERS 
 
 
The statement of the problem The most efficient apparatus are known to be heat exchangers with classic countercurrent flow of heat carriers. However, this current scheme is rarely possible to create in an apparatus. In many cases cross flow heat exchangers are more acceptable in terms of efficiency of heat emission from the outer surface of the wall. Therefore cross flow if used which is within the identical surface area and heat-transfer rate in disadvantage in comparison with the classic countercurrent scheme. In this case multiple passes mixed diagram are mainly used where with sufficient number of cross flow passes reciprocal flow of heat carriers is close to the classic countercurrent.  The most widespread assembling design of heat exchangers is complex and mixed current design. Unlike the simple mixed design one of the heat carriers moves as split flow lines through the full length and it does not interfuse between the passes and a heat carrier, which is inside as a rule within one pass and flows as split flow lines and it interfuses between the passes. In such a way the design of the mixed flow will be complex where every pass (section) is a complex cross flow diagram. Heat exchangers that are under analysis are widely spread in the different fields of the economy. That is why receiving more accurate and perfect methods and techniques of their research and analysis is an urgent task.  
The analysis of the latest researches and publications Function of correction factor and logarithmic mean temperature difference for the counter flow is traditionally used to calculate temperature difference in this kind of apparatus (designated with  or 
t). Its function is presented in the form of plots or charts, which are utterly not convenient to apply in modern calculations. This calculation method is also known as correction factor method [1, 2, 8, 9]. Some analytical dependences for similar apparatus are given [2, 10]. However, they are true for individual cases of configuration of the surface area and (or) limited range of data. Measurement of efficiency of the apparatus and relationship for constructing the temperature distribution for heat exchangers with the simple mixed scheme where every pass represents the heat exchanger (section) are describes in the paper [1, 2]. In the diagram it is assumed that both heat carriers are mixed between the passes and it doesn’t correspond with the configuration of the apparatus.  
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The definition of the earlier unsettled issues The main disadvantage of the similar dependences – they are integral (that is determined for the entire apparatus). As a consequence, only average intensity of the heat transfer is a part of calculations, thereby its local distribution and other peculiarities of the surface area configuration are not taken into account. These factors lead to significant errors in mean temperature difference and required surface area (to 6090%). This is typical in cases when during calculations of the heat exchanger method of correction factor is not used but known P-NTU or -NTU methods [1, 2, 8, 9], with use of empiric integral dependences of the heating and cooling efficiency in the apparatus. 
The aim of the paper is to develop and improve the methods and means for more exact defining of temperature characteristics and the apparatus efficiency that is under study. Development of mathematical model for complex heat exchange apparatus and creation of methods and algorithms were tasked to achieve the objective of the paper. It allows obtaining distribution of temperature characteristics for each element of the heat exchanger and the entire apparatus. Developed methods and means have to provide an opportunity for conducting the efficiency analysis of both newly designed and current heat exchangers taking into account technological factors, fouling factors and make tradeoffs. 
The basic material The authors have achieved analytical solutions for the distribution of local temperatures for the heat exchanger with endless number of streams of the external heat carrier. Algorithms of efficiency defining are developed on their basis. Original system of equations of the mathematical model includes: heat-balance equation and heat-transfer equation for elementary surface patches (elements), equations that include motion characteristics and connection of heat carrier flows. Basically, it is an application of the P-NTU method taking into account the distribution of local temperature differences in the apparatus. There is the case of the heat exchanger assembling where the heat carrier flows through the tubes and heats and the flow is outside the tubes with the heated medium washing lines of tubes (see fig. 1). 
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FIGURE 1. Multi cell schematic with endless number of flows (variant 1)  The authors developed analytical algorithm with defined local temperature for heating medium and efficiency of the whole heat exchanger: 
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where:  
l – numbers of the concurrent direction with x-coordinate from inlet into the element of all previous sections, l = z, z – 2, z – 4…(k – 2), if the direction of motion is concurrent with the direction in the last section z, and l = z – 1, z – 3…(k – 2), the direction of motion of the internal heat carrier in the current section does not coincide with the direction in the last section z,  
m – number of the counter direction with x-coordinate from the inlet into the element of all previous sections; m = z – 1, z – 3…(k – 1), if the direction of the motion of the internal heat carrier is concurrent with the direction in the last section z, and m = z, z – 2, z – 4…(k – 1), if the direction of the motion of the internal heat carrier in the current section does not coincide with the direction in the last section z, 
x  – a relative coordinate from inlet of interior medium within the section, xx

L
 ; L – bank of tubes length in the section,  

i – the number of run in the section,  
n – number of runs in the section, 
R, NTU2 – ratio of water equivalents of heat carriers to number of heat transfer units in the section  [1, 2, 8, 9], HWR
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K, F – heat transfer coefficient and heat transfer surface area coefficient in the corresponding cell; 
b) for following runs of the corresponding cell (i = 2…n): 
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It is worth noting that in counter flow diagrams local temperatures for heating medium can be defined only after calculation of parameters k  by solving set of equations (1)-(5) with the method of successive approximation at value of relative coordinate 1:x   
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where q is index of current approximation. Medium heating temperature before the corresponding cell: 
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Resulting efficiency of the heat exchanger and outlet temperature of media: 
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A little simplified algorithm was obtained with another surface area assembly (variant 2, fig. 2). The heated medium is within the elements and the heating medium moves transversally and washes the elements with the streams making a few runs along the common counter flow.   
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FIGURE 2. Multi cell schematic with endless number of flows (variant 2)  

