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Abstract

:

The organic Rankine cycle (ORC) is a thermodynamic cycle in which electrical power is generated using an organic refrigerant as a working fluid at low temperatures with low-grade enthalpy. We propose a turbine embedded in a generator (TEG), wherein the turbine rotor is embedded inside the generator rotor, thus simplifying turbine generator structure using only one bearing. The absence of tip clearance between the turbine rotor blade and casing wall in the TEG eliminates tip clearance loss, enhancing turbine efficiency. A single-stage axial-flow turbine was designed using mean-line analysis based on physical properties, and we conducted a parametric study of turbine performance, and predicted turbine efficiency and power using the tip clearance loss coefficient. When the tip clearance loss coefficient was applied, turbine isentropic efficiency and power were 0.89 and 20.42 kW, respectively, and ORC thermal efficiency was 4.81%. Conversely, the isentropic efficiency and power of the turbine without the tip clearance loss coefficient were 0.94 and 22.03 kW, respectively, and the thermal efficiency of the ORC was 5.08%. Therefore, applying the proposed TEG to the ORC system simplifies the turbine generator, while improving ORC thermal efficiency. A 3D turbine generator assembly with proposed TEG structure was also proposed.
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1. Introduction


Applications that are able generate electricity by recovering waste heat without additional energy resources, such as oil and coal, have been increasingly investigated in the past decade. Among these, the organic Rankine cycle (ORC) is a thermodynamic cycle that is widely used for converting various low-grade heat sources into electrical power [1,2]. Conventional thermodynamic cycles such as the Brayton cycle, Otto cycle, and diesel cycle are not suitable for recovering low-temperature waste heat because they include a combustion process. However, the ORC is a steam cycle, and since it uses a lower boiling point organic fluid, it is advantageous for low-temperature (<100 °C) heat sources recovery.



An increase in ORC thermal efficiency means an increase in electrical power that may be generated under a given heat source condition, which leads to decrease the levelized cost of energy (LCOE) [3]. Therefore, a wide range of studies have been conducted to improve the thermal efficiency of ORCs. Wei et al. [4] investigated the performance analysis and optimization of an ORC system with respect to operating conditions, such as mass flow rate, inlet temperature, and ambient temperature. They reported that the system net power and efficiency in the summer with an ambient temperature of 35 °C are reduced by more than 30% compared to the winter, where the ambient temperature for this season is 6 °C. Li et al. [5] analyzed the influence of evaporation temperature and pinch point temperature difference on the performance of an ORC. In addition, a linear relationship was determined between the evaporator and maximum net power output. Wang et al. [6] optimized an ORC based on analysis of the effects of parameters on exergy efficiency and overall capital cost using the non-dominated sorting genetic algorithm-II. They reported that the optimum exergy efficiency was 13.98% under the specified waste heat conditions.



In particular, the expanders such as turbine and scroll have a major impact on determining the performance of the ORC. Therefore, many studies on ORC performance according to the characteristics of expander have been conducted. Kang [7] investigated experiments to analyze the characteristics and performance of the developed ORC with a radial turbine. As a result, the maximum average cycle efficiency, turbine efficiency, and electrical power were determined to be 5.22%, 78.7%, and 32.7 kW, respectively. Declaye et al. [8] analyzed the experimental performance of an ORC with R245fa as working fluid including the characterization of an open-drive scroll expander. The maximum shaft power and turbine isentropic efficiency are 2.1 kW and 75.7%, respectively. The evaporation and condensation temperature were 97.5 °C and 26.6 °C, respectively, and the maximum cycle efficiency of 8.5% was reached. Lazzaretto and Manente [9] suggested an optimization procedure for the design parameters of an ORC with respect to the correlation of turbine efficiency in terms of volumetric expansion ratio (VR) and size parameter (VH). Their results showed that turbine efficiency and optimum cycle parameters are influenced by the turbine VH and VR values. Al Jubori et al. [10] developed a small-scale radial-inflow turbine for ORC. The evaluation of the performance of turbine for both design and off-design point was presented. According to the experimental results under off-design points, the highest ORC thermal efficiency is 4.25% with a turbine isentropic efficiency of 45.22%. In addition, Al Jubori et al. [11] designed an innovative small-scale axial turbine for ORC driven by low-temperature heat sources. The results revealed that the two-stage turbine had higher turbine performance with overall isentropic efficiency of 83.94%, power output of 16.037 kW and ORC thermal efficiency of 14.19%, compared to those of the single-stage turbine with 78.30%, 11.06 kW, and 10.5%, respectively. Giovannelli et al. [12] presented a two-stage radial in-flow turbine for small ORC, by showing that the turbine has a higher-pressure ratios compared to commonly applied single-stage expanders. It was found that turbine power at nominal total expansion ratio at 3.9 is 71.2 kW. Peng et al. [13] investigated the performance of a kW-class multi-stage axial turbine, which is suitable for a small-scale ORC. In particular, the off-design for turbine performance was performed using parameters such as the number of turbine stages, trailing edge thickness, and tip clearance. As a result, when the clearance and trailing edge reach 0.1 mm, the efficiency and output of the two-stage turbine were 82% and 19.17 kW, respectively, which is higher than that of the single-stage or three-stage turbines.



