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Abstract

:

Currently, software products for numerical simulation of fluid dynamics processes (Ansys, Star CCM+, Comsol) are widely used in the power engineering industry when designing new equipment. However, computer simulation methods embedded in proprietary software products make specialists choose grid settings, boundary conditions, and a solver providing the minimal deviation from experimental data with the maximal calculation speed. This paper analyzes the influence of the main grid settings and boundary conditions in the Ansys software package on the error in the computer simulation of flows in standard elements of power equipment and gives recommendations for their optimal choice. As standard elements were considered blade turbine channels formed by C-90-22 A profiles.
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1. Introduction


The application of computer numerical simulation in the power engineering industry allows one to significantly speed up and reduce the cost of designing and calculating new equipment by reducing the number of full-scale tests [1]. Despite the significant development of tools and methods for computer simulation, the calculation results do not always provide the required accuracy. The task of using computer simulation tools is complicated by the uncertainty when choosing initial simulation parameters at each stage of a virtual experiment. The existing recommendations for choosing a computational grid and solver settings are stated in a general form and do not allow one to determine the quantitative values of numerous initial simulation parameters that provide a high calculation accuracy [2].



When using the existing approach, required experimental verification of the software product is used for the given class of problems in the given configuration in order to establish the calculated data adequacy, especially when simulating turbulent flows, combustion processes, and heat transfer. In addition, when using software packages for the computer simulation of fluid dynamics processes, it is important to choose optimal settings for the computational grid, the solver, and the boundary conditions since the calculation accuracy and speed can vary significantly depending on these parameters, which is especially relevant due to the limited computing capabilities [3].



Due to the above challenges, it is highly important to verify the mathematical simulation results for standard elements of power equipment, which will then allow one to create a matrix of optimal settings for a software product based on the data obtained, providing an acceptable accuracy in comparison with experimental data along with a high speed. The potential benefits of this approach lie in the advancing verification of fluid dynamics problems with a complex configuration made up of standard elements, each with a set of recommendations for choosing calculation parameters.



One of the key parameters when defining the grid settings is the height of the first near-wall layer due to the high flow velocity gradient near the wall under no-slip boundary conditions. Currently, it is recommended to determine the height of the first prismatic cell using the ratio derived from the “1/7 law” [4]:


  y =   74      y +  D R  e    − 13   14     ,  



(1)




where:




	
   y +    is the dimensionless height;



	
D is the characteristic size, m;



	
Re is the Reynolds number.








The dimensionless height y+ by definition is calculated using the following formula:


   y +  =   y  u τ   ν  ,  



(2)




where:




	
y is a dimensional coordinate, m;



	
   u τ    is the shear velocity, m/s;



	
 ν  is the kinematic viscosity, m2/s.








Depending on the problem to be solved and the selected turbulence model, the taken value of y+ can be set within different limits:




	
for low-Reynolds models (SST, k − ω), which do not use near-wall functions, it is recommended to take y+ within the range of 0 to 5 [5,6] due to the need to place the first near-wall cell in a viscous boundary layer;



	
for high-Reynolds models, which use near-wall functions (k − ε), it is recommended to take y+ exceeding 30 due to the need to place the first near-wall cell outside the viscous boundary layer.








The paper [7] presents an analysis of existing recommendations on the choice of settings and tools for the computer simulation of fluid dynamics processes for blade channels of turbomachines. Thus, it is noted that the most common solver settings are:




	
the choice of low-Reynolds SST or k − ω turbulence models;



	
the choice of low values of y+ not exceeding 1;



	
the choice of a computational grid that provides the number of control volumes within the range of 500,000 to 1,500,000 elements.








In addition, the paper [7] presents computer calculation data in comparison with experimental data for a two-dimensional problem statement of the working medium flow through a blade channel. It is noted that the absolute error in terms of the friction losses coefficient ζ increases along with y+.



The paper [8] presents the results of a computer and experimental study of flows in the blade channels of a turbine nozzle array when using the k − ω turbulence model with the value of y+ not exceeding two, and Re equal to 22,000. The paper emphasizes the high accuracy of computer flow simulation in the considered configuration; the calculation error was less than 1% as compared to the experimental data.



The paper [9] presents results of computer and experimental studies of flows in blade channels using the SST turbulence model with the value of y+ = 1, and Re = 200,000. In this case, the computer simulation error in terms of the pressure coefficient as compared to the experiment data does not exceed 10%, averaging 1 to 5%.