The efficiency determination algorithm For every heating medium pass in zeroth-order approximation (q = 0, q – index of current approximation) the parameter is set 0 ,k  00 0 0.q
    For every medium of the last pass (k = z) ( 1) 0,q
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with functions ( 1)x jk   are calculated by the formula where 1x  : 
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where a is parameter, 2(1 exp( / ))a n NTU n    . The error on the parameter z  is defined: 1 100 %q q
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If the error exceeds the legitimate error, the calculation is redone beginning with the level (9). The temperature of the heated and heating media are defined at the outlet from the whole apparatus: 
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The final heat performance is calculated in the apparatus: 
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As the above analysis of analytic algorithms demonstrates solving of set of equations is complex, it goes with iterations, recursive calculations of integral transforms. These algorithms were also developed for other similar heat carriers flow schemes (heating medium is inside; forward flow; reversing flow of the external heat carrier). The authors suggest the discrete calculation method to facilitate the search of solution where the elements heat exchanger assembled of (fig. 3) are elementary circuits of single-pass cross flow with complete mixing of both heat carriers along the flow. Rows for the internal heat carrier flow can be multiway, in other words there is a three-dimensional case. It should be noted that most traditional approaches of discrete calculation of heat exchangers provide for breakdown of the surface area into a large number of elements (finite differences) where as a rule particular medium flow in the elements is not taken into account. The advantage of breakdown of the surface area of the overall apparatus into micro-heat exchangers to calculate is proved in papers [2, 10]. 
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FIGURE 3. Generalized chart of heat carriers flow in the system of heat exchangers  

P-NTU method is used in the suggested by authors method [1, 2, 8, 9], where efficiency of every cross flow element from figure 3 and outlet heat carriers temperature would be expressed in the following way [1, 2, 8, 9]: 
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where:  
е – index which indicates that parameters are defined in the element,  1 – medium inlet,  2 – medium outlet,  
 – heating heat carrier,  
H – heated heat carrier, 
R, NTU2 – ratio of heat carrier water equivalent and number of transfer units [1, 2, 8, 9],  ;HWR

W
  2
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 , 
K, F – heat transfer coefficient and heat transfer area of the surface in the element. During setting up the algorithm for set equations (18)-(19), which are noted for every element from figure 3; the diagram of reciprocal junctions and heat carrier mixing between the passes and at the outlet from the apparatus are taken into account. In fluid flow, pressure loss due to friction and local losses are calculated. Efficiency of every element is determined taking into account different defining characteristics of heat carriers and materials of tube walls, defining parameters of heat transfer. It is a countercurrent flow diagram, so interval and integration method is used for more precise definition of the elements efficiency. The efficiency (intensity of heating) of the whole apparatus is calculated in this way: 
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where heat carriers temperatures at the outlet are calculated taking into account mixing at the outlet from the elements of the last pass of the last cell. 
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Dependences for defining mean temperatures of heat carriers and surface walls which are defined in every element are schemed to calculate thermal-physical properties of heat carriers and materials of thermal state analysis. It should be mentioned that P-NTU method is reasonable in this case because it eliminates use of any empirical dependence for calculation (except dependences for heat emission). At the same time correction index of logarithmic mean temperature difference as a result can be calculated with the equation: 
21
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The authors put together results of the calculation on developed analytic algorithm and discrete algorithm for the particular one-pass scheme from the figure 3. The results of the correction index calculation  for one-pass scheme with two two-row cells are presented on the figure 4 (continuous curve – analytic algorithm, dashed curve – discrete algorithm).  
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FIGURE 4. Comparison of the calculations results: 1 – heating medium, 2 – heated medium, i – inlet, o – outlet  
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As a result of the analysis it is determined that if the number of discrete elements in the line is more than 40/z (for the number of cells 4 and less) and 10 with larger number of cells, discrepancies in results are almost absent. Using traditional method of finite differences it is necessary to divide the surface in 10100 times more in order to attain the accuracy. However, as a rule, the number of elements in the line of the apparatus is determined with the number of gills or extent of turbulent mixing. The parameters P and  calculations results of developed methods in some cases were compared with charts from [2] and it was noted their near agreement that shows reliability of the developed mathematical models, methods and algorithms. As opposed to equations and charts from [2], the developed methods give an opportunity to calculate the characteristics of the apparatus with random number of lines, cells and passes, including – discrete distribution of heat transfer parameters. The discrete calculation method was tested on apparatus of air cooling, air heaters, air coolers compressors, heat exchangers heating systems [3-5]. In this work efficiency of tubular utilizer and recuperator of gases heat that leaves blast-furnace production is researched with developed methods and algorithms (fig. 5) [6]. Heated air is delivered to the steel tube. Gases that leave the heat exchanger and air heater are delivered to recuperator and they go through washing staggered bare tube bundle in a crisscross manner. On the figure 5b the generalized chart of a single cell of a dual heat exchanger and utilize with a mixed flow diagram of heat carriers with counterflow passes. During successive addition of cells or one pass from the chart it is possible to arrange any number of heated air passes. Number of bank of tubes, which consecutively wash the external heat carrier in every pass can be random. The proposed method and algorithm of discrete calculation is used to simplify the process of determination of the heat regenerator efficiency.  

gases 

the element 
air 

external heat 
carrier (gases) 

internal heat carrier (air) 

pass of the cell

a) b)  
FIGURE 5. The chart of the cell of the heat regenerator: a) construction, b) calculation model 

