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Abstract

:

Recently, the advantages of radial outflow turbines have been outstanding in various operating conditions of the organic Rankine cycle. However, there are only a few studies of such turbines, and information on the design procedure is insufficient. The main purpose of this study is to provide more detailed information on the design methodology of the turbine. In this paper, a preliminary design program of a radial outflow turbine for organic Rankine cycles was developed. The program determines the main specifications of the turbine through iterative calculations using the enthalpy loss model and deviation angle model. For reliability evaluation of the developed algorithm, a 400.0 kW turbine for R143a was designed. The designed turbine was validated through computational fluid dynamics. As a result, the accuracy of the program was about 95% based on the turbine power, which shows that it is reliable. In addition, the turbine target performance could be achieved by fine-tuning the blade angle of the nozzle exit. In addition, performance evaluation of the turbine against off-design conditions was performed. Ranges of velocity ratio, loading coefficient, and flow coefficient that can expect high efficiency were proposed through the off-design analysis of the turbine.
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1. Introduction


Environmental regulations are gradually being strengthened due to air pollution and global warming [1]. Therefore, research on eco-friendly power generation systems that can replace fossil fuels has been actively conducted. In accordance with this global trend, the organic Rankine cycle (ORC) is one of the eco-friendly power generation cycles that is in the spotlight [2]. In the organic Rankine cycle, the turbine is a key factor in the efficiency and cost of the power generation cycle [3,4]. For this reason, research on the turbine design technology for organic Rankine cycles is continuously being performed.



The most used types of turbines for organic Rankine cycles are axial turbines and radial inflow turbines. The axial turbine is advantageous for high efficiency and high power through a multi-stage configuration [5]. On the other hand, the blade height of the axial turbine increases from the first stage to the last stage according to the expansion of the working fluid. As the blade height increases, the blade must be twisted as the velocity triangles of the hub and tip differ greatly from each other [6]. Therefore, the axial turbine is relatively difficult to design and fabricate. The radial inflow turbine is easy to manufacture and has good performance even under off-design conditions [7]. However, the radial inflow turbine is generally composed of only one stage, and it is easily choked in the organic Rankine cycle using an organic fluid characterized by low sound velocity, so its use is limited.



The radial outflow turbine can be used to simultaneously make up for the disadvantages of the axial turbine and the radial inflow turbine [2,3]. Figure 1 shows the typical structure of a radial outflow turbine [8]. In the turbine, the working fluid flows in the axial direction and then expands in the radial direction.



The radial outflow turbine has the following advantages [5,9]. First, the turbine can have a constant height because the flow area also rises with radius during expansion of the working fluid. Second, as there is no change in velocity triangle between the hub and tip, the blades do not have to be twisted. Lastly, there is no restriction on pressure ratio, because the multi-stage configuration is easy. As such, radial outflow turbines can respond well to both fabrication and versatility for operating conditions at the same time. Therefore, studies on radial outflow turbines are being conducted gradually.