The purpose of this study is to identify the influence of patterns when choosing turbulence models and grid settings, in particular, the heights of the first near-wall layer, on the accuracy of computer simulation of flows in nozzle channels formed by C-90-22 A blade profiles [10]; the data from experimental studies are being taken as a reference standard [8,11].




2. Research Object


The blade system is the most critical element of any axial turbomachine, which largely determines the efficiency and reliability of the entire turbine. It consists of a series of radially mounted profiled blades. Identical blades installed at the same distance from each other and at the same angle, make up the blade system. The fixed (nozzle) and rotating (working) arrays form a turbine stage.



The working medium expands in the narrowing channels formed by blades (Figure 1); that is, potential energy is converted into kinetic energy, which, in turn, is converted into mechanical energy of shaft rotation in the working arrays. The working medium flow in the channels of bladed machines is invariably accompanied by aerodynamic energy losses, which directly depend on the bladed channel shape [12,13]. They can be conventionally divided into two groups:




	(1)

	
profiled ones:




	-

	
friction losses: these are directly related to the formation of a boundary layer on the concave and convex parts of a profile and its interaction with the main flow [14];




	-

	
edge losses: these are related to the convergence of flows with different velocities behind the trailing edge [15];




	-

	
wave losses: these occur only in supersonic flows; when the Mach number is greater than the critical value, a supersonic region is formed on the blade surface ending with shock waves [16];










	(2)

	
end losses: these are related to the formation of a boundary layer on the end surfaces and with the generation of vortices due to the medium flow from a concave surface to a convex one [17,18].









Fluid dynamic processes occurring in blade channels, as well as in pipes, depend on both geometric and operating parameters. To carry out a computer simulation of the flow in turbine blades, the C-90-22 A profile (Figure 2) has been chosen due to the fact that it is used in high and medium pressure cylinders of the K-300-240/K-800-240 turbines, which are widely used in the domestic energy industry [10].



The main geometrical parameters of a blade channel are:




	-

	
the profile chord length b: it is selected based on the blade strength conditions;




	-

	
the ratio of profile chord length to blade height b/l; blades with a relatively large value of b/l are installed mainly in the first stages of turbines, and vice versa for the last stages;




	-

	
the relative setting pitch    t ¯   : it has its own optimal value for each profile which is determined by the empirical formula by V.I. Dyshlevsky [11];




	-

	
the profile installation angle αy: it depends on the value of the effective angle of the flow entry into the array and is determined by a semi-empirical formula.









The blade profile height was chosen as a variable geometric parameter. Table 1 presents the data on the geometric and mode-related parameters of the models under study.



Figure 2 shows the geometric characteristics of the profile under study and an example of a solid model of the flow volume in a blade channel. The symmetrical motion of the medium in each of the blade channels formed by two profiles makes it possible to carry out computer simulation in a periodic setting. This approach allows us to build a more detailed grid by reducing the dimensions of the models under study.




3. Research Method


3.1. Description of the Computational Grid Parameters


To carry out virtual experiments, computational grids were formed for the flow volume in blade channels. In the same way as when building a grid for a pipe, segmentation, for all models it was carried out using the iterative method according to the Delaunay criterion [19]. It is true for any triangle in a plane that there are no other points inside the circle circumscribed about it. A tetrahedral grid is neither structured nor inhomogeneous; prismatic cells were used to simulate the boundary layer near the walls. The global element size ranged from 0.4 to 2 mm. The dimensionless distance from the wall to the first cell in the flow y+ varied from 0.5 to 5; its values within the range of selected Re numbers corresponded to the values of the first cell in the prismatic layer which varied from 0.6 to 3.12 μm. The number of layers averaged 15; the total height of the prismatic layers did not exceed 1.2 mm. The total number of elements ranged from 0.14 to 4.78 million.



As stated above, one of the components of losses in a blade channel are the edge losses caused by flow separation from the blade trailing edge surface. Since the trailing edge is much thinner than the rest of the profile area, the global element size was reduced to 0.1 mm for a correct segmentation of the solid model of the flow volume in the channels under study in the trailing edge region of the profiles (Figure 3) [20].



The computational grid was constructed in such a way as to provide a smooth transition from the boundary layer region to the main flow: the growth factor parameters and the number of layers were selected based on the condition that the height of the last prismatic layer must be at least half the linear size of the global element.



In this study for numerical simulation was used Ansys CFX 2021 R2 (Ansys, Inc), for meshing was used Ansys ICEM CFD 14.0 (Ansys, Inc., Canonsburg, PA, USA). All numerical simulations were carried out in Moscow, Russia.