However, few studies have investigated using structural improvements to the assembly of a turbine generator to increase ORC thermal efficiency [14]. Therefore, in the present study, we propose a novel solution involving a turbine generator with a turbine embedded in a generator (TEG). We focused on the design of the turbine blade to present the design features of the TEG. A single-stage axial-flow turbine was designed using the mean-line method based on physical properties calculated using the NIST REFPROP software, which apply to the TEG. And, R245fa was selected as the working fluid, which is an environment-friendly refrigerant suitable for recovering low-temperature heat sources [15,16]. In addition, the thermodynamic efficiency of the ORC with the TEG structure was predicted based on the off-design performance results of the designed turbine. Finally, a three-dimensional (3D) assembly with the proposed TEG structure was presented.




2. Thermodynamic Analysis of the ORC


Figure 1 depicts a schematic of the typical ORC system, which is composed of an evaporator, a condenser, turbine, and pump. The evaporator and condenser use heat exchangers to vaporize and condense the working fluid, respectively. The pump circulates the working fluid in the ORC and increases the fluid pressure. The vaporized gas expands in the turbine to rotate the turbine rotor, which in turn rotates the generator rotor connected by the shaft to generate power. Therefore, the thermodynamic state of the working fluid can be changed from the point 1 to the point 4 of the ORC, and the performance of the ORC can be calculated using these state values. In the present study, the organic refrigerant R245fa (HFC-245fa) was selected as the working fluid, and the properties of R245fa are shown in Table 1. The performance of an ORC can be calculated using Equations (1)–(6) as follows.


   η  t h   =     W ˙   n e t       Q ˙  e    =     W ˙  t  −   W ˙  P      Q ˙  e     



(1)






    W ˙  t  =  m ˙   (   h  02   −  h  03 s    )     η t   



(2)
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   η p  =    h  01 s   −  h  04      h  01   −  h  04      
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    Q ˙  e  =  m ˙   (   h  02   −  h  01    )   



(6)




where    η  t h     indicates the thermal efficiency of the ORC,     W ˙   n e t     represents the net power of the ORC,     Q ˙  e    indicates the heat transferred by the evaporation process,     W ˙  t    denotes the power generated by the turbine,     W ˙  P    indicates the power consumed by the pump,    η t    represents the total-to-total isentropic efficiency of the turbine,    η p    denotes the isentropic total-to-total efficiency of the pump, and    h 0    indicates the total enthalpy of the working fluid. To obtain the thermodynamic properties of the working fluid for each state point, the National Institute of Standards and Technology (NIST) REFPROF software was used.



The Carnot cycle efficiency (   η  c a r    ), which is the theoretical maximum value of the first-law efficiency, may be expressed using Equation (7).


   η  c a r   = 1 −    T L     T H     



(7)




where    T H    and    T L    denote the heat source and heat sink temperatures in the ORC system, respectively.



Exergy efficiency    η  e x     is the actual thermal efficiency of    η  c a r     undergoing a completely reversible process, and may be calculated using Equation (8).


   η  e x   =    η  t h      η  c a r     =     W ˙  t  −   W ˙  P      Q ˙  e   (  1 −    T L     T H     )     



(8)







Table 2 lists the input conditions of the proposed ORC, based on the following assumptions. The turbine inlet temperature was set to 80 °C, which can be obtained through heat exchanging based on the heat source temperature of 90 °C.



	
The system operates under steady-state conditions.



	
The system is adiabatic with negligible heat losses.



