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Abstract:



The present paper provides a numerical study that leads to the proper selection of a working fluid for use in low-temperature organic Rankine cycle (ORC) applications. This selection is not only based on the provision of best efficiency but also to comply with global warming potential (GWP) regulations. For that purpose, different pure organic working fluids, including R245fa, R236fa, R123, R600a, R134a, and R1234yf as well as zeotropic mixture R245fa/R600a, are selected. The investigation is conducted on a single stage radial inflow turbo-expander, which was originally used in the Sundstrand Power Systems T-100 Multipurpose Small Power Unit. The commercial package ANSYS-CFX (version 16.0) was used to perform the numerical study using 3D Reynolds-Averaged Navier–Stokes (RANS) simulations. Peng–Robinson equation of state is adopted in the finite-volume solver ANSYS-CFX to determine the real-gas properties. The obtained results show that, while the use of R134a and R1234yf provides the best efficiency of all the working fluids under investigation, the latter is best selected for its comparatively low global warming effects.
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1. Introduction


Organic Rankine cycle (ORC) technology has been introduced as a means of waste heat recovery to reduce consumption of conventional energy resources, greenhouse gases and harness renewable energy sources [1]. However, the efficiency of ORC is about 10%–20% due to its low operating temperatures [2]. The performance of an ORC system correlates strongly with not only the selection of expansion machines, but also with the properties of the working fluids. Expanders used in the ORC system can be classified into two main types, namely (i) the volume type, such as scroll and screw expanders, and (ii) velocity type, such as radial inflow and axial flow turbines [3]. The choice of expander determines which working fluids can be employed in the ORC system [4].



Moreover, it was found that volumetric expanders have limitations due to its low built-in volume ratio, which does not match the required high volume ratios in ORC systems [4]. Another limitation is their swept volume, which limits the flow rate through the expander. Subsequently, running these expanders with low vapor density fluids is not recommended.



There are benefits to operating radial inflow turbines as expanders of an ORC due to (i) their lower sensitivity to blade profile inaccuracies than that of axial flow turbines, (ii) the high specific work per single stage, (iii) the lack of metal-to-metal contact as in scroll expanders, and (iv) the maintenance of high efficiency levels at off-design conditions, as demonstrated in [5].



Sauret and Rowlandset [6] performed a 1D meanline analysis of a radial inflow turbine with five different working fluids (R134a, R143a, R236fa, R245fa, and n-pentane). They found that R134a produced the best performance with a 33% increase in net power compared to n-pentane from the cycle operated at 150 °C.



The crucial factor in designing ORC turbines is that real (rather than ideal) gas properties must be used in modeling the expansion process [7]. Accordingly, the design process of a turbine operated with organic fluid has complexity, as opposed to that with air. Wong and Krumdieck [8] suggested switching an existing turbo-expander working with air to work with organic fluids in order to overcome the complexity of the design process for ORC turbo-expanders.



In addition, they introduced three approaches from dynamic similarity concepts to predict the performance curves for R245fa and R134a instead of air. However, the variable pressure ratio approach accurately predicted the optimal blade speed ratio, the maximum efficiency, and the mass flow rate, while a deviation was observed in predicting the best efficiency point.



The properties of the chosen working fluids have a significant influence on the performance of the ORC cycle. The following characteristics should be considered in selecting such working fluid as demonstrated in [9,10,11]:

	
A high molecular weight;



	
An acceptable evaporating pressure value to reduce both complexity and cost of evaporates;



	
A high vapor density to avoid a large volume flow rate, consequently limiting the size of turbines, condensers, and evaporates;



	
A positive slope or isentropic saturation vapor curve to prevent the formation of droplets at expansion process in a turbine and therefore avoiding pitting, corrosion, and erosion in turbine blades;



	
A positive condensing gauge pressure in order to avoid air leakage into the cycle; and



	
Low ozone depleting potential (ODP) and low global warming potential (GWP).