3.2. Description of the Solver Settings and Boundary Conditions


The flow in blades channels was simulated using the RANS method. To close the Reynolds-averaged Navier-Stokes equations, the Shear Stress Transport and k − ω turbulence models were used. The convergence criterion was the level of residual errors equal to 10−4, which is sufficient for engineering calculations. The governing equations for RANS method (3) and for the SST- k − ω [21] turbulence model are presented below.


        ρ     ∂  u i    ∂ t   +   u ∇   u   = − g r a d  p  +  ∂  ∂  x k        μ +  μ t      ∂  u i    ∂  x k            − ∇   ρ  u →    =   ∂ ρ   ∂ t         ,  



(3)




where:



 ρ —density; u—velocity; p—pressure;  μ —dynamic viscosity;    μ t   —eddy viscosity.


          D   ρ k     D t   = ∇ ·     μ +  σ k   μ T    ∇ k   +  P k  −  β ∗  ρ ω k         D   ρ ω     D t   = ∇ ·     μ +  σ ω   μ t    ∇ ω   + γ  ρ   μ t     P k  − β ρ  ω 2  + 2   1 −  F 1    ρ  σ  ω 2     ∇ k · ∇ ω  ω        ,  



(4)




where:




	
   P k  = min    μ t   S 2  , 10  β ∗  ρ ω k     is the term of production;



	
   d w   —wall distance;



	
 ρ —density;



	
 μ —dynamic viscosity;



	
   μ t   —eddy viscosity;



	
 k —kinetic eddy energy;



	
 ω —specific dissipation rate.








In this study standard functions and values for closure coefficients of the SST-model are used, as presented in [21].



The equations for k − ω turbulence model are as follows [22]:


          D  k    D t   =  τ  i j     ∂  u i    ∂  x j    −  β ∗  k ω +  ∂  ∂  x j         μ ρ  +  σ ∗     μ t   ρ      ∂ k   ∂  x j              D  ω    D t   = α  ω k   τ  i j     ∂  u i    ∂  x j    − β  ω 2  +  ∂  ∂  x j         μ ρ  + σ    μ t   ρ      ∂ ω   ∂  x j            ,  



(5)




where:




	
 ρ —density;



	
 μ —dynamic viscosity;



	
   μ t   —eddy viscosity;



	
 k —kinetic eddy energy;



	
 ω —specific dissipation rate;



	
u—velocity.








In this study standard functions and values for closure coefficients of the k − ω model are used, as presented in [22].



The boundary conditions were set in such a way that the conducted virtual experiment corresponded to the physical (real) one; the pressure downstream of the model was taken as equal to one atmosphere; the temperature of the working medium was taken as equal to 20 °C. The flow rate was determined using the continuity equation so as to provide the Mach number in the neck selected in accordance with the reference standard (Table 2).





4. Results and Discussion


As a control parameter for comparing the results of computer simulation with experimental data and determining the error, the friction energy loss coefficient ζ was chosen. The choice of this parameter as a control is due to the large amount of reference data obtained from the results of testing blade profiles in wind tunnels. When increasing the ratio b/l within a range of 0 to 2, the loss factor increases from 0.19–29 to 0.37–0.72. Increasing the theoretical Mach number in the blade channel neck is also accompanied by a decrease in the energy loss coefficient [11].



To calculate the pressure loss coefficient  ζ  by results of numerical simulation, the Equation (6) is used [11]:


   ζ    =        B   p  01           k − 1  k    −      B   p  00           k − 1  k      1 −      B   p  00           k − 1  k      ,  



(6)




where:




	
 B —mass flow averaged static pressure on outlet, Pa;



	
   p  00    —mass flow averaged total pressure at the entrance to blade channel, Pa;



	
   p  01    —mass flow averaged total pressure at the exit blade channel, Pa



	
 k —specific heats ratio, 1.4 for air.








To calculate the percentage error of numerical simulation    Δ ζ   , the Equation (7) is used:


   Δ ζ    =    ζ e  −  ζ n     ζ e    · 100 % ,  



(7)




where:




	
   ζ e   —experimental values of pressure loss coefficient [11];



	
   ζ n   —value of pressure loss coefficient, obtained from numerical simulation.