	
The pressure drop in the pipes is neglected.



	
The mechanical efficiency of the system is neglected.







3. Design of the Turbine for the TEG


3.1. Concept of TEG


Figure 2a illustrates the structure of the conventional single-stage axial-flow turbine and generator in the ORC. The axial turbine comprises a stator and rotor that are supported by a hub, whereas the generator comprises only a stator and rotor. As depicted in the rotation frame (Figure 2a), the turbine and generator rotors are connected by a shaft, to rotate both rotors simultaneously. At least two bearings are coupled to the shaft for rotation. Thus, as the working fluid passes through the turbine stator and rotor, the turbine and generator rotors rotate, owing to the expansion of the pressure of the working fluid to generate electrical power. Figure 2b illustrates the structure of the proposed TEG. Herein, the turbine rotor is embedded inside the generator rotor, which results in simultaneous rotations of the two rotors when the working fluid passes through the turbine stator. The structure of the TEG constitutes the turbine generator with only one bearing, and can change the flow path of the working fluid that has passed through the turbine from radial to serial.




3.2. Turbine Design Procedure


3.2.1. Mean-Line Design Method


To design the axial turbine applied to the TEG, a one-dimensional (1D) mean-line design was performed in the preliminary stage. The mean-line indicates the values of the mid-span of the turbine blade, and the velocity at the blade inlet and outlet may be calculated using dimensionless parameters such as flow and loading coefficients, and degree of reaction. Therefore, the performance of the turbine may be predicted in the preliminary stage based on the design results of the mean-line method.



The mean-line design method has been introduced by several researchers. Tournier and El-Genk [17] designed a six-stage, 530-MW helium axial turbine based on mean-line through-flow analysis of the free-vortex flow along the blade. The results showed the polytropic efficiency of the turbine with respect to the flow coefficient, work coefficient, and stage reaction. Al Jubori et al. [10] investigated the efficiency of a small-scale two-stage axial turbine using an integrated methodology of preliminary mean-line design and 3D computational fluid dynamics analysis. They reported a procedure for obtaining turbine layout in terms of velocity triangles, size, blade shape, and height. In addition, the mean-line design procedure for a single-stage axial turbine was developed to determine the optimum turbine geometry and efficiency under various operating conditions. Furthermore, a new general map was presented to predict the variation of turbine efficiency with flow and loading coefficients, specific speed, and specific diameter [18,19].




3.2.2. Velocity Triangle and Dimensionless Parameters


The flow coefficient ( φ ), loading coefficient ( ψ ), and degree of reaction ( ξ ) are the representative dimensionless parameters in the mean-line-based turbine design. These may be calculated using Equations (9)–(11) [20] as follows.


  φ =    V x   U  ,   U =  r m  ω  



(9)






  ψ =   Δ h    U 2     



(10)






  ξ =    T 2  −  T 3     T 1  −  T 3    =    P 2  −  P 3     P 1  −  P 3     



(11)




where    V x    denotes the axial velocity,  U  indicates the tangential velocity of the turbine rotor,    r m    represents the mean radius of the blade,  ω  denotes the angular velocity, and   Δ  h 0    indicates the difference in the total enthalpy at the turbine inlet and outlet. The degree of reaction, as shown in Equation (11), may be defined as a pressure drop of the rotor over the pressure drop of the turbine stage.



Figure 3 depicts the velocity triangle of the turbine stator and rotor, which represents the two velocity components of the working fluid passing through the stator and rotor. It includes absolute velocity  V  and relative velocity  W  with  α  and  β  denoting the angles between the meridional plane and  V  and  W , respectively. In addition, a chord  C  represents the straight-line length for the blade leading edge and trailing edge, and an axial chord length    C x    indicates the axial length of the blade (Figure 3). The magnitudes of velocities and the angle of the velocity triangle at the stator inlet, rotor inlet, and rotor outlet are calculated using Equations (12) and (13) [21] as follows.


   t a n  α 2  = t a n  β 2  +  1 φ  ,   t a n  α 3  = t a n  β 3  −  1 φ      V 2  =    V x    c o s  α 2    ,    V 3  =    V x    c o s  α 3      



(12)






   t a n  β 2  =   ψ / 2 − ξ  φ  ,    t a n   β 3  =   ψ / 2 + ξ  φ      W 2  =    V x    c o s  β 2    ,    W 3  =    V x    c o s  β 3      