Much literature has been conducted on the working fluids selection [12,13,14] by comparison between a set of candidate working fluids from the thermodynamic analysis of a cycle and an assumed constant isentropic efficiency for a turbine. The performance of a radial inflow turbine has a relevant connection to fluid dynamic losses [15], which can be investigated by applying three-dimensional computational fluid dynamics (3D CFD) simulations.



Lopez Sanz [7] proved that organic working fluids should be considered real gases to predict accurate simulations. Thereby, the thermodynamic properties of a real gas need to be determined and linked with a CFD solver to attain accurate numerical results. Aghahosseini and Dincer [16] performed a comprehensive thermodynamics analysis of ORC with different pure/zeotropic working fluids. They found that refrigerant R123 produced lower irreversibility in the cycle. Moreover, Masheiti et al. [17] evaluated the performance of two working fluids, namely, R245fa and R134a, in a low-temperature geothermal ORC at 74 °C. They concluded that R245fa had a better performance due to the higher pinch temperature difference in the evaporator.



Zeotropic mixtures for working fluids have a significant effect on the performance of ORCs. Li et al. [18] examined the effect of various mixtures of working fluids with variable compositions on ORC performance. They found that a mixture of R245fa/R600a with composition (0.85/0.15) by weight has a potential effect on the net power output from an ORC.



The current paper screens for suitable organic fluids that work efficiently in low-temperature ORCs by providing three-dimensional numerical modeling of a radial-inflow turbine operated with various pure working fluids (R134a, R600a, R236fa, R245fa, R123, and R1234yf) and zeotropic mixtures (R245fa/R600a). Moreover, off-design conditions are discussed.




2. Working Fluid Selection and Design Parameters


The selection of these working fluids is a crucial step towards system performance. This selection should be based on thermodynamics properties as well as safety and environmental considerations. Here, the candidate working fluids have almost zero ozone depleting potential (ODP) and low global warming potential (GWP) in terms of reducing environmental impact. The selected pure organic working fluids for the current research were R245fa, R236fa, R123, R134a, R600a, and R1234yf. Furthermore, zeotropic mixtures between R245fa and R600a with variable compositions were examined. Table 1 provides physical properties, safety, and environmental data of the candidate working fluids.



Table 1. Physical properties, safety, and environmental data of the candidate working fluids [14].







	
Working Fluids

	
Physical Properties

	
ASHRAE Safety Group

	
Environmental Data




	
Slope

	
Critical temperature (K)

	
Critical pressure (kPa)

	
Molecular weight (kg/kmol)

	
ODP

	
GWP (100 Years)

	
Atmospheric Life Time (Year)






	
R245fa

	
Positive

	
447.4

	
3.93

	
134.05

	
A1

	
0

	
950

	
7.6




	
R236fa

	
Positive

	
398.07

	
3.2

	
152.04

	
A1

	
0

	
9810

	
242




	
R123

	
Positive

	
456.7

	
3.66

	
152.93

	
B1

	
0.02

	
77

	
1.3




	
R600a

	
Positive

	
408

	
3.64

	
58.122

	
A3

	
0

	
8

	
1




	
R134a

	
Wet

	
374

	
4.06

	
102.03

	
A1

	
0

	
1430

	
14




	
R1234yf

	
Positive

	
367.85

	
3.38

	
114.04

	
A2L

	
0

	
<1

	
0.029








ODP, ozone depleting potential; GWP, global warming potential.








There are several recommended optimal boundaries that should be fulfilled in order to operate radial turbines efficiently in the cycle [4]:

	(a)

	
The specific speed [image: there is no content] should lie between 0.5 and 0.9 (see Figure 1, Dixon and Hall [19]).


Figure 1. Efficiency curve of a radial inflow turbine as a function of its specific speed. Reproduced from [19], Copyright 2013, with permission from Elsevier.



[image: Ijtpp 02 00002 g001]







	(b)

	
The upper limit of the tip speed must be within 370 m/s [4].




	(c)

	
A maximum relative Mach number [image: there is no content] is generally recommended in order to avoid a choked flow in the rotor.




	(d)

	
The upper limit of the absolute Mach number at the nozzle exit should not exceed 1.8 [4].