Figure 4 shows a dependence graph of the error on the Reynolds number within a range from 300,000 to 800,000 in blade channel C-90-22 A with b/l = 2 for data obtained from simulation results using the SST turbulence model. To calculate the percentage error of numerical simulation in this case and in the other cases in this study the relation (7) is used. Within a range of y+ = 0.5 to 2.5, with an increase in the Re number from 300,000 to 500,000, the computer simulation error decreases, and with a further increase in Re up to 800,000, it starts increasing. At the same time, the dependence obtained with y+ = 5 has a linearly decreasing pattern in the entire range of Re numbers under study. With y+ = 0.5, the simulation error varies from −0.67 to 9.36%. With y+ = 1, the error of computer simulation is within a range of 0.33 to 7.01%; increasing y+ to 2.5 resulted in an error of 3.15 to 4.49%. In turn, with y+ = 5, the computer simulation error was minimal within a range of 2.75 to 4.51%. Therefore, the use of parameter y+ within a range of 0.5 to 5 will provide errors in calculating the energy loss coefficient less than 10% within a range of Re numbers of 300,000 to 800,000.



Based on the results of comparison with the reference standard was determined the functional dependence of the computer simulation error on the Re number for a blade channel of the C-90-22 A profile with b/l = 2 using the SST turbulence model with parameter y+ = 5 (Equation (8)).


   Δ ζ  = 6 ×   10   − 12     Re  2  − 1 ×   10   − 5   × Re + 6.955 .  



(8)







Figure 5 shows the graph of the error dependence on the Reynolds number in a blade channel formed by nozzle profile C-90-22 A with b/l = 1 for data obtained from simulation results using the SST turbulence model. With an increase in the Reynolds number from 300,000 to 800,000, the computer simulation error decreases from 8.44 to −5.86% with y+ = 0.5; from 9.79 to −4.55% with y+ = 1; from 11.22 to −3.47% with y+ = 2.5; and from 9.59 to −4.90% with y+ = 5. The best match with the reference standard when the Re number = 300,000 is provided by the value of y+ = 0.5: the error is 8.4%, whereas when Re = 800,000 and y+ = 2.5, the error is −3.5%.



The functional dependence of the error in the computer simulation of the energy loss coefficient on the Re number within a range of 300,000 to 800,000 in a blade channel of profile C-90-22 A with b/l = 1 obtained using the SST turbulence model with y+ = 0.5 is presented below (Equation (9)).


   Δ ζ  = − 7 ×   10   − 11   ×   Re  2  − 9 ×   10   − 5   × Re + 27.653 .  



(9)







It is clear that all dependences within a range of Reynolds numbers from 300,000 to 800,000 are decreasing and match well with the physical experiment results. The best match of the computer simulation results with experimental data within a Re range of 300,000 to 500,000 is provided when parameter y+ = 2.5.



The change in the computer flow simulation error when using the k − ω turbulence model in the same blade channel is shown in Figure 6. Within a range of Reynolds numbers from 300,000 to 500,000, the computer simulation error decreases from 12.43 to −3.91% with y+ = 0.5; from 13.03 to −2.47% with y+ = 1; from 12.67 to −1.05% with y+ = 2.5; and from 10.96 to −0.33% with y+ = 5. A further increase in the Reynolds number up to 800,000 results in an increase in the error up to −12.14% (y+ = 0,5), −12.12% (y+ = 1), −6.68% (y+ = 2.5), and −6.28% (y+ = 5). The least error in computer simulation when using the k − ω turbulence model within a range of Re numbers = 300,000 to 800,000 is provided with parameter y+ = 5.



Based on the computer simulation results using the interpolation method determined the functional dependence of the error on the Re number within a range of 300,000 to 800,000 with y+ = 5 (Equation (10)).


   Δ ζ  = − 7 ×   10   − 11   ×   Re  2  − 0.0001 × Re + 38.868 .  



(10)







The change in the computer flow simulation error in the same blade channel depending on the Re number with different y+ is shown in Figure 7. Within a range of Re numbers from 300,000 to 500,000, the error in the computer simulation results increases from 4.77 to −21.45% with y+ = 0.5; from 5.56 to −20.97 with y+ = 1; from 6.29 to −21.45% with y+ = 2.5; and from 3.98 to −23.85% with y+ = 5. A further increase in the Re number up to 800,000 is accompanied by changes in the curve pattern: the error starts decreasing to −8.30% with y+ = 0.5; to −7.36% with y+ = 1; to −6.63% with y+ = 2.5; and to −8.75 with y+ = 5. When the Reynolds number is equal to 300,000 and 800,000, the best match of the computer simulation with the reference standard is provided with y+ = 5 and y+ = 2.5, respectively. Since the required simulation error (below 10%) in this blade channel is provided only with local Reynolds numbers, it is not advisable to use the k − ω turbulence model within a range of Re numbers = 300,000 to 800,000.