Persico et al. [10] studied a design technique of a radial outflow turbine for a 1 MW organic Rankine cycle. The study found that the intrinsic diverging form of the radial outflow configuration makes the blade design difficult. Pini et al. [11] designed radial outflow turbines consisting of three stages and six stages, respectively. The six stages operated at subsonic or weak supersonic conditions, and the preliminary design and computational fluid dynamics (CFD) results showed good agreement. On the other hand, the three stages operating at supersonic conditions had a deviation between the preliminary design and CFD results. Casati et al. [12] studied radial outflow turbines for a 10 kW organic Rankine cycle. The study showed that radial outflow turbines are suitable as efficient expanders in mini-organic Rankine cycles. Persico et al. [13] analyzed the flow patterns seen in the stator and rotor of radial outflow turbines. Persico et al. [14,15] presented optimization techniques of the blade shape for radial outflow turbines. The optimization technique was developed in-house and showed that it is useful for improving blade shape. Luo et al. [9] designed a radial outflow turbine for a supercritical carbon dioxide cycle. The turbine was optimized to meet the design requirements. Luo et al. [16] studied a three-stage radial outflow turbine with reference to the design conditions of a four-stage axial turbine. The study showed that the performance of the radial outflow turbine under design conditions was almost identical to that of the axial turbine. Song et al. [17] designed and optimized the radial outflow turbines using R123 from one stage to three stages, respectively. The study showed that optimized turbines have similar power and efficiency between preliminary design and CFD results. Wang et al. [5] presented guide vane and volute design techniques for radial outflow turbines. In the study, the performance of the turbine was not significantly different according to the type of volute, but the pear-shaped volute showed slightly higher performance than the others. Wang et al. [18] and Liu et al. [19] studied single-stage transonic turbines for organic Rankine cycles. The studies suggested alternatives to multi-stage turbines in response to cycles requiring high pressure ratios. Al Jubori et al. [20] studied an axial turbine and a radial outflow turbine for the organic Rankine cycle. The performance of each turbine was compared through CFD, but the difference was insignificant. Maksiuta et al. [21] presented a unique preliminary design technique for multi-stage radial outflow turbines with different enthalpy drops of each stage. The radial outflow turbine designed with this technique has an 11% mechanical output power improvement over the original radial inflow turbine. There are only a few studies of radial outflow turbines, and information on the design procedure is insufficient in the abovementioned studies. Specifically, variables such as the basis of the selected rpm and blade number, the variables for which the iterative calculation was performed, the loss model used, and the accuracy of the developed design algorithm were not clearly presented. In addition, too many variables are optimized to meet the target performance, and the procedure is very complicated.



This study clearly presents a preliminary design algorithm for a radial outflow turbine to meet the target performance of turbines. The preliminary design algorithm for the radial outflow turbine proposed in this study corresponds to a new approach based on the enthalpy loss models and the deviation angle models. The developed preliminary design algorithm shows satisfactory accuracy, which greatly simplifies the optimization process to fully meet the design goals. In addition, off-design analysis is performed in this study for the designed turbine, and the flow variables that dominate the turbine efficiency are considered.




2. Preliminary Design for a Radial Outflow Turbine


2.1. Basic Theory


The basic concepts required for the preliminary design algorithm and performance analysis of a radial outflow turbine are as follows. The turbine stage velocity triangle and enthalpy–entropy diagram of a radial outflow turbine are shown in Figure 2 and Figure 3, respectively.



The total power of the turbine can be expressed as Equation (1) with the Euler equation and total enthalpy drop [22]. A radial outflow turbine does not have the same peripheral velocity at the inlet and exit of the rotor. In the radial outflow turbine, it is necessary to minimize the tangential absolute velocity of the rotor exit (   C  3 θ    ) in order to maximize the specific power of the turbine. The mass flow rate of Equation (1) is equal to Equation (2).


   W ˙  =  m ˙     h  01   −  h  03     =  m ˙     U 2   C  2 θ   −  U 3   C  3 θ      



(1)






   m ˙  =  ρ 1   C  1 m   2 π  r 1  H =  ρ 2   C  2 m   2 π  r 2  H =  ρ 3   C  3 m   2 π  r 3  H  



(2)







The total-to-total efficiency (   η  t t    ) and total-to-static efficiency (   η  t s    ) of the turbine are as follows in Equations (3) and (4), respectively. In addition, the total state enthalpy (   h 0   ) and static state enthalpy ( h ) have the relationship of Equation (5) at a specific point.


   η  t t   =    h  01   −  h  03     /    h  01   −  h  03 s      



(3)






   η  t s   =    h  01   −  h  03     /    h  01   −  h  3 s s      



(4)






   h 0  = h + 0.5  C 2   



(5)







Maksiuta et al. [21] found that radial outflow turbines, as well as radial inflow turbines, had an appropriate velocity ratio ( ν ) of 0.7. The velocity ratio is defined in Equation (6). Here, the peripheral velocity of the rotor inlet (   U 2   ) and spouting velocity (   C 0   ) are shown in Equations (7) and (8), respectively.


  ν =  U 2  /  C 0   



(6)






   U 2  =  r 2  ω  



(7)






   C 0  =   2    h  01   −  h  3 s s        



(8)







The definitions of the nozzle enthalpy loss coefficient (   ξ N   ) and rotor enthalpy loss coefficient (   ξ R   ) of a radial outflow turbine are as shown in Equations (9) and (10), respectively [23]. The total-to-total efficiency (   η  t t    ) and total-to-static efficiency (   η  t s    ) of the turbine can be expressed by using the enthalpy loss coefficients shown in Equations (11) and (12) [20,22].