 The calculation program was developed on the basis of the proposed method. Gases and air thermal-physical properties were determined in every element of the heat exchanger taking into account their mean temperature and pressure. Relative humidity shift of the air that is delivered with a fan is taken into account. The composition of gases coming from the regenerator is set taking into account the volume content of every combustion product and water vapour. The property data of the composition of gases from [7] were approximated in view of calculating by formulae. Thermal-physical properties of the composition of gases (thermal conduction, dynamic viscosity) were determined by the procedure [6]. The program includes pollution and sedimentation occurs on the surface and operative roughness. Calculations results of the utilize with the tube diameter 40 mm, and total surface are 2212 m2 are introduced in figures 6 and 7. 
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In summer season the inlet air temperature +26С, relative humidity 10%. Mean temperature of gas that leaves the regenerator is 246С. The air is heated to 145С, the gases are cooled to 80С. Under existing conditions (see fig. 6b) there are no sections with surface corrosion of the heat regenerator. In winter season the inlet air temperature +2С, relative humidity 60%. Mean temperature of gas that leaves the regenerator is 246С. The air is heated to 135С, the gases are cooled to 63С. Under existing conditions (see fig. 7b) there is a section with surface corrosion of the heat regenerator (the first pass over the air near the gases outlet). Obtained results comply with the commonly known requirements as to avoidance of falls in gases temperature leaving heat producing and heat-reclaiming apparatus, lower than 80С (without particular condensing heat-utilizing devices) to prevent moistening and surface corrosion. Similar calculations are made for other heat exchangers parameters while the corrosion area transposes or disappears at all.  
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FIGURE 6. The heat regenerator calculations results in summer season (vertically – banks of tubes, horizontal elements 
(tube sections): a) gases temperature, b) corrosion area definition  
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FIGURE 7. The heat regenerator calculations results in winter season (vertically – banks of tubes, horizontal elements (tube 
sections): a) gases temperature, b) corrosion area definition 

Conclusions and perspectives Summing up what has been said made universal methods and techniques give an opportunity to make an analysis of efficiency and reliability of tubular utilizers of gas heat that leave the blast-furnace production at the design phase and during the operational phase. 
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On the basis of developed methods and techniques it is possible to obtain distribution of local temperature characteristics and determine efficiency of any multiple passage heat exchangers and multiple tower external energy exchangers with complex flow arrangements of heat transfer elements. The developed methods give an opportunity to determine heat rating of heat exchangers taking into account unique features, make analysis of the apparatus work, their efficiency and reliability at different phases such as operating conditions (sediments, fouling etc.). 
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BUILDING THERMAL STATE  
AND TECHNICAL SYSTEMS DYNAMIC MODELING   

Introduction Public and residential buildings are significant consumers of heat energy in Ukraine. According to [1] 44% of the heat energy is consumed by the housing and communal sector, while 42% of it falls on central heating systems. Therefore, to ensure the energy resources rational use an effective approach to the heating systems design is needed. Building energy modeling software can be used for decision-making to enhance energy efficiency during the building design and operation phases [2, 3]. The definition and prediction of buildings energy consumption for heating can be made using different approaches. Some papers deal with statistical processing of real energy consumption data gathered by monitoring systems or simulation results [4]. The considered approach includes regression, artificial neural network and fuzzy logic analysis for prediction [5, 6]. Such methods of analysis are suitable for existing building and require measuring tools, including appliances for collecting data on energy consumption, temperatures, solar radiation etc. Quasi-stationary approaches for estimating energy consumption for heating are currently used in Ukraine for building energy certification during design and operation phases [7]. Dynamic approach using simplified hourly method (5R1C) is becoming used to investigate building thermal state [8]. Dynamic simulation programs are a powerful tool for energy efficiency and building thermal state investigation, including DOE-2, eQuest, TRNSYS, EnergyPlus etc. [9, 10, 11]. EnergyPlus is one of the most advanced open access energy simulation application, which uses the best features of two well-known modeling techniques: DOE-2 and BLAST. Comparison of previously mentioned software products technical characteristics is carried out in the paper [12]. In particular, it is noted that each of the program includes hundreds of subroutines that work together to simulate heat and mass flows throughout the building. Comprehensive simulation is the main concept of the EnergyPlus program [13]. Therefore, the program consists of three main simulation components: heat and mass balance simulation for calculation of zone thermal and mass balances, building systems simulation manager for calculation of technical building systems and third-party interfaces (include external build-up interfaces) for creating the geometry. EnergyPlus simulation manager controls the entire simulation process and performs iterative calculations between heat and mass balance and building systems simulation modules. The EnergyPlus program can simulate traditional heating, cooling, ventilation, water supply and lighting systems in buildings, as well as heat pumps, thermal and power solar systems [14]. The program includes such possibilities as zone energy consumption simulation (taking into account air flows between zones), calculation of radiation heat exchange, moisture absorption, desorption, etc. EnergyPlus uses more realistic control conditions for different HVAC systems than its predecessors. That allows receiving more accurate and reliable simulation results. The program has built-in templates for typical ventilation, cooling and heating systems. Modeling with the use of EnergyPlus provides the flexibility and functionality of energy analysis throughout the building life cycle except 
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for some constraints. The program assumes that HVAC systems operate in perfect conditions and is not taking into account the rapid decline of systems components performance due to contamination, corrosion and other impacts that reduce the climatic equipment productivity. The feature of the program is the availability to perform both: hourly simulations at all levels and for the user-selected period (design day, day, month, year or several years). EnergyPlus also has an IWEC weather database for many cities around the world. The energy model of a building defines four main components, without which any calculation of energy consumption cannot be made [15]: weather data, building geometric model, "schedules" for internal parameters and technical building systems operation, mathematical models of technical building systems. 
The aim of this paper is to create a building energy model in dynamic simulation program EnergyPlus, to analyze and compare energy modeling results with actual energy consumption for heating. According to the aim of the paper following tasks are solved: creation of building energy model in EnergyPlus taking into account building technical systems; determination of the building energy consumption/energy performance indicators using EnergyPlus program, validation of results using real data on energy consumption; analysis of zone heat losses and gains, intermittent heating system operation mode investigation. 
Mathematical model description 