(13)








3.2.3. Turbine Loss Model


The total pressure losses that occur within the blade passage must be considered in the preliminary stage because the magnitude of various pressure losses can directly affect turbine isentropic efficiency. Thus far, several studies have been conducted to predict and analyze the losses of turbine blades [22,23,24,25]. In the present study, blade losses for the TEG turbine were calculated by considering the overall loss system of Kacher and Okapuu [26], which is a modification of the Ainley/Mathieson/Dunham/Came loss system [22,23]. Therefore, as indicated in Equation (14), the total pressure loss coefficient  Y  is defined as the sum of four loss coefficients, namely the profile loss (   Y p   ), secondary loss (   Y s   ), tip clearance loss (   Y  T C    ), and trailing edge loss (   Y  T E    ). The profile loss,    Y p    is directly associated with the growth of the boundary layer on the blade surface, and thus the separation of the boundary layer owing to the reverse pressure gradient on the surface increases the profile losses [27]. In addition, the    Y s    is generated by the vortex caused by the cross-flow in the blade passage. Consequently, secondary vortices occur in the stream-wise direction, which can affect profile and annulus losses [27]. The    Y  T C     is then generated, owing to the tip clearance between the moving blade and casing. Tip leakage loss is a major cause of turbine inefficiency in the case of unshrouded rotor blades [26,27]. The    Y  T E     is expressed as a coefficient of kinetic energy loss and a function of the trailing edge thickness ratio to the blade throat [26]. Table 3 summarizes the equations of the aforementioned loss coefficients.


  Y =  Y p  +  Y s  +  Y  T E   +  Y  T C    



(14)








3.2.4. Flow Chart of the Turbine Design


Figure 4 illustrates a flowchart of the mean-line design process of the turbine utilized in the present study. Initially, we determine the states of the working fluid, namely the total temperature, total pressure, and mass flow rate at the inlet of the turbine in the ORC as input data. In this case other values, such as the power, rotation speed, and dimensionless parameters were also provided as design conditions. Subsequently, the velocity triangle was calculated using Equations (12) and (13) [21], and the mean radius of the blade (   r m   ) was derived using Equation (9) [28]. Thermodynamic properties at the blade inlet and outlet may be obtained using the NIST REFPROF software. In addition, geometrical values, such as chord, axial chord, and pitch are designed using the in-house code to ensure a minimum loss coefficient ( Y ) within the range that satisfies the input values of dimensionless parameters associated with the geometry, such as aspect ratio, blade solidity, and Zweifel coefficient. The recommended value for the aspect ratio, which is the ratio of the height to the chord length of the blade, is between 1.0 and 2.0 for a typical turbine stage [29]. Blade solidity (σ) denotes the ratio of the chord length to the pitch of the blade, and the ideal σ for optimum efficiency ranges approximately from 1.2 to 1.8 [30,31]. The Zweifel coefficient (Z) is the ratio of the actual tangential force to the ideal force acting on the blade. Although the optimum value for Z is approximately 0.75 to 0.85, most current turbine blades are designed for Z exceeding 1.0 [32]. To identify the optimal geometrical values for minimizing Y using the in-house code developed for this study, a generalized reduced-gradient algorithm was used for non-linear programming. Finally, the off-design performance of the turbine and thermodynamic efficiency of the ORC were calculated based on the designed turbine geometrical dimensions.






4. Results and Discussion


4.1. Mean-Line Design Validation


The reliability of the mean-line design method used was verified based on the obtained turbine efficiency result from an experiment in [33]. The turbine efficiency was derived from the mean-line design using the specified turbine geometry dimensions in [33]. Based on this, the mean-line design results and previous experimental results were compared in terms of turbine efficiency (Figure 5). The turbine efficiency as a function of the flow coefficient that was obtained in the present study agrees with that of previous experimental data, which determined by considering the 3D blade geometry of previous experiments [33], as shown in Figure 5. Both results show that the peaks of efficiencies are close to the flow coefficient of 0.48, wherein turbine efficiency is determined to be 0.79 and 0.82 from the mean-line design and experimental results, respectively. The error between these is approximately 3.80%. It is noted that the turbine performance in the case of mean-line design is predicted based on the 1D blade in the present study. In other words, 3D blade geometry effects are not considered in our calculations. Therefore, we presumed that this error was because of the 3D blade geometry effect.