   ξ N  =    h 2  −  h  2 s     0.5  C 2 2     



(9)






   ξ R  =    h 3  −  h  3 s     0.5  W 3 2     



(10)






   η  t t   =  1  1 +    ξ R   W 3 2  / 2 +    ξ N   C 2 2  / 2      h 3  /  h 2      /    h  01   −  h  03        



(11)






   η  t s   =  1  1 +    ξ R   W 3 2  / 2 +    ξ N   C 2 2  / 2      h 3  /  h 2    +  C 3 2  / 2   /    h  01   −  h  03        



(12)







The definitions of loading coefficient ( ψ ) and flow coefficient ( ϕ ) for radial outflow turbines are given in Equations (13) and (14) [6,23].


  ψ =    U 2   C  2 θ   −  U 3   C  3 θ      U 2 2     



(13)






  ϕ =    C  3 m      U 2     



(14)








2.2. Algorithm of Preliminary Design Program


Figure 4 shows the flow chart of the preliminary design algorithm presented in this study for ORC radial outflow turbines. This program was developed with MathWorks MATLAB R2016a [24], and the state of the working fluid is based on Nist Refprop V9.1 [25]. The algorithm embedded in the program performs the preliminary design of the turbine based on the following assumptions.



	
Standard stage is applied.



	
The meridian absolute velocity      C m      is constant.



	
The height of the blades ( H ) is constant.



	
The velocity ratio      ν    is 0.7.






In order to satisfy the design conditions, the preliminary design program determines the main specifications of the radial outflow turbine such as the length, angle, and number of blades through iterative calculation.



The loss model used in the preliminary design algorithm is Soderberg’s correlation [22,26]. It is an equation created from many experimental results, and it is known that the error for a wide range of Reynolds numbers is as low as 3%.



The nominal loss coefficient (   ζ *   ) represents the loss when the blade has an aspect ratio (  H / b  ) of 3 and Reynolds number of 105. The nominal loss coefficient (   ζ *   ) can be expressed as Equation (15).


   ζ *  = 0.04 + 0.06      ε  100      2   



(15)







If the aspect ratio (  H / b  ) is not 3, the loss coefficients (   ζ 1   ) for the nozzle blade and the rotor blade can be expressed by Equations (16) and (17), respectively.



For the nozzle blade,


  1 +  ζ 1  =   1 +  ζ *    ( 0.993 + 0.021 b / H )  



(16)




for the rotor blade,


  1 +  ζ 1  =   1 +  ζ *    ( 0.975 + 0.075 b / H )  



(17)







If the Reynolds number is not 105, the loss coefficient (   ζ 2   ) corrected by the Reynolds number can be obtained through Equations (18)–(20).


   ζ 2  =         10  5    R e       1 / 4    ζ 1   



(18)




where


  R e =  ρ 2   C 2   D h  / μ  



(19)






   D h  = 2 s H cos  α 2  /   s cos  α 2  + H    



(20)







The deviation angle model of the blade can be expressed as Equations (21)–(24) with reference to Aungier [27].


  δ =        δ 0                                                ,    M  e x i t   ≤ 0.5        δ 0    1 − 10  X 3  + 15  X 4  − 6  X 5      ,  M  e x i t   > 0.5        



(21)




where


   δ 0  =   sin   − 1       o / s     1 + ( 1 − o / s )      β g  / 90    2      −  β g   



(22)






  s i n  β g  = o / s  



(23)






  X = 2  M  e x i t   − 1  



(24)









3. Validation of the Preliminary Design Program


3.1. Design Condition


For validation of the preliminary design program, a radial outflow turbine was designed. The design condition was referenced by the studies of Kim [2] and Sauret et al. [28], and the main design variables are shown in Table 1. In consideration of manufacturability, the thickness–chord ratio (   t  m a x   / c  ) of the nozzle blade and rotor blade was selected to be 0.25 and 0.10, respectively.




3.2. Results of Preliminary Design


As the preliminary design result for the design conditions in Table 1, the RPM range that satisfies the high accuracy required and design conditions was 7100–7300 RPM. Table 2 shows the main specifications of the radial outflow turbine according to RPM. Excluding the number of nozzle blades and rotor blades, there is no significant difference in turbine shape according to RPM. Meanwhile, the local power grid generally uses a frequency of 60 Hz. In this study, 7200 RPM, which is easy to convert to frequency, was determined as the RPM of the turbine.