          
FIGURE 1. Public building "Centre of energy efficiency" 

                                                                                                                         

        
FIGURE 2. 3D model of the building (a) and separation of the building into zones (the top view) (b) 

b) a) 
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The object of the simulation is the public building "Centre of energy efficiency", located in the city of Kyiv. Operation mode for building: from 9:00 a.m. to 18:00 p.m. every day, except Saturday and Sunday. During creation of the building 3D geometry the internal volume was divided into six zones in order to take into account different technical building systems and temperature modes in different spaces using EnergyPlus program (figs. 1, 2).  The main dimensional parameters and construction materials of one-storey building are given below (tables 1 and 2). The thermophysical properties of construction materials considered in the analysis include density, heat capacity, thermal conductivity, roughness and absorbance coefficients. Heat transfer coefficients and solar heat gains coefficients for building enclosures are also given in Table 2. Window construction is given in figure 3.  
TABLE 1. Main building dimensional parameters 

Building area, m2 Building height, m Building volume, m3 144 3.5 505 
 

TABLE 2. Building construction elements description 

Building construction 
element Detailed description U-value 

W/m2·K 
Solar heat gain 

coefficient (SHGC)Slab Monolith reinforced concrete panels – – 
Exterior walls Bricks, the south and west walls insulated with mineral wool and the north wall insulated with foam polystyrene S, W: 0.247 N: 0.375 – 
Partitions Bricks – – Roof Reinforced concrete slabs, insulated with claydite, covered with ruberoid 0.954 – 
Windows Triple glazed window with low-e glazing on both sides and argon gas, 5-chamber plastic profile (windows have internal shading device – blinds) 0.877 Frame and Divider conductance: 1.5 – 
Exterior doors Metal doors with insulation 1.017 – Interior doors Wooden doors – –  

 
FIGURE 3. Triple-glazed window with low-e glazing on both sides and argon gas filling 
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The building heating system is water-based with central heating source. Zone 1 is unconditioned. The temperature mode for inside air temperature during the heating period in zones 2-5 of the building is maintained at: – 18C, working days from 9:00 to 18:00, – 16C, weekends and holidays, as well as working days from 19:00 to 8:00. The heat load during building re-heating has bigger value than during the steady state. Therefore, additional capacity value for intermittent heating system mode depends on the sizing factor which is 1.2 for given calculation [16]. Heating-up capacity is required to compensate intermittent heating effects increase of heat load due to difference in inside air temperature difference during occupied and unoccupied hours and the decrease of reheat time. Design heat gains from lighting system in building are set at the level of 8 W/m2, and from electrical equipment – at the level of 10 W/m2. The maximum number of people is 6. Due to the fact that the number of people changes during the day, as well as the use of lighting and electrical equipment also changes, schedules (fraction type) were created (fig. 4). Power density, lighting and electric equipment schedules were adjusted and electric energy consumption from EnergyPlus simulation was compared with actual energy consumption in order to accurately estimate internal heat gains [17]. Characteristics of internal heat gains are given in table 3.  

 
FIGURE 4. Office occupancy, lighting and equipment schedules (fraction) for weekdays used for calculation of internal heat gains 

 
TABLE 3. Internal heat gain sources fraction analysis 

Internal heat gain source People Lights Electric equipment Sensible fraction 0.5 1.0 1.0 Radiant fraction 0.3 0.72 0.3 Latent fraction 0.5 0 0  Building technical systems (heating, ventilation and air conditioning systems) in EnergyPlus are set according to the following principle: the loop is formed by a combination of branches, in which one or more components are connected in series. Components (heat exchangers, heaters) are combined with the use of nodes. At the same time, separation and connection of parallel branches are performed using splitters and mixers. Baseboard water heating system with convective mechanism of heat transfer was used in the analysis. The boiler type was district heating system. The temperature of heat carrier from the source depends on external air temperature (qualitative regulation). Quantitative regulation was performed using bypasses on each of the heating device and on the source side. The final form of the building heating system (that was specified in the EnergyPlus program) can be displayed in the form as in the figure 5. 
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FIGURE 5. Building heating system, created in EnergyPlus  The object Sizing:Plant contains the necessary input data to calculate the maximum carrier flow rate and the heating equipment load. Firstly, the maximum flow rate in every single element of the system (heaters) is calculated and then the flow rate in all elements is summed up and the maximum heat-transfer fluid flow rate of the entire circuit is found. The object ZoneHVAC:Baseboard:RadiantConvective:Water helps to calculate the heat flow from the baseboard heaters by such mechanisms as convection and radiation. The object Plant:Loop contains information about the heating circuit and its components (serial connections along the pipe, nodes, connectors), as well as information about the maximum and minimum temperature and heat flow rate in this circuit. Also, the characteristics of the circulation pump for the heating system are specified in the window Pump:ConstantSpeed. The object SetpointManager:OutdoorAirReset sets the heat-transfer fluid temperature in the heating system, depending on the temperature of the outside air (qualitative regulation). If the ambient temperature is in a given interval, the heat-transfer fluid temperature at the entrance of the heating system is determined by linear interpolation. All nodes, components, branches, splitters and mixers of the heating system are specified using the following objects in the program: ZoneHVAC:EquipmentList, ZoneHVAC: Equipment Connections, Branch, 