	(e)

	
The maximum efficiency occurs in the ranges of (see Figure 2, Chen and Baines [20])

	
0.2–0.3 for the flow coefficient [image: there is no content] and



	
0.7–0.9 for loading coefficient [image: there is no content].







Figure 2. Correlation of measured efficiency of a range of radial inflow turbine designs with stage loading and flow coefficient. Reproduced from [20], Copyright 1994, with permission from Elsevier.



[image: Ijtpp 02 00002 g002]







	(f)

	
The tip Mach number [image: there is no content] lies in the range 0.5–0.7 for automotive turbocharger turbines, while the value of tip Mach number is increased to 1, and choking must be considered for low-temperature turbines (refrigerant expander) (see Cox [21]).




	(g)

	
The blade speed ratio ([image: there is no content]) should be close to 0.7 for most efficient turbines, where C0, the spouting velocity, is the velocity of a jet if the gas was expanded isentropically through a nozzle, and equals [image: there is no content] (see Cox [21]).










3. Numerical Method


Three-dimensional numerical modeling was performed on the radial inflow turbine geometry to examine the effect of the candidate working fluids on the performance using a commercial package-finite volume solver ANSYS-CFX (version 16.0, ANSYS Inc., Cannonsburg, PA, USA).



3.1. Computational Domain


A single stage radial inflow turbine, which is normally used in the Sundstrand Power Systems T-100 Multipurpose Small Power Unit [22], was selected as the baseline geometry to carry out the numerical modeling. The geometry of this turbine is published in [23]. The distribution of wrap angle, blade angle, and blade thickness are imported in ANSYS Blade-Gen (version 16.0, ANSYS Inc.) to generate a solid model for the rotor and the nozzle blades as shown in Figure 3. Figure 4 presents the full details of the radial inflow turbine geometry. The turbine consists of 19 nozzle blades and 16 rotor blades.


Figure 3. Blade to blade view (a) and the distribution of wrap angle and blade angle (b) at the hub of the rotor blades.



[image: Ijtpp 02 00002 g003a][image: Ijtpp 02 00002 g003b]





Figure 4. Geometry of the radial inflow turbine.



[image: Ijtpp 02 00002 g004]







3.2. Boundary Conditions


To validate the numerical results with the experimental data that were conducted by Jones [22], the following set of boundary conditions are defined:

	a)

	
The total temperature of 477.6 K and the total pressure of 413.6 kPa were defined at the turbine inlet.




	b)

	
The outlet static pressure was 72.4 kPa to produce a pressure ratio (t-s) equal to 5.73.




	c)

	
The working fluid that was used in the experimental data of [22] was air and was assumed as an ideal gas in the CFD simulations.




	d)

	
The nominal rotational speed for the turbine was set to 71,700 rpm, equal to that of the experimental data [22].









In this study, two mixing models, frozen rotor and stage model were tested at the interface between rotor and stator. The frozen rotor model was selected against the stage model because it agrees well with experimental data [22] with a 1% maximum deviation.



A single blade passage model including the stator, the rotor, and part of the diffuser was selected to perform the flow simulation over the full turbine to reduce computational time [24]. The periodic boundaries were specified at both sides of the stator and the rotor passage, as shown in Figure 5.


Figure 5. Boundary conditions for a single blade passage including the rotor, the stator, and part of the diffuser.



[image: Ijtpp 02 00002 g005]







3.3. Mesh


ANSYS Turbo-Grid was used to generate a structured grid (hexahedron) for the flow passage for both the rotor and the stator. Automatic topology and meshing (ATM Optimized) was applied to the stator and the rotor flow passages to fit a proper topology for the blade passage. The method “proportional to mesh size” was chosen in the boundary layer refinement control with a setting factor base and factor ratio of 0 and 1.6 respectively, which is recommended in [25].