3.3. Method of CFD Analysis


The preliminary design program of the radial outflow turbine was validated using CFD. It is an effective, economical, and reliable tool for validating the preliminary design program of turbomachinery.



ANSYS-BladeGen V13.0 was used to complete the full geometry of the radial outflow turbine corresponding to the preliminary design results of 7200 RPM (Figure 5). The blade angle was set to change linearly over the flow path. The 4-digit NACA thickness model provided by ANSYS-BladeGen was applied for the nozzle and rotor blades in Table 2 [29]. For effective validation, analysis was performed on the one-passage geometry of the nozzle and rotor. A hexagonal mesh was created using ANSYS-TurboGrid V13.0 based on the one-passage geometry of the nozzle and rotor, as shown in Figure 6 [30].



ANSYS-CFX V13.0 was used as the CFD analysis program. The equation of state for the working fluid R143a used the reliable Aungier–Redlich–Kwong equation even near the critical condition [27]. The turbulence model used the shear stress transport (SST) model, which can expect more accurate flow predictions than the k–ε model in the boundary layer. The physical time step was set to   0.1 / ω   according to the ANSYS-CFX V13.0 reference guide [31]. Considering that it is one passage, inlet boundary conditions were given mass flow (0.90 kg/s = 41.45 kg/s ÷ 46 passages) and total temperature (413.0 K). The exit boundary condition was given static pressure (3.4 MPa). The rotational speed of the rotor domain was 7200 RPM, the same as the preliminary design condition. The interface between the nozzle domain and the rotor domain set the frozen rotor model.




3.4. Results of CFD Analysis


Table 3 compares the CFD analysis results to the preliminary design results. CFD validation results were generally satisfactory but showed about 5% error in turbine power (  W ˙  ). This is because the working fluid is not sufficiently accelerated at the nozzle blade, and the tangential absolute velocity of the nozzle exit (   C  2 θ    ) is somewhat lower compared to the preliminary design result.





4. Optimization of Velocity Triangles


4.1. Optimization Procedure


As turbines have a significant impact on the overall efficiency of the cycle, ORC developers have generally provided clear targets of turbine power and efficiency. If the performance of the actual turbine is better or worse than that required by the developer, the cycle efficiency may deteriorate as the operating conditions of the evaporator, condenser, and pump move away from the design condition. Hence, the designed turbine must meet the targets exactly. In this study, optimization was performed to satisfy the velocity triangle of each point and design goals suggested by the preliminary design program. The optimization process established in this study is shown in Figure 7. In order to increase the tangential absolute velocity of the nozzle exit (   C  2 θ    ), the blade angle of the nozzle exit (   α  2 b    ) was selected as an optimization variable. The other dimensions in Table 2 were not changed for the optimization.




4.2. Optimization of the Radial Outflow Turbine


Figure 8 shows the turbine power (  W ˙  ) and the tangential absolute velocity of the nozzle exit (   C  2 θ    ) according to the blade angle of the nozzle exit (   α  2 b    ). The turbine power (  W ˙  ) and the tangential absolute velocity of the nozzle exit (   C  2 θ    ) suggested by the preliminary design program are 400.0 kW and 91.5 m/s, respectively.



Looking at Figure 8, when    α  2 b     was 69.4°,   W ˙   and    C  2 θ     were somewhat different from the design goals. However, at the fine-tuned 70.4°,   W ˙   and    C  2 θ     were 398.57 kW and 92.4 m/s, respectively. Table 4 shows the comparison between the preliminary design results and the CFD results when the    α  2 b     was 70.4°. The CFD results were very close to the preliminary design results.





5. Performance of Final Geometry


5.1. Convergence Test


A convergence test was conducted based on the final geometry. Figure 9 shows the result of the convergence test. The final grid is about 9 million, and detailed information on the grid is shown in Table 5.