4.2. Parametric Analysis


In the proposed TEG, as the turbine rotor should be coupled to the generator rotor, we designed a small-scale single-stage axial-flow turbine. Table 4 shows the parameters used for the mean-line design of the turbine blade rotor and the corresponding results. The values of the dimensionless numbers of flow coefficient ( φ ), loading coefficient ( ψ ), and degree of reaction ( ξ ) at the design point for this calculation are, 0.7, 1.0, and 0.5, respectively. The Smith chart [34] was referred to for dimensionless number selection, which is a graph that presents turbine efficiency according to the relationship between  φ  and  ψ . Meanwhile, the off-design, which is a common procedure in turbine design was also performed. The off-design predicts changes in turbine performance when the turbine is operated out-of-design point, and it can be used to improve turbine performance. The off-design results for the designed turbine are shown in Figure 6, Figure 7, Figure 8 and Figure 9. As previously described in a flowchart (Figure 5), in order to design the turbine using the mean-line method, conditions such as temperature and pressure at the turbine inlet, mass flow rate (  m ˙  ), turbine power (    W ˙  t  )  , and rotation speed (N), must first be chosen [16]. However, in the off-design stage, performance factors such as the total-to-total pressure ratio (PR), absolute Mach number (Ma), turbine total-to-total isentropic efficiency (   η t   ),     W ˙  t    were analyzed by changing  φ  and  ψ  values based on the turbine blade geometry in Table 4. In this case, the rotation speed is 20,000 rpm,  ξ  = 0.5, and turbine inlet conditions are shown in Table 2.



To perform the off-design stage, the ranges of  φ  and  ψ  were set to 0.4–1.0 and 0.8–1.4, respectively. The Smith chart [34] was referred to in choosing the ranges of  φ  and  ψ . Figure 6 shows the change in PR of the turbine according to  φ  for various   ψ ,   given the rotational speed. In the case of PR, a higher PR was formed as  ψ  was larger when  φ  was constant. This is because according to Equation (10), the difference of total enthalpy (  Δ  h 0   ) increases as  ψ  increases under the conditions of constant turbine size and rotational speed. As   Δ h   and PR are proportional [20], as  ψ  increases, PR also increases. Therefore, the PR of the turbine designed at the design point is 1.83; however, the performance can be calculated under different PR conditions by changing  φ  and  ψ .



Figure 7 shows the variation of the absolute Mach number (Ma) at the outlet of the turbine stator according to  φ  for various  ψ . Ma is defined as   V / a  , and  a  is the sound speed of the fluid. This is a criterion to distinguish between supersonic flow (1 > Ma) and subsonic flow (1 < Ma). If supersonic flow occurs, the friction loss increases owing to the acceleration flow around the turbine blade, which reduces turbine efficiency [24]. As  φ  and  ψ  increased as shown in Figure 7, Ma also increased. In this case, when  U  is constant, the increase in  φ  means an increase in   m ˙   according to Equation (9), and the increase in  ψ  means an increase in PR as shown in Figure 6. The single-stage axial-flow turbine designed in the present study is a subsonic turbine, and Ma is approximately 0.89 at the design point. If   m ˙   and PR continue to increase, the fluid at the stator outlet can reach supersonic flow. However, the actual turbine first reaches the supersonic flow at the blade throat [20], and this effect is omitted in 1D mean-line design. Therefore, a higher Ma may appear in the blade throat rather than at the stator outlet in the present study.



Figure 8 shows the total-to-total isentropic efficiency of the turbine (   η t   ) according to  φ  and  ψ . In the case of the designed turbine, the  φ  producing the peak efficiency was different according to  ψ , where the lower the  ψ , the higher the peak efficiency. At the design point,    η t    is approximately 0.89, which is close to the peak efficiency at  ψ  = 1.0. As a result, the higher    η t    could be expected as  ψ  was smaller between  φ  0.4 and 0.8, which is similar to the turbine efficiency according to  φ  and  ψ  that is presented in the Smith chart [34].