A mesh independency test was performed by running the simulation case from a very coarse mesh (with 203,008 elements) to a very fine mesh (with 2,280,541 elements). The numerical calculations may be regarded to be grid-independent with 1,965,103 elements, including the rotor and the stator, as presented in Figure 6. The recommended value of non-dimensional grid spacing (y+) at the wall is 1.0 for the k–ω turbulence model; however, the typical value of y+ at the rotor blade was 6.49. Therefore, the option of automatic wall functions was selected, which allows the k–ω model to obtain good predictions even if the value of y+ is larger than 1.0. All simulations cases were performed until residuals dropped to 10−6. Figure 7 and Figure 8 present the converged grid for the nozzle blade and the rotor blade, respectively, at 1,965,103 elements.


Figure 6. Grid independency test.



[image: Ijtpp 02 00002 g006]





Figure 7. 3D computational grids at the nozzle blade with a grid density of 829,180.



[image: Ijtpp 02 00002 g007]





Figure 8. 3D computational grids at the front view (a) and the side view (b) of the rotor with grid density of 1,135,923 elements.



[image: Ijtpp 02 00002 g008]






The following parameters were used to check the quality of the grid:

	a)

	
Face angle: the angle between the edges of each face within an element. The final mesh analysis of rotor flow passages shows 23.27° for minimum face angle and 156.72° for maximum face angle.




	b)

	
Minimum Volume: the minimum volume of each cell. Its value is 1.922 × 10−15 m3.




	c)

	
Connectivity Number: the number of elements connected to a single node. Its value is 10.










3.4. Numerical Details


Commercial package ANSYS-CFX (version 16.0) was selected to perform the finite volume, steady state, three-dimensional Navier–Stokes (RANS) approach for flow simulations. A high-resolution scheme was used to solve governing equations. Two turbulence models, k–ε and k-ω, were tested. The k-ω turbulence model with an automatic wall function was found to be the most comparable to the experimental data.



As mentioned earlier, the properties of organic fluids must be determined and employed in a finite volume solver. The Peng–Robinson equation of state [26] was implemented to provide reasonable accuracy in predicting real gas properties [27]. Equation (1) describes the Peng–Robinson equation of state.


[image: there is no content]



(1)







Where;


a=0.457235R2 Tc2pcb=0.077796RTcpcα=(1+k(1−Tr0.5))2Tr=TTck=0.37464+1.54226ω−0.26992ω2








where ω is the acentric factor of the working fluid, pc and Tc are the critical pressure and temperature, respectively, of the working fluid. R is the universal gas constant, and Vm is the molar volume.





4. Numerical Results and Discussion


4.1. Validation of the Numerical Results


Two types of efficiency can be calculated in order to investigate the performance of the turbine: the total-to-static and total-to-total isentropic efficiencies, as described in Equations (2) and (3), respectively. The values of the total-to-static efficiency from 3D CFD RANS simulations at different blade speed ratios were compared with the experimental data available in [22]. The comparison is presented in Figure 9. The obtained numerical results have good agreement with that of the experiments, with a maximum deviation ˂1%. However, the predicted peak efficiency occurs at a blade speed ratio of 0.72, which is slightly shifted from that of the experimental data.


[image: there is no content]



(2)






[image: there is no content]



(3)






Figure 9. Validation of total-to-static efficiency from computational fluid dynamics (CFD) simulations with experimental data [22].



[image: Ijtpp 02 00002 g009]






At the nominal blade speed ratio (U2/C0 = 0.7), the flow remained obviously attached to the suction surfaces of the rotor blades. However, at higher blade speed ratios (greater than 0.7), the flow streamlines got separated from these suction surfaces of the rotor blades, leading to the generation of a secondary flow and hence flow separation. This is reflected in the reduction in efficiency (Figure 9). Figure 10 and Figure 11 show the blade loading and streamlines of velocity around the blade at four blade speed ratios: 0.56, 0.7, 0.77, and 0.805.


Figure 10. Blade loading for three different blade to spouting velocity ratio at 50% span.



[image: Ijtpp 02 00002 g010]





Figure 11. 3D velocity streamlines for four different blade to spouting velocity ratio U2/C0 = 0.56 (a), U2/C0 = 0.7 (b), U2/C0 = 0.77 (c), and U2/C0 = 0.805 (d).