5.2. Final Performance


Figure 10 shows the velocity triangles of the preliminary design results and final CFD results expressed on a real scale. As a result, the velocity triangles of each other were very similar. Table 6 compares the main results of the preliminary design and the CFD. As a result, not only the velocity triangles of the turbine, but also the turbine power, total-to-static efficiency, pressure ratio, temperature ratio, and Mach number were very close. The final performance of the optimized turbine shows satisfactory results.





6. Off-Design Analysis of the Radial Outflow Turbine


6.1. Off-Design Analysis


The performance of the designed radial outflow turbine was analyzed in off-design conditions. Table 7 shows the start, end, and step values in the variable change for the off-design analysis, and a total of 75 cases of off-design analysis results were obtained.



The results of the off-design analysis were summarized as dimensionless variables because it is useful to express the performance of the turbine as dimensionless variables [2,32,33].




6.2. Total-to-Static Efficiency (   η  t s    ) versus Velocity Ratio ( ν )


Figure 11 shows the total-to-static efficiency (   η  t s    ) of the turbine according to the velocity ratio ( ν ). The range of velocity ratios that can expect high efficiency over 85% is 0.57–0.70. The velocity ratio of 0.7 and    η  t s     of 85% assumed in the preliminary design were an appropriate selection.




6.3. Total-to-Static Efficiency (   η  t s    ) versus Loading Coefficient ( ψ ) and Flow Coefficient ( ϕ )


Figure 12 and Figure 13 are the performance curves according to the loading coefficient ( ψ ) and the flow coefficient ( ϕ ). The ranges of loading coefficient and flow coefficient showing high efficiency over 85% are 0.85–1.30 and 0.34–0.41, respectively. The loading coefficient and the flow coefficient of the turbine obtained in the preliminary design were 0.87 and 0.34, respectively. CFD results obtained from the final geometry of the turbine have a loading coefficient of 0.86 and flow coefficient of 0.34, and the values of each dimensionless variable are almost identical.



In Figure 12 and Figure 13, A corresponds to the design condition and the operating condition that can expect high efficiency. When the operating conditions are directed to B, the efficiency drops gently. On the other hand, if the operating conditions are directed to C, the efficiency drops sharply.



Figure 14, Figure 15 and Figure 16 show the streamlines around the rotor blade when the operating conditions are A, B, and C, respectively. At the A point, the inlet flow almost flows along the shape of the rotor blade (Figure 14). At the B point, the inlet flow is directed toward the pressure side of the rotor blade (Figure 15). On the other hand, at the C point, the inlet flow is directed toward the suction side of the rotor blade (Figure 16).



Table 8 shows the incidence angle ( i ) and more specific information of each operating condition. The incidence angle of the rotor at the A point is 2.3°, so there is no significant difference between the blade angle of the rotor inlet (   β  2 b    ) and the flow angle (   β 2   ). The B point has an incidence angle of 32.9°, which means that the rotor inlet flow faces the pressure side excessively. Meanwhile, the C point has an incidence angle of −20.8°, and its flow is overly directed to the suction surface.



Figure 17 shows the pressure distribution between the pressure side and the suction side of the design point (A point) and the lowest efficiency point (C point). As a result, the A point shows an appropriate pressure distribution along the radial direction, but the C point shows an inappropriate pressure distribution on the pressure side and the suction side. Looking at the pressure distribution for the C point, there is an area where the pressure on the suction side is higher than the pressure on the pressure side, and the net force in this area acts in the opposite direction of the rotational direction. As the operating conditions approach the C point, the rotor inlet flow is progressively directed to the suction side, which leads to an improper pressure distribution. Accordingly, a sharp decrease in the total-to-static efficiency occurs between A and C points.





7. Conclusions


In this study, a preliminary design algorithm for ORC radial outflow turbines was presented. This algorithm uses models of axial turbines due to the absence of enthalpy loss models and deviation angle models for radial outflow turbines. As a result of evaluating the algorithm through CFD, the algorithm showed an accuracy of about 95% based on the turbine power. That is, it was realized that models derived from the axial turbine are also effective in the preliminary design of the radial outflow turbine. Due to the high accuracy of the algorithm developed in this study, the designed turbine could satisfy the target power (400.0 kW) and total-to-static efficiency (85.0%) by fine-tuning the blade angle of the nozzle exit. In addition, the off-design performance for various operation conditions was examined in this study. Through off-design analysis, it is considered that the appropriate ranges of velocity ratio, loading coefficient, and flow coefficient that can expect high efficiency in a radial outflow turbine are 0.57–0.70, 0.85–1.30, and 0.34–0.41, respectively. The findings of this study are expected to be a useful reference in the design of radial outflow turbines for organic Rankine cycles.
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Nomenclature




