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Designs and methods for calculating a steam generator (SG) for low power NPPs are considered. As a prototype adopted SG nuclear power plant type KLT-40C (RF). The general list of work in the design of SG is given. A methodology for the structural calculation of SG with a coil heating surface, as well as a mathematical model of SG, have been developed, including structural, thermal, hydraulic, strength and economic calculations. The derivation of formulas for determining the wall thickness of heat transfer tubes (HTT) and the number of concentric layers of coils is described. The methodology for determining the main dimensions of the vessel, shaft and flat cover. Using the developed computer program, the optimal diameter of the HTT, the distances between the heat transfer tubes in the layer and between the layers, the feedwater speed at the inlet to the heat transfer tubes were determined.
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INTRODUCTION
The main task of the further development of nuclear energy - ensuring the safety of the population in any operation NPP including emergency situations, reliable management of spent fuel and radioactive waste. Therefore, the development of nuclear energy in the 21st century is associated with the development of a new generation of nuclear power plants (NPPs) [1].
One of such promising areas is low-power NPPs. [2–4]. First at all, the licensing, design, manufacture and installation of such NPP is a simpler task than for large NPPs. Secondly, the disposal of such an installation is greatly simplified, especially in underground locations. The disadvantage is the high unit cost. Such plant is not an alternative to other nuclear energy projects, and its specificity lies in technical, environmental and economic indicators that are not available for other projects not only today, but also in the near future.
Low power NPPs are now receiving worldwide attention. Projects from Russia, the USA, Japan and other countries are presented in the international market. Recently, the construction of the first floating nuclear power plant has been completed, which is one of the options for this type of nuclear power plant. Another example is the use of ship nuclear power plants of the KLT-40C type, KN-3, which can be used for integrated electricity and heat supply (both domestic and industrial) consumers in remote areas. The prospect of using low power NPPs is also interesting for Ukraine, which can establish their production, use and sale. Therefore, in this paper, attention is paid to the corresponding nuclear power plant, namely, one of its main elements - a steam generator (SG). For further consideration, a nuclear power plant with a thermal capacity of 180 MW was adopted, the prototype of which is taken by the KLT-40C nuclear power plant [5].

1. CONSTRUCTION DIAGRAM ONCE-THROUGH STEAM GENERATOR
This is a vertical recuperative heat exchanger with a coil heat transfer surface made of titanium alloys and forced circulation (fig.1). The coolant of the 1st circuit moves from top to bottom in the annulus. The working fluid moves inside the tubes from the bottom to up. In the lid of the steam generator (SG), vertical steam channels are made, combined into a common toroidal collector with a tube for the removal of superheated steam. In the central part of the lid there is a feed collector with a branch pipe for supplying feedwater. Steam collectors are welded to the bottom of the lid. Feedwater collectors are welded to the tube plate of the feed water chamber. The SG cover is attached to the housing flange by welding. On the feed collector of the lid, there are mounted fittings for air removal, drainage of the cavity of the 1st circuit and sampling from the cavity of the 2nd circuit.
To exclude the flow of the coolant of the 1st circuit from the pressure cavity into the drain (except for the tube system), on the outer shell of the tube system, a bellows and disk spring packages are installed in the upper part. In the event of a coil leakage, any of the supply tubes can be detected and plugged. Possible replacement of the entire tube system.
The purpose of this article is to develop a general design algorithm for a steam generator and to determine some of its features.
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Fig. 1. Once-through steam generator:
1 – vessel; 2 – cabinet partition; 3 – pipe-to-pipe connection; 
4 – coil heat transfer surface; 5 – flat cover; 6 – toroidal steam collector; 7 – branch pipe for feed water; 8 – support pin; 9 – bellows seals; 10 – shaft; 11 – central tube


2. GENERAL DESIGN ALGORITHM
Detailed calculation of SG, modeling of various load modes and other complex calculations are carried out for the selected SG design. Therefore, the first step is to choose the main design parameters: diameter of heat transfer tubes (HТТ), the step between them and the feedwater speed at the inlet of the HTT. These parameters as a result of thermal calculation determine the dimensions of the heat exchange surface, on the basis of which, with the help of strength analysis, the wall thicknesses of the main structural elements and the dimensions of the entire SG are determined. For this design, the reduced costs are determined [6], which include the cost of the structure and hydraulic resistance on the sides of the coolant and the working fluid. Minimization of reduced costs determines optimal output parameters. The process of optimizing the main parameters requires the development of a mathematical model that includes structural, thermal, strength, hydraulic and economic calculations. The search for optimal parameters is carried out by enumerating all possible options. 
After determining the design, a verification calculation is made, where the dimensions of the main structural elements based on modeling using computer codes are specified:
– determination of the thickness of the elements taking into account the cyclical loads during operation, hydraulic tests and stops;
– determination of hydraulic stability conditions;
– structural modeling and determination of current loads;
– development of working drawings; 
– development of manufacturing technology, scope of production quality control;
– development of instructions for use, repair, maintenance.
Let us select some elements of the calculation.