[image: Ijtpp 02 00002 g011]







4.2. Numerical Results of Pure Working Fluids


In this analysis, simulations were performed to investigate the optimal working fluid in turbo-expander for ORC powered by low grade energy. The inlet and outlet turbine temperatures were fixed to 370 K and 313 K, which is 10 K higher than that of the ambient temperature for all simulations. According to Hung [28], the working fluid had to be supplied to the turbine in a saturated vapor condition to reduce the irreversibility of the cycle. Therefore, the inlet turbine pressure was defined corresponding to the saturated vapor pressure at T = 370 K for each working fluid, while the outlet turbine pressure was defined by assuming an isentropic expansion process. REFPROP Version 9.0 [29] was used to estimate the properties of pure fluids and zeotropic mixtures between R245fa and R600a. R134a is a wet type refrigerant; thereby, the inlet pressure was adjusted by modeling the isentropic expansion process as a saturated vapor at outlet condition to a pressure corresponding to T = 370 K, which lies in the superheated region. The rotational speed was selected to maintain the same blade speed ratio (U2/C0 = 0.7) for each working fluid. Table 2 shows the operating conditions for the candidate working fluids.



Table 2. Operating conditions for the candidate selected working fluids.







	
Working Fluid

	
Inlet turbine pressure (kPa)

	
Inlet turbine temperature (K)

	
Outlet turbine pressure (kPa)

	
Outlet turbine temperature (K)

	
Pressure ratio (Pr)

	
Rotational turbine speed (RPM)






	
R245fa

	
1178

	
370

	
166

	
313

	
7.10

	
31098




	
R236fa

	
1814

	
370

	
286

	
313

	
6.34

	
27193




	
R123

	
731

	
370

	
111

	
313

	
6.59

	
29076




	
R600a

	
1872

	
370

	
395

	
313

	
4.74

	
40219




	
R134a

	
3234

	
370

	
1012

	
313

	
3.20

	
24403




	
R1234yf

	
3242

	
370

	
999

	
313

	
3.25

	
22258










Figure 12 shows the variations of total-to-static efficiency (ηt–s) and total-to-total (ηt–t) with blade speed ratios (U2/C0) for each working fluid.


Figure 12. Comparisons of total-to-static and total-to-total efficiency for each working fluid with blade speed ratios.



[image: Ijtpp 02 00002 g012]






The figure shows that the working fluids (R134a and R1234yf) produce higher total-to-static turbine efficiency due to lower pressure ratios across the turbine: 2.20 and 2.25, respectively. The lowest efficiency (81%) was obtained using the working fluids R236fa and R245fa at U2/C0 = 0.7 with corresponding pressure ratios of 6.34 and 7.10, respectively. This high pressure ratio leads to a highly choked flow condition in both the nozzle and the rotor, which leads to greater energy losses and thereby lowers the overall turbine efficiency.



Figure 13 presents a relative Mach number distribution at mid-span. It can be observed that the choked flow occurred in the nozzle for all working fluids with a maxmium Mach number of approximately 1.3 for Refigerants R236fa, R600a, R1234yf, and R123, while its value for R245fa and R134a was slightly lower than the other refigrants with a maxmium value of 1.25.


Figure 13. Relative Mach number contours around the stator and the rotor at mid-span for the selected working fluids at U2/C0 = 0.7.



[image: Ijtpp 02 00002 g013]






However, the exit flow from the rotor was a subsonic flow for refigerants R1234yf, R600a, and R134a with maxmium Mach numbers of 0.6, 0.84, and 0.6 respectively, while choked flow occurred at the exit of the rotor for refigerants R245fa, R236fa, and R123 with maximum Mach numbers of 1.34, 1.18, and 1.2 respectively due to high pressure ratios across the turbine. Consequently, the radial inflow turbine is not suitable to operate at high pressure ratios in ORC systems to avoid choked flow at rotor exit for refigerants R245fa, R236fa, and R123.