	
  b  

	
Radial chord

	
  P  

	
Pressure




	
  C  

	
Absolute velocity

	
   P R   

	
Pressure ratio




	
  c  

	
True chord

	
  r  

	
Radius




	
    C 0    

	
Spouting velocity

	
   R e   

	
Reynolds number




	
    D h    

	
Hydraulic diameter

	
  s  

	
Entropy, Pitch




	
  H  

	
Height

	
  T  

	
Temperature




	
  h  

	
Enthalpy

	
  t  

	
Blade thickness




	
  i  

	
Incidence angle

	
   T R   

	
Temperature ratio




	
  M  

	
Mach number

	
  U  

	
Peripheral velocity




	
   m ˙   

	
Mass flow rate

	
  W  

	
Relative velocity




	
  N  

	
Number of blades

	
   W ˙   

	
Turbine power




	
  o  

	
Throat

	




	
Greeks




	
  α  

	
Absolute flow angle

	
  μ  

	
Dynamic viscosity




	
  β  

	
Relative flow angle

	
  ν  

	
Velocity ratio




	
    β g    

	
Gauging angle

	
  ξ  

	
Enthalpy loss coefficient




	
  δ  

	
Deviation angle

	
  ρ  

	
Density




	
  ε  

	
Deflection angle

	
  ϕ  

	
Flow coefficient




	
  ζ  

	
Loss coefficient

	
  ψ  

	
Loading coefficient




	
  η  

	
Efficiency

	
  ω  

	
Angular velocity




	
Subscripts




	
  0  

	
Total state

	
   m i n   

	
Minimum




	
   00   

	
Total state at station 0

	
  N  

	
Nozzle




	
  1  

	
Nozzle inlet

	
  R  

	
Rotor




	
  2  

	
Nozzle exit & Rotor inlet

	
  r  

	
Relative




	
  3  

	
Rotor exit

	
  s  

	
Isentropic




	
  b  

	
Blade

	
   t s   

	
Total to static




	
   d e s i g n   

	
Design point

	
   t t   

	
Total to total




	
  m  

	
Meridional component

	
  θ  

	
Tangential component




	
   m a x   

	
Maximum
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Figure 1. Typical structure of a radial outflow turbine (Adapted from [8]). 
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Figure 2. Schematic of a turbine stage velocity triangle for a radial outflow turbine (Adapted from [2]). 
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Figure 3. Enthalpy–entropy diagram of a radial outflow turbine. 
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Figure 4. Flow chart of preliminary design program for a radial outflow turbine. 
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Figure 5. Full geometry of the radial outflow turbine. 
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Figure 6. One-passage geometry of the radial outflow turbine. 
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Figure 7. Flow chart of optimization for the radial outflow turbine. 
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Figure 8. CFD results according to the blade angle of the nozzle exit (   α  2 b    ). 
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Figure 9. Convergence test results of the final geometry. 






Figure 9. Convergence test results of the final geometry.



[image: Energies 13 02118 g009]







[image: Energies 13 02118 g010 550] 





Figure 10. Comparison of velocity triangles between preliminary design and CFD. 
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Figure 11. Total-to-static efficiency according to the velocity ratio ( ν ) 






Figure 11. Total-to-static efficiency according to the velocity ratio ( ν )



[image: Energies 13 02118 g011]







[image: Energies 13 02118 g012 550] 





Figure 12. Total-to-static efficiency according to the loading coefficient ( ψ ) 
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Figure 13. Total-to-static efficiency according to the flow coefficient ( ϕ ) 
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Figure 14. Streamline of the rotor blade (A point). 
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Figure 15. Streamline of the rotor blade (B point). 
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Figure 16. Streamline of the rotor blade (C point). 
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Figure 17. Blade loading chart according to the radius of rotor blade (A point and C point). 
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Table 1. Design values of a radial outflow turbine.






Table 1. Design values of a radial outflow turbine.