Figure 9 shows the turbine power (    W ˙  t   ) as a function of  φ  and as  ψ  increases. Here,     W ˙  t    gradually improved. As     W ˙  t    increases in proportion to   m ˙   and   Δ h ,   according to Equation (2), if  U  is constant,     W ˙  t    increases as  φ  and  ψ  increase. In this case, when the results for PR shown in Figure 6 are applied,     W ˙  t    improves as PR increases. However, as the turbine designed here is a subsonic turbine, the PR cannot be continuously increased. As a result, the turbine PR,   m ˙   and     W ˙  t    are 1.83, 2.02 kg/s, and 20.42 kW, respectively, at the design point ( φ  = 0.7,  ψ  = 1.0, Ma = 0.89). Meanwhile, as an example, the turbine PR,   m ˙   and     W ˙  t    are 2.08, 2.31 kg/s, and 28.01 kW, respectively, at the off-design point ( φ  = 0.8,  ψ  = 1.2, Ma = 0.99).



Furthermore, the characteristics of the proposed TEG may be explained by analyzing its off-design performance. Based on the characteristics of the TEG described in Section 3.1, the turbine rotor applied to the TEG is integrated with the generator rotor; thus, the tip clearance loss coefficient (   Y  T C    ) may be omitted. Therefore,    η t    and     W ˙  t    were analyzed according to the presence or absence of    Y  T C    . To consider the effect of    Y  T C     on turbine performance under the same PR condition, the values of  φ  and  ψ  were first adjusted. In this case, the values for  φ  and  ψ  were selected based on the absolute flow angle of 55.01° at the stator outlet [35]. Thus,  φ  was constantly increased from 0.4 to 1.0, and  ψ  also increased from 0.14 to 1.85. Moreover, the tip clearance height (τ) was set to 0.5 mm to calculate the    Y  T C    . Figure 10 shows    η t    according to PR. When    Y  T C     is omitted,    η t    is 0.94 at the turbine PR of 1.83, which shows an improvement of approximately 5.62% compared to    η t    0.89 at the design point. Figure 11 also shows the     W ˙  t    according to PR. Under the same conditions as for Figure 10,     W ˙  t    is 22.03 kW, which shows an improvement of approximately 7.88% compared to     W ˙  t    at the design point. As a result,    η t    and     W ˙  t    were improved owing to the omission of    Y  T C    . Moreover, as the value of τ increased, so too did the effect of    Y  T C    , and it is expected that the improvement range of    η t    and     W ˙  t    would increase further.




4.3. Thermal Efficiency of ORC


Figure 12 depicts the thermal efficiency (   η  t h    ) and exergy efficiency (   η  e x    ) of the ORC for the proposed TEG application. The input conditions of the ORC are listed in Table 2. The application of the TEG reflected the results of the turbine performance based on the presence or absence of    Y  T C    , as illustrated in Figure 10 and Figure 11. First, if    Y  T C     is not applied to the turbine performance, ORC    η  t h     is 4.81%, and    η  e x     is 19.28% at the design point. In this case, the temperature at the condenser outlet is 53.4 °C, the net power (    W ˙   n e t    ) is 18.72 kW, the evaporation heat capacity is 389.5 kW, and the condensation heat capacity is 369.77 kW. Conversely, when    Y  T C     is applied to the turbine,    η  t h     is 5.08% and    η  e x     is 26.38%. In this case, the mass flow rate is 2.06 kg/s,     W ˙   n e t     is 20.03 kW, the evaporation heat capacity is 397.85 kW, and condensation heat capacity is 376.51 kW. In the above two cases, the PR of the turbine is 1.83, respectively, therefore, the temperature at the condenser outlet was set to 53.4 °C. As a result, the ORC    η  t h     and    η  e x     in the case where the TEG was applied were improved by 5.61%, compared to the case that excludes the TEG. Therefore, the efficiency of the ORC can be improved by changing the structure of the turbine generator. For this reason, it is expected that LCOE may be decreased by reducing manufacturing cost and improving electrical power of the ORC.




4.4. 3D Turbine Generator Assembly


Figure 13 shows the 3D assembly of the turbine generator with the structure of the TEG in the present study. The 3D assembly includes the turbine stator, rotor, generator stator and generator rotor where only a single bearing is placed. As the turbine rotor is coupled to the inside of the generator, it can rotate with only one bearing. Therefore, the structure is simple compared to the conventional turbine generator, and thus manufacturing cost can be reduced. In addition, because the shaft connecting the turbine and generator rotor can be omitted, the stability of the shaft system may be improved, and turbine generator volume can be reduced. Furthermore, as mentioned in Section 3.1, the structure of the proposed TEG does not require an additional exhaust pipe because the working fluid that has passed through the turbine can be discharged in the serial direction.