3. DESIGN CALCULATION 
The wall thickness of the tube is determined by the expression [7]:
		     (1)
where – design pressure;  – tube outer diameter;  – attenuation coefficient, for tube = 1;  – permissible load, defined as
 = min {Rm/2,6; R0,2/1,5},	(2)
Rm, R0,2 – tensile strength and yield strength at design temperature;  – amendment, which is defined as
,	(3)
– equal to negative tolerance on wall thickness
		(4)
– for bending, which are manufactured on pipe-lifting equipment by winding onto the sector, technological increase C12 accepted only for wall thickness SR1. For pipes of heating surfaces:
,		     (5)
 – bending radius;  – takes into account the corrosive effects of the working fluid on the material of structural elements in operating conditions. For zirconium alloys as well as austenitic grade stainless steel, it is recommended С2=0,1. HTT SG are made of titanium alloy. Given that the corrosion resistance of titanium alloys is even higher than that of stainless steel, we accept С2 = 0,1.
When marginal deviation of wall thickness at normal manufacturing accuracy ±15%.
Ovality of pipes should not lead pipes with maximum deviations in pipe diameter +0,45 mm.
Substitute (3)–(5) in (1):
	               (6)
As a result of solution (6) with respect to s, we obtain the expression 
                                  (7)
Minimum winding diameter for HTT recommended (10…12)∙D0. If we take the minimum permissible winding radius Rs = 10∙D0/2 = 5∙D0, then (7) becomes:
		(8)
Using the formula (8), the HTT wall thickness was determined for the design conditions depending on the outer diameter for the ПТ-7М titanium alloy (= 17,2 MPa, tр = 350 С, Rm = 250 MPa, R0,2 = 180 MPa) (table).

The results of calculating the wall thickness of the HTT with ПТ-7М for the design parameters of the SG
	Parametr
	External diameter HTT, mm

	
	16
	18
	20
	22
	24
	27

	, mm
	1,4
	1,6
	1,7
	1,9
	2,1
	2,3

	Estimated , mm
	2,1
	2,1
	2,4
	2,8
	2,8
	3,1

	Accepted , mm
	2,2
	2,2
	2,5
	2,8
	3,0
	3,2



Let us dwell on determining the number of concentric layers (rows) of HTT.
From the continuity equation, we find the total amount of HTT (feedwater speed at the inlet of HTT is taken from 0.5 m/s):
Nhtt= Gfw·vfw/wfw / fp,		              (9)
where Gfw,·vfw, wfw – flow rate, specific volume, feedwater speed; fp – living section area of one HTT.
The average speed of the coolant in the pipe space is accepted (wc = 1…3 m/s). Then the area for the passage of coolant:
Fc = Gc·vc.ср/wc.			(10)
The living cross-sectional area for the coolant passage for a given type of heat exchange surface is determined provided that the coil gives a ring with a horizontal cross-section. Then the minimum area for the passage of coolant is defined as the area of space between the shaft and the central pipe minus the area of all layers of the coils:
Fc= Дav·z·dp π,	     (11)
where  – inner diameter of shaft,  – outer diameter of the central tube.
Or as the sum of all the gaps between the coils (layers):
Fc= 𝜋∙Дavr∙z∙(S-dp) . 		    (12)
Given that the average diameter of the layers
Дavr= (Д1+Дz)/2,		(13)
Д1, Дz – diameters of the first and last layers:
Д1 = Дct+S,		(14)
Дz = Д1 + 2∙(z-1)·S = Дct + (2∙z-1)∙S;	(15)
Дsh= Дct+ 2∙z∙S,				(16)
z – number of layers of coils, S – distance between layers, dp  – diameter HТТ.
After substituting (13) - (16) into (11) and solving the resulting equation with respect to z, we get an expression for determining the number of layers z:
.		  (17)
To satisfy the condition of a constant length of tubes in the layers, the number of coils in the layers varies. The distribution of the number of coils in the layers is as follows. The average number of tubes in the layer:
Np.avr.= Np/z.			(18)
The number of tubes in the i-th layer:
Np.i = Np.avr.∙Ді/Дavr.		               (19)
Thermal calculation performed using ASPEN-TECH computer code, which for given initial data determines the characteristics of the heat transfer surface: dimensions, heat exchange area, number of tubes, distribution of tubes in layers, length of HТТ, mass of the heat transfer surface, hydraulic resistance on the side of the coolant and the working fluid.