BranchList, Connector:Splitter, Connector:Mixer, ConnectorList, NodeList, Pipe:Adiabatic, PlantEquipmentList. Such system of interconnected elements is created, respectively, for each building thermal zone. Air exchange rate is set at the level 1 hour-1 in zones 3 and 5 where is no mechanical ventilation. In zones, where mechanical ventilation system is present (zones 2, 4 and 6), the air exchange rate during working hours is 0.25 hour-1 and during non-working hours is 0.5 hour-1. Heat recovery ventilation systems are used in zones 2, 4 and 6 to provide energy saving and balanced air exchange in the zones: 
 Zone 2: V = 0.19 m3/s, η = 0.76 (sensible recovery effectiveness), 
 Zone 4: V = 0.042 m3/s, η = 0.76, 
 Zone 6: V = 0.014 m3/s, η = 0.76. In EnergyPlus, the ventilation systems with heat recovery for zones 2, 4 and 6 are set using 
ZoneHVAC:EnergyRecoveryVentilator object. It includes data about air flow rate, recuperator type, fans and controller. The location of the nodes and the scheme used by EnergyPlus to specify heat recovery ventilation system is shown in figure 6. 
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FIGURE 6. The structure of the heat recovery ventilation system simulated in EnergyPlus [15]  Controllers are used to enable "night cooling" in the summertime and are described in the form of a temperature range in the ZoneHVAC:EnergyRecoveryVentilator:Controller. This controller is applicable to systems that use an air loop to provide conditioned air for one or more zones. Data on sensible and latent energy efficiency indicators are specified in the HeatExchanger:AirToAir:SensibleAndLatent object. Fans data (Supply Air Fan and Exhaust Air Fan) is given in the Fan:OnOff object. It contains data on fans and motors effectiveness, pressure rise, airflow rates and nodes between which fans are located in the system (fig. 6). To determine the non-steady heat losses through the slab on grade the EnergyPlus sub-program Slab pre-processor is used. Slab pre-processor allows obtaining the most accurate temperature in the contact of soil with the foundation. This sub-program is designed to determine the average monthly temperatures (surface averaged or perimeter/core) and takes into account “undisturbed” ground temperature profiles for different months, the characteristics and properties of the soil and foundation slab including vertical and horizontal insulation, boundary conditions, the average monthly temperature in the zone, and solar heat gains to the corresponding area of the soil around the building etc. [18, 19, 20]. 

Analysis of the building energy consumption calculations results Calculation of the energy consumption/performance indicators in building was conducted using the dynamic simulation in EnergyPlus. In order to assess modeling results correctness a comparison with the actual energy consumption for heating of this building was done (table 4). The actual energy consumption during the heating period (07.28.2014 – 27.04.2015) was corrected considering actual and standard heating degree-days.  
TABLE 4. Results of building energy performance indicators calculations 

Method EnergyPlus Actual (corrected) Energy consumption, kWh 19730.6 20265.3 Specific energy consumption, kWh/m² 141.9 145.8 Specific energy consumption, kWh/m3 40.5 41.6  According to the modeling results in EnergyPlus the amount of consumed heat energy for different zones are shown in the histogram in figure 7. 
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FIGURE 7. Monthly energy consumption by heating system in zones according to the modeling results in EnergyPlus  The schedule in figure 7 and actual energy consumption data show that heat consumption from district heating source is carried out only during the heating period (hot water supply is provided by solar collector). Due to qualitative and quantitative regulation of heating system heat carrier temperature and mass flow rate is different for each month (fig. 8).  

 
FIGURE 8. Heat carrier temperature and flow rate in the heating system for zone 2  According to the EnergyPlus simulation results a heat balance was also analyzed that shows heat losses and heat gains for building zones for different months. An example of the heat balance for the zones 4 and 5 in December is shown in figures 9 and 10 (there are natural ventilation in zone 5 and heat recovery ventilation in zone 4). Solar heat gains and radiant part of internal heat gains are taken into account during inside surface temperature calculation for building enclosures and are not included in the graphs. Components of the zone heat balance in figures 9 and 10 include: 

 Zone Air Heat Balance Surface Convection Rate – heat losses due to convective heat exchange between surfaces and indoor air; 
 Zone Air Heat Balance Outdoor Air Transfer Rate – heat losses associated with the interaction with external air (for example, air infiltration); 
 Zone Air Heat Balance System Air Transfer Rate – heat losses with forced ventilation systems; 
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 Zone Air Heat Balance Internal Convective Heat Gain Rate – convective heat transfer from internal heat sources (people, lighting, electrical equipment); 
 Zone Air Heat Balance System Convective Heat Gain Rate – convective heat transfer from the heating system in the zone.  

 
FIGURE 9. Air heat losses balance for zone 4 (a) and zone 5 (b)  

 
FIGURE 10. Air heat gains balance for zone 4 (a) and zone 5 (b) 

 Detailed Analysis of heat gains and losses during the whole heating season for zone 4 of the given building is shown in the figures 11 and 12. Heat gains include sensible and latent part, while sensible heat gains are divided in convective and radiant ones. Heat losses for zone 4 include heat transfer through opaque and fenestration surfaces, infiltration and mechanical ventilation heat losses.  

 
FIGURE 11. Detailed analysis of heat gains for zone 4, %  



 - 44 -

 
FIGURE 12. Detailed analysis of heat losses for zone 4, %  The energy consumption of the zone was also analyzed for the application of various temperature differences during occupied and unoccupied hours throughout the heating period for intermittent heating mode (fig. 13).  