In order to check the validity of a radial-inflow turbine to act as an expander in low-temperature ORCs with different organic working fluids, the specific speed parameter (ΩS), the flow coefficient (ϕ), and the stage loading coefficient (Ψ) were used. The specific speed (ΩS) defined by Equation (4) as shown by Dixon [19] is plotted with a total-to-static efficiency at different working fluids in Figure 14. As previously mentioned, the recommended range of the specific speed is between 0.45 and 0.8.


[image: there is no content]



(4)




where Q is the volumetric flow rate in m3/s at the rotor outlet, and Δhis (J/kg) is the isentropic enthalpy drop from stage inlet total conditions to the rotor exit static pressure.


Figure 14. Total-to-static efficiency for each working fluid with specific speeds at off design conditions.



[image: Ijtpp 02 00002 g014]






Figure 14 indicates that the calculated specific speeds for different working fluids lie within the recommended range, indicating that the radial turbine is suitable for these particular operating conditions. Thereby, the selected rotational turbine speed based on maintaining the same blade speed ratio (U2/C0) with different working fluids is an appropriate choice for scaling a radial inflow turbine from air as the working fluid to organic working fluids.



The flow coefficient (Φ) defined by Equation (5) is plotted versus efficiency in Figure 15.


[image: there is no content]



(5)






Figure 15. Flow coefficient for the selected working fluids with total-to-static efficiency.



[image: Ijtpp 02 00002 g015]






The calculated flow coefficients indicate that the working fluids (R245fa and R236fa) have lower efficiency because their flow coefficients lie away from the optimum range, as shown in Figure 15. Thereby, the optimum range for flow coefficient mentioned by Baines and Chen [20] is valid for designing a radial inflow turbine in ORCs.



Another parameter correlating strongly with efficiency is the blade loading coefficient (Ψ) defined by Equation (6), which represents the work capacity of a turbine stage.


[image: there is no content]



(6)







It can be seen from Figure 16 that the maximum efficiency points for all working fluids are matched with the recommended range for blade loading coefficient from 0.7 to 0.9; however, R1234yf and R134a have a higher total-to-static efficiency than the other working fluids for the same range of blade loading coefficients. Therefore, both the blade loading coefficient and the flow coefficient must be carefully considered together in order to estimate the efficiency of a radial inflow turbine.


Figure 16. Blade loading coefficients for the selected working fluids with total-to-static efficiency.



[image: Ijtpp 02 00002 g016]






A key factor for determining turbine efficiency is the difference between the blade angle and the flow angle (β2) at the rotor blade leading edge, termed as the incidence angle. As the rotor vanes in radial inflow turbines are assumed to be radial, the angle β2 is an angle of incidence. Japikse and Baines [30] concluded that peak efficiency for a radial flow turbine is achieved with a negative incidence angle between −20° and −30°.



The calculated velocity triangles at the inlet of the rotor presented in Figure 17 indicate that Refrigerants R600a, R123, R236fa, and R245fa have a negative incidence angle away from the recommended range of −30°, while R134a and R1234yf are within the range. This leads to a flow separation that can occur on the pressure side of the rotor with a high incidence angle such as the one in R245fa, but this separation cannot be observed for R1234yf, as indicated in Figure 18.


Figure 17. Inlet velocity triangles for the selected working fluids at U2/C0 = 0.7.



[image: Ijtpp 02 00002 g017]





Figure 18. 3D velocity streamlines for two working fluids R245fa (a) and R1234yf (b) at U2/C0 = 0.7.



[image: Ijtpp 02 00002 g018]







4.3. Numerical Results of Zeotropic Mixtures Working Fluids (R600a/R245fa)


The properties of zeotropic mixtures between R245fa and R600a with variable compositions were estimated by using the commercial package REFPROP Version 9.0 [29]. Thereafter, the properties were imported in a finite volume solver ANSYS-CFX (version 16.0) to perform 3D simulations in order to examine the performance of the turbine with these mixtures.