4. OPTIMIZATION CRITERION
The optimal parameters are usually those that correspond to the minimum of annual costs [6, 8]. Thus, the optimization criterion is the annual expenses, are determined by the expression:
Z = Ен ∙ К + І, 		(20)
where К – cost of SG; Ен – normative coefficient, Ен = 0,12; І – annual expenses.
Annual production expenses represent the sum of the component of capital costs and operating expenses:
І = Іc + Іoper.			(21)
Operating expenses are defined as pump drive costs:
Іoper = [ΔРc∙vc∙Gc /(ηp∙ηm) +
+ΔРwf∙vfw∙Gfw/(ηp∙ηm)]∙Сel∙τan,	        (22)
where ΔРc, ΔРwf – hydraulic resistance between pipe (coolant) and pipe spaces (working fluid) in accordance; vc, vfw – specific volume of coolant and feedwater at the inlet to the SG, m3/kg. With the parameters of the coolant at the inlet 270 °С and 15 MPa vc = 0,00128 m3/kg. With parameters of feed water at the inlet 65 °С and 4,0 Мpа vfw = 0,00102 m3/kg.
ηp, ηm – efficiency of the pump and electric motor, respectively, for the circulation pump of the 1st circuit and feedwater pump. Accepted for the circulation pump of the 1st circuit ηp = 0,76; ηm = 0,98. For feedwater pump ηp = 0,8; ηm = 0,98; Gc, Gfw – coolant and feedwater consumption, kg/s. Gc = 314,34 кг/с, Gfw = 16,96 kg/s; Сel, τan – electricity cost and annual operation time. Accepted for industrial consumers on January 2018: Сel = 1,67485 UAH/(кW∙ hour) = 0,062 $/( кW∙ hour), τan = 7000 hours.

DEFINITION ALGORITHM OF SG COST
Cost of SG is defined as the sum of the cost of materials for each part, multiplied by the coefficient of accounting for the cost of manufacture:
,			(23)
where  mass of the i-th component;  unit cost of the i-th material;  production cost factor. Given the design experience in production, k = 2.
[bookmark: _Hlk17148090]When determining the cost of SG, its elements are taken into account: vessel (cylindrical shell); vessel bottom head cap, central tube, shaft, heat exchange surface, closure head cap.
Cost HТТ from Ti alloy is equal to 60,55 $/kg [9].
The central tube is made of stainless steel. Cost depends on diameter. As a result of data processing in the literature, an approximation expression of the dependence of the pipe cost on the diameter was obtained:
, $/м.	   (24)
Shaft is made of stainless steel, cost 3700 $/т.
The vessel is made of steel 10ГН2МФА at cost 956,27 $/т [10].
Shaft outer diameter
,
 – shaft wall thickness.
The thickness of the annular gap between the shaft and the vessel is determined on the basis of a given area of the annular gap, which is determined from the continuity equation to ensure the optimal coolant speed in the annular gap: 
,
where Gc – coolant flow rate, kg/s; vc – specific volume of coolant at the inlet to the steam generator; wc – the coolant speed in the annular gap is accepted. 
Ring Gap Area
      (25)
From here
 .    (26)
Inner diameter of the vessel
.
Considering surfacing 5 mm, the inner diameter of the vessel
.
Wall thickness of the vessel [7]
			(27)
 – design pressure of coolant, = 17,2 МПа; [] – permissible load for vessel material at design temperature.
For steel 10ГН2МФА [7] , .
permissible load 
= 188,8 МPа,
 – hole attenuation coefficient. The annular nozzle has amplifications, therefore, for the main part of the vessel .
С – coefficient in the formula (1). – for pearlitic steel when working in water to 350 , pH=8...10 equivalent to 1 mm. Accept С = 2 mm.
Outer diameter of the vessel: 
Bottom head cap of vessel: provided that the height of the bottom , bottom thickness equal to wall thickness of vessel [11] . At lower bottom heights, wall thickness which causes technological difficulties in the manufacture.
Theoretical blank diameter for the bottom [11]

,
where h1 – height of the cylindrical shell of the bottom, accepted h1 = 0,1 м [11].
The coefficient is determined by the expression
[image: http://text.gosthelp.ru/images/text/8029.files/image018.gif],
.
Volume of the bottom metal