 
FIGURE 13. Energy consumption of the zone 4 depending on the temperature difference during occupied and unoccupied hours  If the temperature mode of 15-18C in the zone of the building for the heating period is used, then the optimal Sizing Factor (SF) will be at the level of 1.2 (fig. 14) in terms of suitable reheat time and comfortable conditions during occupied hours. 

 

 
FIGURE 14. Inside air temperature daily profile depending on the Sizing Factor (sf) 
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FIGURE 15. Daily profile of zone 4 energy consumption for heating depending on Sizing Factor 

Conclusions Specialized software for buildings energy consumption modeling including EnergyPlus is advisable to use for study of energy efficiency and thermal comfort during a building's life cycle analysis. The results of building energy modeling in EnergyPlus are similar to actual building energy consumption for heating that shows the possibility of conducting more detailed building thermal state analysis using EnergyPlus. Created dynamic model helps to analyze the components of building energy balance (transmission and ventilation heat losses, internal heat gains and heating load), influence of technical buildings system on energy consumption for heating (natural and heat recovery ventilation) and to define energy saving potential and optimize intermittent heating mode. Therefore, creation and use of building energy models considering the dynamics and real physics of processes give a huge opportunity for building thermal state and energy performance analysis in real mode. Using an intermittent heating system mode is an effective way to reduce the energy consumption of the building. The bigger decrease in the internal temperature during unoccupied hours in relation to the occupied period, the more effective this energy saving measure is (fig. 13). However, even the temperature difference of 2-3C requires a significant specific additional heat load because it is important to the speed up the system achievement of the comfortable indoor temperature in terms of energy saving. So the advantages of having such building energy model are: – the possibility to analyze the factors that influence the building heating load and affect its energy consumption; – impact investigation of changes in the technical, dimensional and energy characteristics of the building on the amount of energy consumed by the building; – the possibility of making rapid informed technical solutions in order to increase the energy efficiency level of the building. The further investigation can be directed to detailed simulation of non-stationary ground heat transfer and optimization of intermittent heating modes for different massiveness and thermal protection properties of buildings and building technical systems (convective and radiant) with the use of technical and economical indicators. 
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FEATURES OF CALCULATION OF DURABILITY  
OF MACHINE PARTS AND STRUCTURAL ELEMENTS UNDER 

CONDITIONS OF HIGH ASYMMETRIC LOW-AMPLITUDE LOADS   
Introduction As is known, the process of loading a large number of structures and machinery parts is characterized by a large scatter of asymmetrical stress cycles along its length and in time. In full measure it concerns the elements of the drill string, particularly when drilling deep holes. Therefore, the vast majority of experiments on the determination of the parameters of fatigue resistance is carried out at a symmetric cycle of stresses as a necessary step to calculate the strength of elements of columns, to bring asymmetrical cycles to the equivalent symmetrical. 
The analysis of the sources of research and publications It is known that the vast majority of machine parts and subassemblies in the process of operation is subjected to random loading [1, 2, 3]. In this case, the durability in the schematization process [4] recommended stresses with different ratio of the asymmetry R to the symmetric cycle. Such a cast greatly simplifies further calculations. For conducting single-ended voltages max  with 1 1R    for the symmetric cycle to ekv  with the recommended equation [5]: 
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where:  1   – the endurance limit at symmetric loading,  
a, b – odds cast,  
  – the ratio of sensitivity to the asymmetry of the load cycle, 102 1




  , 
0  – the limits of endurance of the load,  

0 1,V V  – the characteristic angle of the left branch of the fatigue curve in the floor logarithmic coordinate system, respectively, from zero and symmetrical load. 
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The analysis of possibility of use of equation (1) to bring to equivalency symmetric asymmetric cycles of cycles of loading processes and drill rod. Lines of equal damage are built on the Hey chart of the cycles with a positive mean stress (1).  

 
FIGURE 1. A diagram with lines of equal damage for samples made of material of drill locks 

 On the graph line (Hey chart), which describes the cycle R = const, is determined from equation: 11 Ry x
R





                       (3) 