It can be seen from Figure 19 that both mixtures with compositions of 40 R600a and 60 R245fa and of 80 R600a and 20 R245fa improve the turbine performance with 1.6% and 1.15%, respectively at U2/C0 = 0.72 with respect to pure R245fa. However, the mixture of 60 R600a and 40 R245fa increases the efficiency in 1.64% at U2/C0 = 0.75 with respect to pure R245fa. It can be noticed that the corresponding efficiency curve for this composition becomes more flat at off-design conditions. Consequently, this mixture can be implemented in solar ORC applications due to the fluctuations in solar heat input.


Figure 19. Comparisons of total-to-static efficiency for variable composition zeotropic mixtures (R245fa/R600a) with different blade speed ratios.



[image: Ijtpp 02 00002 g019]








5. Conclusions


The current numerical investigation presents the performance of a radial inflow turbo-expander operating within ORC applications. Six pure working fluids (R134a, R600a, R236fa, R245fa, R123, and R1234yf) were investigated for this cycle in order to find the most suitable working fluid. In addition, zeotropic mixtures between R245fa and R600a were examined. The CFD RANS model for the turbo-expander was validated with experimental data from a test rig using air. Switching the turbo-expander from working on air into different working fluids was carried out by selecting the operating conditions that keep the blade speed ratio (U2/C0) at 0.7. The steady-state 3D numerical modeling of the turbine at both nominal and off-design conditions was performed in order to get a justification of a radial turbo-expander suitable for low-temperature ORC. The main obtained results are summarized as follows:

	
A major issue for the performance of the ORC turbo-expander is the pressure ratio. The best efficiency for the radial inflow turbine was found for R134a and R1234yf as a result of lower pressure ratios across the stage of 2.20 and 2.25, respectively.



	
Due to the relatively high GWP of R134a, which has a value of 1430, it should be replaced with R1234yf, which has a low GWP and shows the same turbine performance as R134a.



	
At off-design operating conditions, the flow enters the rotor with an incidence angle that is either extremely positive or negative, which leads to an increase in incidence energy loss. Consequently, variable-angle nozzle guide vanes with the control system can be used to maintain the optimum incidence angle at off-design conditions. Therefore, the turbine efficiency can be maintained near the design point.



	
A multi-stage radial inflow turbine can be utilized for working fluids (R245fa and R236fa) with high pressure ratios to keep a moderate pressure ratio across a stage.








The findings of the current work are in three areas: (i) switching the gas turbine from air to organic working fluids, (ii) providing a screening of various working fluids in ORC turbo-expanders based on 3D CFD RANS simulations, and (iii) the effect of zeotropic mixtures on the performance of the turbine. Future work will focus on experimental verification of the scaling methodology for a turbo-expander from air to refrigerants.
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Nomenclature

Symbols




	a
	sonic velocity (m·s−1)



	C
	absolute velocity (m·s−1)



	C0
	spouting velocity (m·s−1)



	h
	enthalpy (J·kg−1)



	M
	Mach number (−)



	N
	rotational speed (RPM)



	ΩS
	specific speed (rad (m3/s)0.5/(J/kg)0.75)



	Q
	volume flow rate (m3·s−1)



	p
	pressure (MPa)



	Pr
	pressure ratio (–)



	T
	temperature (K)



	U
	blade speed (m·s−1)



	y+
	non-dimensional grid spacing at the wall (–)





Greek Letters




	α
	absolute flow angle (degree)



	β
	relative flow angle (degree)



	η
	efficiency (–)



	Δ
	difference



	Φ
	flow coefficient (–)



	Ψ
	blade loading coefficient (–)



	ω
	angular velocity (rad/s)





Subscripts




	0
	stagnation value



	1
	stator inlet station



	2
	rotor inlet station



	3
	stage outlet station



	c
	critical



	is
	isentropic



	s
	static



	t-s
	total-to-static



	t-t
	total-to-total





Acronyms




	ASHRAE
	American Society of Heating, Refrigerating, and Air-Conditioning Engineers



	ATM
	automatic topology meshing



	3D
	three-dimensional



	CFD
	computational fluid dynamics



	GWP
	global warming potential



	ORC
	Organic Rankine Cycle



	ODP
	ozone depleting potential



	RANS
	Reynolds-averaged Navier–Stokes
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