5. Conclusions


In a conventional turbine generator that is applied to an ORC, the power of the turbine is transmitted to the generator using a shaft. The TEG proposed in the present study can be described as a novel type of turbine generator, wherein the turbine rotor is embedded in the generator rotor. Unlike the traditional structure of the turbine generator, the TEG uses only one bearing, thus it signifies a simplification of the structure. It could also improve the stability of the shaft system, and we expect that the use of the proposed TEG would reduce manufacturing costs. In addition, as the tip clearance loss of the turbine rotor may be eliminated, the proposed TEG improves isentropic turbine efficiency. A single-stage axial-flow turbine was designed by mean-line analysis using the NIST REFPROP database, and turbine off-design performance prediction was conducted based on the flow coefficient, loading coefficient, and tip clearance loss coefficient. When tip clearance loss coefficient was considered, the power was 20.42 kW with a turbine isentropic efficiency of 0.89, and the ORC thermal efficiency was 4.81%. Meanwhile, the power and isentropic efficiency of the turbine when not considering the tip clearance loss coefficient were 22.03 kW and 0.94, respectively, and the thermal efficiency of the ORC was 5.08%. Therefore, the proposed TEG structure improved the thermal efficiency of the ORC, solely through changes to the structure of the turbine generator and regardless of operating conditions and type of working fluid used. Furthermore, a 3D assembly of the turbine generator including the structure of the TEG was proposed. In order to verify the proposed solution, in future work, we plan to design a 3D turbine blade, and test a lab-scale ORC system that adopts the proposed TEG structure.
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Nomenclature




	
  C  

	
Blade chord length, m




	
    C x    

	
Blade axial chord length, m




	
  h  

	
Specific total enthalpy, kJ/kg




	
  H  

	
Blade height, m




	
   m ˙   

	
Mass flow rate (MFR), kg/s




	
P

	
Pressure, Pa




	
   Q ˙   

	
Heat transfer rate, kW




	
  r  

	
Blade radius, m




	
S

	
Blade pitch, m




	
T

	
Temperature, K




	
  U  

	
Tangential velocity, m/s




	
  V  

	
Absolute velocity, m/s




	
    V x    

	
Meridional velocity, m/s




	
W

	
Relative velocity, m/s




	
W

	
Power, kW




	
Y

	
Total pressure loss coefficient




	
Greek Symbols




	
α

	
Absolute flow angle




	
β

	
Relative flow angle




	
η

	
Efficiency




	
ξ

	
Degree of reaction




	
σ

	
Blade solidity (C/S)