where R = 1 is the x-axis, R = -1 coordinate axis, R = 0 – ray y = x. Lines of equal damage are built in accordance with the equation from (1) to (6) for samples of steel 40CrNi, which is the material of drill pipe locks. Line 1 corresponds to the limit of endurance, 2 – high fatigue, 3 – low fatigue. As you can see from figure 1, for high asymmetric cycles with skewness of 0.6 and above, which are characteristic for the load of the upper part of the drill string, lines of equal distortion are in conflict with the real physical picture of the process. So in no way lines 1, 2 may cross the x-axis. This would mean that a certain medium voltage level fatigue failure will occur for a certain number of cycles with infinitely small amplitudes that never happens in practice. Line 3 also has no physical meaning, because the outside of the chart indicates a certain number of cycles to failure for samples that are supposed to break down due to stress exceeding tensile strength. Therefore, it is necessary to adjust the corresponding equations (1) in case of asymmetrical stress cycles with high asymmetry. To this end, we have developed an appropriate reduction equations [7]. Therefore, to align the asymmetric cycle asymmetry factor -1  R < 0, from the condition of invariance 
 of the ratio of the load levels we obtained [7]: 
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To bring asymmetric cycles 0  R < 1 we analyzed the results of experimental studies of the effect of asymmetry on the durability of materials and elements of aircraft structures is given in figure 2 [9, 1]. The authors treated a very large amount of information (over 1000 experiments) that in the conditions of inevitable statistical variance make the results obtained extremely valuable and revealing. 
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The results are illustrated in the Hey diagram with no dimension coordinates ,  .am
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FIGURE 2. Asymmetry loading impact on the durability of samples made of aluminium alloy 2024-T3 [7]  Curves 1-10 are curves of equal damage for a certain number of stress cycles to failure of samples ranging from static destruction (N = 1) through low and high fatigue endurance limit (N = 107). The slope of the straight line passing through the points (0, 1  ) і ( 0 0/2, /2  ), to the x-axis represents the ratio of sensitivity to the asymmetry load , is determined by the equation: ( 1) ( 0)( 1) ( 0)y R y R
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From the analysis shown in figure 2 data, it can be argued that the angle of inclination of the curves of equal damage in the area of multi cyclic fatigue  factor is satisfactorily described only if -1  R  0 and, 0 < R < 1 provided the tilt angle increases with decreasing N. It is therefore proposed that curves of equal damage for asymmetrical tension with the average tension stretch to approximate the two straight lines. For tensions from -1  R  0  the coercion will be just according to (7). Since all curves of equal damage converge at a point with coordinates (1,0) on the Hey chart, it can be used to bring cycles with mean stress of stretching (0 < R < 1). A diagram of the proposed cast is shown in figure 3. 
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FIGURE 3. The scheme of reduction to a symmetric cycle voltage with the average voltage stretch [7] 
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For example, consider the reduction to the symmetric loading cycle shown in figure 3 by the point A , .am
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 Through the point А to the intersection with the straight line R = 0 (point В) draw a ray, which is obtained from the point K with coordinates (1,0). We introduce a new coefficient specifying the influence of cycle asymmetry 1 .  By analogy with (5) we will have (6): 
1 ( ) ( ) ( ) ( )( ) ( ) ( ) ( )y A y K y B y K

x A x K x B x K
  

   
 

           (6) 
Given the coordinates of points A and K, we obtain: 

1 a

B m




 



      (7) 

1( ) (1 ( ))y B x B            (8) 
Since then max( )( ) ( ) 2 B

B
y B x B




  , from equality (8) we obtain: 
1max 1( ) 2 1BB 

 





           (9) 
Given that R(B) = 0, further, the cast perform according to (4). The obtained dependence [7]: 

1 111eq B
  






     (10) 
The proposed rate 1  is determined by the equation [7]: 

max1 max(1 )2 (1 )B

R
R




 



 

        (11) 
The proposed rate 1  is determined by the equation [7]. To justify the strength design of drill columns the analysis of the implementation of the operational load of the drill string was made using the Hey chart. Schematization of the loading processes was carried out by the developed technique [4]. Though, on figure 4a general view over Hay diagram is brought with the imposed process of loading the columns of rod string. On a figure 5 treat processes over of loading the boring column are brought during lowering and for stitching during raising. It should be noted that except in the case of stitches, the characteristic feature of all processes is the absence of cycles with stress amplitude above the corresponding border of endurance.  
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FIGURE 4. A general view of the Heya chart for the imposition of the process of loading the columns of string rods: 1 – static 
destruction max = B, 2 – line of border fluidity max = m, 3 – boundary line of endurance a) b) 

 c) d) 

 
FIGURE 5. Hay chart with the process load of the drill string during lowering of the lifting operations: a) seams along the 
column length 500 m, b) descent of the length of the column 190 m, c) descent of the length of the drill string 500 meters, 
d) descent over the length of the column 1970 
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Selection of the unsolved parts of generic problem Thus, the analysis of processes of loading, which arise under the operation of the elements of the drill string, shows that in the range of voltages the highest place is occupied by low-amplitude voltage settings max , ,R  which do not exceed the appropriate grants endurance .R  In this case, it is necessary to take into account the inevitable reduction of the fatigue limit in the process of accumulation of damage [8, 11, 12], caused by the action of the low amplitude voltages. So bringing max  to ekv  should extend to the stress cycles, which are smaller for the border of endurance. This again points to the particular importance of developing refined methods of bringing low-amplitude load cycles to assess the durability of the drill string. The use of equation (1) to bring max R   has a significant limitation, namely, under the condition max 1R      voltage ekv  becomes less than 0. In this case, it is recommended not to drop the voltage from consideration as not making the damaging effects [5]. But the neglect of low voltages under normal conditions (low amplitude loading) elements of the drill string will exert a significant influence on their corrosion-fatigue life. It should be noted that the rejection of low voltage will lead to an overestimation of the design life. It is dangerous to view secure columns. We also derived equations (4, 11) that did not fully take into account the specifics of loading elements of the drill string. 
The article goals Therefore, the aim of this work is to develop equations cast asymmetric stress cycles drill string to the symmetric cycle with the features of their load. 
Main material and results For the development of the refined method, we adhered to the laws of low amplitude corrosion fatigue, characteristics and damage on the chart Hay. So the decrease in the level of loading below the endurance limit reduces the sensitivity to unbalance loads. Damage accumulation is mainly due to dislocation mechanism, where the main factor is the amplitude. The effect of baushinger, which, presumably leads to a change in factor sensitivity of the asymmetry of the load cycle for the transition to exclusively tensile load on these stages is not completely working. But the accumulation of corrosion – fatigue fracture is not accompanied by a decrease of kinetic endurance limit, which leads to the intensification of the process and the gradual increase of sensitivity to cycle asymmetry to a level typical of a lot of cyclic fatigue. Thus, for stress cycles below the fatigue limit, it is possible to make a model of the linear reduction factor in the sensitivity depending on the load level. The correctness of this model is confirmed by the fact that at low stress amplitude the damage line on the graph Haye needs to be reborn in the x-axis. As is known, the drill string is quite often subject to the actions of asymmetrical stress cycles with high amplitudes, even to the level of yield stress, for example during the elimination of sticking [13]. Even a small amount of stress is necessary to take into account for the calculation of longevity. For such stress cycles on the contrary, on the contrast to low amplitude loading, there is increased sensitivity to asymmetry. The level of damage is primarily controlled by the maximum stress of the cycle. Figure 2 shows that the coefficient of sensivity of the asymmetry to a high level of load increases to unity for asingle fracture. So, according to the damaging effects of asymmetrical load on the drill and rod columns one should distinguish three regions: low amplitude, high amplitude and the area of conventional multi cyclic corrosion fatigue. For normal stress cycles, for example, figure 5a located above the border line we recommend the use of equation (4) for cycles a -1 < R  0 and (10) for R > 0. Derive the corresponding equations for the other two regions. Assume low amplitude asymmetric cycle with a coefficient of skewness for the equivalent symmetric cycle R  0 (point A in figure 6). 
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FIGURE 6. A chart of bringing the amplitude asymmetric cycle with a coefficient of skewness R  0  In figure 6 FED – line the boundaries of endurance. To bring from a zero cycle using equation (9). Further enforcement conduct subject to a linear reduction of the coefficient of sensitivity to cycle asymmetry B  depending on the load level. 