As shown above, the SST model is more advisable than the k − ω turbulence model in relation to the tasks under consideration, but for more reliable verification it is necessary to analyze dependence between the order of convergence and error of numerical simulation. Figure 8 shows the sensitivity analysis for Re, y+ and residuals order for various aspect ratios b/l. With the increase of residuals (decrease of convergence) the decrease of the pressure loss coefficient is observed, so the deviation of numerical simulation is also decreasing, wherein the sensitivity of residuals and error for changing y+ (line a) than for changing Re (line b).




5. Conclusions


As a result of a computer simulation of flows in turbomachine nozzle channels formed by C-90-22 A profiles and comparing the data obtained with experimental study results, it was established that:




	
the application of the k − ω turbulence model provides an acceptable deviation from the experimental data within {−10%, +10%} only within a limited range of Re, which suggests that this model is not recommended for solving the problems of the considered class;



	
the SST turbulence model provides an acceptable deviation from the experimental data within the entire considered range of Re (300,000 to 800,000); in this case, the error for various values of parameter y+ varies insignificantly; the deviation of the curves from each other does not exceed a few percent;



	
there is no single type of dependence of the computer simulation errors on the Reynolds number for various geometric configurations; there is also no single type of relationship between different values of y+ within the recommended range of one to five and the computer solution error;



	
nevertheless, according to research results, it is possible to track trends in changing the values of y+ corresponding the minimal error values for different Re: with an increase in Re, in general, the value corresponding to the minimum error increases.



	
for considered blade channel with aspect ratio b/l = 2 the values of y+ with the best concurrence with experimental data is following: y+ = 0.5 for Re 300,000, y+ = 1 for Re 500,000 and y+ = 5 for Re 800,000.



	
for considered blade channel with aspect ratio b/l = 1 the values of y+ with the best concurrence with experimental data is following: y+ = 0.5 for Re 300,000, y+ = 2.5 for Re 500,000 and y+ = 2.5 for Re 800,000.
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Figure 1. Blade channel of a nozzle array. 






Figure 1. Blade channel of a nozzle array.
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Figure 2. (a) Geometric characteristics of the turbine blade profiles under study; (b) boundary conditions in preprocessor of the model of the flow volume in a blade channel. 
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Figure 3. Computational grid of the flow volume in a blade channel. 
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Figure 4. Graph of the error dependence on the Reynolds numbers in a blade channel formed by the C-90-22 A nozzle profile with b/l = 2 obtained using the SST turbulence model. 
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Figure 5. Graph of the error dependence on the Reynolds numbers in a blade channel formed by nozzle profile C-90-22 A with b/l = 1 obtained using the SST turbulence model. 
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Figure 6. Graph of the error dependence on the Reynolds number in a blade channel formed by nozzle profile C-90-22 A with b/l = 2 obtained using the k − ω turbulence model. 
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Figure 7. Graph of the error dependence on Reynolds numbers in a blade channel formed by nozzle profile C-90-22 A with b/l = 1 obtained using the k − ω turbulence model. 
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Figure 8. Graph of the error dependence on convergence order: (a) when changing of y+ with constant Re, b/l = 2; (b) when changing Re with constant y+, b/l = 1. 
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Table 1. Geometrical and mode-related parameters of the models under study.






Table 1. Geometrical and mode-related parameters of the models under study.





	Parameter
	Value





	b, mm
	45.00



	l, mm
	45.00 to 90.00



	α0, °
	90



	α1, °
	22



	β1, °
	–



	β2, °
	–



	b/l
	1 to 2



	    t ¯    
	0.75



	αy, °
	45.7



	M
	0.3 to 0.8



	Re
	300,000 to 800,000



	Maximum linear size of a global element (cell), mm
	1 to 2



	Height of the first cell of the prismatic layer, µm
	1.25 to 3.12



	Number of prismatic layers
	15



	Growth factor of prismatic layers
	1.33 to 1.41



	Total height of prismatic layers, mm
	1.0 to 1.1



	y+
	1 to 5



	Grid refinement area
	trailing edge



	Maximum linear size of a global element (cell) in the grid refinement area, mm
	0.1



	Total number of elements in the computational grid, million
	2.13 to 4.14
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Table 2. Boundary conditions for simulating fluid dynamics processes occurring in blade channel.






Table 2. Boundary conditions for simulating fluid dynamics processes occurring in blade channel.





	Parameter
	Value





	Working fluid
	Air IG



	Working medium flow rate, g/s
	68 to 716



	Flow angle upstream of the model, °
	90



	Working medium temperature upstream of the model, °C
	20



	Static pressure downstream of the model under study, atm
	1
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