	Variables
	Unit
	Values





	Working fluid
	-
	R143a



	   W ˙   
	kW
	400.0



	    P  01     
	MPa
	5.0



	    T  01     
	K
	413.0



	    P 3    
	MPa
	3.4



	    η  t t     
	%
	90.0



	    η  t s     
	%
	85.0
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Table 2. Preliminary design results of the radial outflow turbine.
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	Specification
	7100 RPM
	7200 RPM
	7300 RPM





	   r 1    [mm]
	121.6
	119.9
	118.3



	   r  2 N     [mm]
	139.9
	137.9
	136.0



	   r  2 R     [mm]
	143.9
	141.9
	140.0



	   r 3    [mm]
	177.9
	175.4
	173.0



	 H  [mm]
	9.1
	9.2
	9.4



	   t  m a x , N     [mm]
	6.0
	5.9
	5.8



	   t  m a x , R     [mm]
	5.8
	5.7
	5.6



	   α  1 b     [°]
	0.0
	0.0
	0.0



	   α  2 b     [°]
	69.4
	69.4
	69.4



	   β  2 b     [°]
	−21.5
	−21.5
	−21.5



	   β  3 b     [°]
	−75.0
	−75.0
	−75.0



	    N N    
	43
	46
	50



	    N R    
	33
	41
	57
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Table 3. Comparison of results between preliminary design and CFD.
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	Variables
	Preliminary Design
	CFD





	  W ˙   [kW]
	400.0
	379.87



	   η  t s     [%]
	85.0
	84.66



	  P  R  t s     [-]
	1.47
	1.43



	   C  2 θ     [m/s]
	91.5
	87.9



	   C  3 θ     [m/s]
	0.0
	0.7
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Table 4. Comparison of results between preliminary design and CFD at    α  2 b   = 70.4 °  .
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	Variables
	Preliminary Design
	CFD





	  W ˙   [kW]
	400.0
	398.57



	   η  t s     [%]
	85.0
	84.94



	  P  R  t s     [-]
	1.47
	1.45
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Table 5. Information of final grid.






Table 5. Information of final grid.





	Domain
	No. Element
	Max. y+





	Nozzle
	4,460,365
	9.328



	Rotor
	4,432,896
	10.372
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Table 6. Comparison of main results between preliminary design and CFD.
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	Analysis Method
	    W ˙    [kW]
	     η  t s     [ % ]    
	    P  R  t s     [ − ]    
	    T  R  t s     [ − ]    
	     M 2    [ − ]    
	     M  3 r     [ − ]    





	Preliminary design
	400.0
	85.0
	1.47
	1.05
	0.58
	0.81



	CFD
	399.86
	85.13
	1.45
	1.05
	0.58
	0.79



	Analysis method
	    C 2      [m/s]
	    U 2      [m/s]
	    W 2      [m/s]
	    C 3      [m/s]
	    U 3      [m/s]
	    W 3      [m/s]



	Preliminary design
	98.2
	105.5
	38.3
	35.6
	132.3
	137.0



	CFD
	100.1
	105.5
	40.6
	37.5
	132.3
	137.6



	Analysis method
	    α 2      [°]
	    β 2      [°]
	    α 3      [°]
	    β 3      [°]
	
	



	Preliminary design
	68.7
	−21.5
	0.0
	−74.9
	
	



	CFD
	67.9
	−19.2
	1.9
	−74.7
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Table 7. Information on variable changes for off-design analysis.
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	Variables
	Start
	Step
	End





	   T  01     [K]
	393.0
	10.0
	433.0



	  m ˙   [kg/s]
	37.31
	   5 % ·   m ˙   d e s i g n     
	45.60



	   P 3    [MPa]
	3.06
	   5 % ·  P  3 , d e s i g n     
	3.74



	   R P M   
	5760
	   10 % · R P  M  d e s i g n     
	8640
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Table 8. Information on the main points of the performance curves according to dimensionless variables.
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	Point
	   ψ   
	   ϕ   
	     η  t s      
	i1
	Remark





	A point
	0.86
	0.34
	85.13%
	2.3°
	toward the pressure side



	B point
	1.66
	0.48
	81.90%
	32.9°
	toward the pressure side



	C point
	0.34
	0.26
	71.28%
	−20.8°
	toward the suction side







1  i =  β 2  −  β  2 b    . 
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