	
τ

	
Tip clearance height, m




	
φ

	
Flow coefficient




	
ψ

	
Loading (work) coefficient




	
ω

	
Angular velocity, 1/s




	
Subscrips




	
1−4

	
state point in ORC




	
   car   

	
Carnot




	
  e  

	
Evaporation




	
   e x   

	
Exergy




	
  H  

	
High




	
L

	
Low




	
  m  

	
Mean value of the blade




	
  p  

	
Pump, profile loss




	
s

	
Isentropic, secondary loss




	
t

	
Turbine




	
TC

	
Tip clearance loss




	
TE

	
Trailing edge




	
th

	
Thermal




	
0

	
total




	
1

	
Inlet of the stator




	
2

	
Inlet of the rotor




	
3

	
Outlet of the rotor
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Figure 1. Schematic illustration of the ORC system. 
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Figure 2. Turbine generator structure in the ORC system. (a) Conventional type: The generator rotor is rotated using the turbine rotor torque through the shaft. (b) Proposed turbine embedded in a generator (TEG) type. The generator rotor is rotated using the rotation of the turbine rotor without a shaft. 
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Figure 3. Turbine blade geometry and typical velocity triangle for the axial-flow turbine blades. 
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Figure 4. Design procedure flowchart of axial-flow turbine blades for the mean-line. 
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Figure 5. Comparison of the mean-line design results investigated in the present study and previously reported experimental results [33]. 
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Figure 6. Total-to-total pressure ratio (PR) of the turbine when the flow coefficient ( φ ) ranges from 0.4 to 1.0 and loading coefficient ( ψ ) ranges from 0.8 to 1.4. 
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Figure 7. Absolute Mach number (Ma) at the turbine stator outlet when the flow coefficient ( φ ) ranges from 0.4 to 1.0 and loading coefficient ( ψ ) ranges from 0.8 to 1.4. 
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Figure 8. Total-to-total isentropic efficiency of the turbine (   η t   ) when the flow coefficient ( φ ) ranges from 0.4 to 1.0 and loading coefficient ( ψ ) ranges from 0.8 to 1.4. 
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Figure 9. Power of the turbine (    W ˙  t   ) when the flow coefficient ( φ ) ranges from 0.4 to 1.0 and loading coefficient ( ψ ) ranges from 0.8 to 1.4. 
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Figure 10. Total-to-total isentropic efficiency of the turbine (   η t   ) with and without the tip clearance loss coefficient (   Y  T C    ) when the total-to-total pressure ratio (PR) ranges from 1.0 to 3.0. 
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Figure 11. Power of the turbine (    W ˙  t   ) with and without the tip clearance loss coefficient (   Y  T C    ) when the total-to-total pressure ratio (PR) ranges from 1.0 to 3.0. 
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Figure 12. Comparison of thermal and exergy efficiency of the ORC based on the application of the proposed TEG. 
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Figure 13. Proposed 3D turbine generator assembly with TEG structure. 
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Table 1. Thermodynamic data of R245fa (HFC-245fa).
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	Working Fluid
	Molecular Formula
	Mol. Weight

(g/mol)
	Critical

Temperature (K)
	Critical

Pressure (MPa)
	GWP

(100 yr)





	R245fa
	CF3CH2CHF2
	134.05
	427.16
	3.651
	1030
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Table 2. Specification of the ORC.
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	Parameter
	Value





	Working fluid
	R245fa



	Mass flow rate [kg/s]
	2.02



	Turbine inlet temperature [°C]
	80



	Turbine inlet total pressure [MPa]
	0.7



	Turbine rotor rotational speed [rpm]
	20,000



	Heat source temperature [°C]
	90



	Heat sink temperature [°C]
	20



	Pump efficiency [-]
	0.75



	Generator efficiency [-]
	0.95
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Table 3. Equations of loss coefficient (profile, secondary, trailing edge and tip clearance).
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	Loss Models
	Equation
	Ref.





	   Profile   loss ,    Y p    
	    Y P  = 0.914  (   K  i n   Y  ’  P , A M    K P  +  Y  s h o c k    )  f  (  R e  )    

   Y  ’  p , A M   =  {   Y  p , A M    (   m 1  = 0  )    +  |     β 1     α 2     |   (     β 1     α 2     )   [   Y  p , A M    (   β 1  =  α 2   )    −  Y  p , A M    (   β 1  = 0  )     ]   }  ×    (     t  m a x   / C   0.2    )     K m   β 1  /  α 2      
	[22,25]



	   Sec ondary   loss ,    Y s    
	    Y s  = 1.2 Y  ’  S , A M    K s    

   Y  ’  S , A M   = 0.0334  f   (  A R  )     (    c o s (  α 2  )   c o s (  β 1  )    )     (     C L    s / c    )   2    c o  s 2   α 2    c o  s 3   α m      
	[25]



	   Trailing   edge   loss ,    Y  T E     
	    Y  T E   =   Δ  P 0    0.5 ρ  V 2 2    =    (     t 2     o 2  −  t 2     )   2    
	[18]



	   Tip   clearance   loss ,    Y  T C     
	    Y  T C   = B  c h     (   k c   )    0.78   Z   

   Z =  (   C L   c s   )    c o  s 2   a 2    c o  s 3   a m      
	[22,23]
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Table 4. Mean-line design results for rotor blade of single-stage axial-flow turbine.
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	Design Parameters
	Value





	Flow coefficient, φ [-]
	0.70



	Loading coefficient, ψ [-]
	1.00



	Degree of reaction, ξ [-]
	0.50



	Total-to-total pressure ratio, PR [-]
	2.09



	  Blade   mean   radius ,    r m    [mm]
	47.70



	Aspect ratio (H/C), AR [-]
	1.05



	  Blade   axial   chord ,    C x    [mm]
	9.51



	Number of blade [-]
	37



	Solidity (C/S), σ [-]
	1.20



	Zeweifel coefficient, Z [-]
	0.78



	Tip clearance height, τ [mm]
	0.50
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