When the density of steel  the mass of the bottom
.
[bookmark: _Hlk17151240]Closure head cap (CHC) of vessel. CHC thickness without loosening holes (weld thickness of CHC with vessel):
,		(28)
 (for cover   x = 1), ,
 = 1 (there are no holes in the weld).
In this way,
.
For flat caps with multiple holes,
	,		(29)
where  – sum of hole diameters, lying on the same diameter of the CHC.
The diameter of the holes in the cover for the passage of steam , then

where  – diameter of the central pipe.
Full CHC thickness
.		(30)
Weight of blank for CHC:
.
The height of the cylindrical part of the vessel:

,		(31)
where  0,515 – design size for placement in the upper part of the case of steam collectors that divert a steam from the coils in the upper part under the CHC, and spaces for welding pipes from coils in the lower part above the bottom, feed water is supplied.
The mass of the cylindrical part of the housing
.

5. HYDRAULIC CALCULATION ALGORITHM 
Four programs have been developed. (in Visual Basic Application) for calculation of hydraulic resistance:
1) for the coolant from the entrance to the steam generator to the entrance to the heat exchange surface; 
2) for the coolant from the exit from the heat exchange surface to the exit from the SG;
3) for feedwater from the entrance to the SG to the entrance to the heat exchange surface;
4) for steam from the exit from the heat exchange surface to the exit from the SG.

6. RESULTS OF OPTIMIZATION OF THE MAIN STRUCTURAL PARAMETERS OF SG 
Based on the above materials, the main structural parameters of SG were optimized: diameter of coils, location distance (between coils in a layer and between layers), feedwater speed at the inlet to the coils.
Optimization criterion - a minimum of reduced annual costs. To carry out variant calculations, a mathematical model of the SG in EXCEL was developed, into which the matrix of the results of calculations according to the program was inserted ASPEN-Tech.
In fig. 2, 3 for example, the dependencies of the main indicators: K is cost SG, operating costs and the given costs Z of the diameter of the coils and water velocities at the inlet of the HTT. The search method was used to find the optimal values.
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Fig. 2. Dependence of cost SG K,
operating costs and reduced annual costs Z of the water speed at the inlet to the coils
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Fig. 3. Dependence of cost SG K,
operating costs Ioper and reduced annual costs Z from the diameter of the coils
Ranges of change: diameter 16…27 mm, distance s1=18…29, s2=18…32 mm, water speed 0,3…0,97 m/s.
As a result of calculation and analysis 142 options, it was found that the minimum value of the reduced costs correspond to the following design parameters:
1) minimum outer diameter of the coil 16 mm;
2) the distance between the coils in the layer (vertically) 20 mm;
3) distance between layers (horizontally) 20 mm;
4) feedwater speed at the inlet to the coils 0,61 m/s.
The main characteristics of the best option are as follows: the number of coils – 252, coil tube length – 36,6 m; mass of heat exchange surface – 3,655 t; number of rows of coils (layers) – 28; number of pipes in the 1st row – 3; the number of pipes in the last row – 15; diameter of heat exchange surface – 1,35 m; height of heat exchange surface – 2,55 m; coolant speed in between pipe space – 1,58 m; feedwater velocity at the inlet to the tubes – 0,61 m/s; feedwater speed at the outlet of the tubes – 37,1 m/s; hydraulic resistance of the heat exchange surface with the working fluid – 3,5 bar; hydraulic resistance of the heat exchange surface with the coolant – 0,0037 bar; heat transfer surface margin – 15%; thickness of the annular gap between the vessel and the shaft – 60,8 mm; inner diameter of vessel  – 1,51 m; wall thickness of vessel – 74 mm; outer diameter of vessel – 1,66 mm; height of vessel – 3,3 m; closure head cap of vessel thickness for welding – 242 mm; full closure head cap thickness – 272 mm; vessel weight – 9,644 t; cost of steam generator – 252650 doll.; fluid resistance on the coolant side – 0,068 bar; resistance on the side of the working fluid – 6,16 bar.
CONCLUSION
1. A methodology for the structural calculation of a coil heating surface has been developed.
2. A technique, algorithm and program for calculating the basic geometric characteristics of the main elements of the SG has been developed (steam, closure head cap of vessel, shaft, coils) and cost SG depending on dimensions heat exchange surface.
3. Developed a mathematical model SG, with the help of which the optimization of the design parameters of a 45 MW SG for low-power NPPs was carried out (the design of the KLT-40C type nuclear power plant, which has many years of successful experience in operating as a ship plants, was taken as a prototype).
4. As a result of using the method of enumerating possible options, optimal values were selected with respect to the minimum of the reduced annual costs for the longitudinal and transverse location of the coils, their diameter and feedwater speed at the inlet to the coils.
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