max 10 1 1( ) (1 ) 1B
B

BOB
OE

  
    

  
       


                 (12) 

Taking into account geometrical maintenance of coefficient sensitiveness to asymmetry of cycle on Hay diagram according to (9), will get equalization: 
maxmax0.5 ( )( ) ( )( ) ( ) 0.5 ( )ekv

B
By C y B

x C x B B
 





  


          (13) 
Thus it yields the final equation: 

1 111 B
ekv B


  







            (14) 
where 1  is determined by (10), and B  from (12). Give low amplitude asymmetric cycle with a coefficient of skewness -1 < R < 0 (the point А in figure 7) to the equivalent symmetric cycle. 

 
FIGURE 7. Scheme of bringing the small-amplitude asymmetric cycle with a coefficient of skewness -1 < R < 0 
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In this case ( ) ( ) ( )( ) ( ) ( )B
y A y B x B
x A x B x E

 
  


 

Take that ( ) ( ).( )x B k x B
x E

    Given that ( ) ( ),x B y B  the resulting quadratic equation with unknown 
x(B). The solution has the form  

 2( ) 1 1 ( ) 4 ( )( ) 2k x A k x A k y A
x B

k
      

  The analysis shows that the physical sense has the solution with the sign “+”. Given (13), we obtain finally  ( ) (1 ( ))ekv k x B x B                   (15) where: 
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In the case of high-amplitude load max m   we get the same equation cast with just a difference in definition B . From the condition of linear increase of the coefficient of sensitivity to cycle asymmetry of the load level, the following equation is: max( ) (1 )m
B

B m

B 
  

 


  


               (16) 
To justify the proposed method of asymmetric construction of the curves -1 < R < 1 the object of study was 40XH steel, which is used as the material of the tool joints of drill pipes. The results of the study by V. Ivasiv for samples of steel 40CrNi yielded such parameters of fatigue curves [14]: 61 1 0 0 0408  МPа,    29.82 МPа,    662 МPа,   54.91 МPа,   2 10 cycles,   0.22V V N           Figure 8 shows the curves based on experimental studies as well as the curves constructed according to equations (4) and (10). As you can see, the results are quite strongly correlated. This demonstrates the effectiveness of the developed method of bringing asymmetrical stress cycles to equivalent destructive actions and to determine the parameters of fatigue curves under asymmetric loads. To assess the reliability of the proposed method of casting and other critical structural elements operating under conditions of corrosion fatigue, the results were analyzed on samples of steel 17G1S. The parameters of fatigue curves are: 51 1 0 0 0141.9 МPа,    30.87  МPа,    247.1 МPа,    51.83 МPа,   5.207 10 ,    0.209V V N           
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FIGURE 8. Curves for the samples on steel 40CrNi: 1 – experimental for symmetrical loading, 2 – experimental with a pulsating 
load, 3 – is given by equation (4) (R = 0), 4 – is given by equation (4) (R = -0.5), 5 – is given by equation (10) (R = 0.5)  Figure 9 shows curves 1 and 2, constructed in accordance with the specified parameters according to the equation [12] 1max0 ln 1 exp 1R

R
N N

V
 

          
     

 
as well as the curves 3 and 4, obtained by casting using Oding equation пр mах а      [9] and equation (4), respectively.  

 
FIGURE 9. Curves for samples of steel 17G1S [7, 15]: 1 – experimental for symmetrical loading, 2 – experimental with 
pulsating loads, 3 – given in accordance with the Oding equation, 4 – is given by equation (4)  Special software was developed for such 'reversed' curves. The proposed method is almost fully consistent with the results of the experiment in contrast to the widely applied method using the Oding equation. 
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Conclusions Using the developed equations and software one can build curves with symmetric loading and the coefficient of sensitivity to exactly determine the parameters. It is necessary to consider only the parameters of fatigue curves under symmetrical loads. This greatly increases the number of costly and time-consuming experimental studies that are needed to assess the durability of the drill stem elements, which work in conditions of asymmetrical loading with mean stress of stretching. In the process of analyzing the load of the drill string at the stage of its reduction to an equivalent symmetric process there should be asymmetrical voltage range of the load. The following research will focus on identifying features of the load during lowering – lifting operations in deep drilling using computer modeling and experimental studies of the durability of natural samples at high asymmetrical loads.  
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