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Abstract

:

This study presents two concepts for integrating a wave rotor combustor (WRC) into a baseline engine: the wave rotor pressure-gain cycle (WRPGC) and the wave rotor work cycle (WRWC). Performance parameters were calculated under different thermodynamic cycles, and a comparative analysis of the thermodynamic cycles was conducted, considering both the ideal- and actual-loss conditions. Furthermore, the impact of the WRC precompression ratio, turbine inlet temperature, and fixed peak cycle temperature on the thermodynamic-cycle performance was investigated. The results indicate that embedding a WRC into a baseline engine with a compressor pressure ratio higher than 24.0 does not lead to an improvement in the thermal efficiency. However, under a baseline engine pressure ratio of 3.6, the actual-loss WRC cycle achieves efficiency improvements of 40.5% and 49.5% in the WRPGC and WRWC, respectively, compared to the baseline engine cycle. Increasing the wave rotor precompression ratio or the turbine inlet temperature ratio results in greater performance improvements for the WRWC compared to the WRPGC. When the peak cycle temperature of the wave rotor is fixed, there exists a narrow pressure ratio range wherein the WRPGC outperforms the WRWC. Therefore, the WRPGC is more suitable for embedment in baseline engines with lower pressure ratios.
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1. Introduction


In the face of the surging energy demand, there is a growing interest in using engines based on efficient combustion. Currently, gas turbine engines remain the primary source of power and play a crucial role in aerospace propulsion systems [1,2,3]. However, modern gas turbine engines typically employ Brayton cycles or constant-pressure cycles, which convert the energy from combustion into the internal energy of the working fluid under constant-pressure conditions. This process significantly increases the entropy generation during combustion [4,5,6]. Furthermore, the inherent irreversibility of the heat gain in actual combustion processes leads to an unavoidable reduction in the total pressure by 3–5% during combustion [7,8]. The improvement in the efficiency of modern gas turbine engines is mostly achieved by increasing the compressor pressure ratio, the turbine inlet temperature, and the aerodynamic efficiency of the rotating components. Though considerable research and engineering efforts have been expended, significant progress in improving the thermal efficiency of gas turbine engines has not materialized [9,10,11].



By replacing the traditional thermodynamic cycle used in propulsion systems, significant improvements in the performance of gas turbine engines can be achieved. The Humphrey cycle, which is based on the Brayton cycle, replaces the constant-pressure combustion process with constant-volume combustion [12,13]. The primary benefit of the Humphrey cycle compared to the Brayton cycle lies in its volume-constrained heat release leading to a pressure increase. This mechanism transforms a part of the released chemical heat directly into mechanical rather than internal energy, thereby limiting entropy growth during combustion. Such a pressure boost enables Humphrey-cycle engines to outperform Brayton-cycle engines in power generation with identical heat inputs. Unlike the Otto cycle that also harnesses pressure-gain combustion, the Humphrey cycle ensures a complete expansion of the combustion gases, thereby allowing for an expansion ratio that is higher than the compression ratio. Hence, the Humphrey-cycle engine combines the advantages of gas turbine engines and intermittent engines [14].



The wave rotor combustor (WRC), as a typical device for implementing the Humphrey cycle, has unique precompression and expansion processes. By replacing the combustor of a gas turbine engine with the WRC, further improvements in the gas turbine performance can be achieved. Figure 1 depicts a visual representation of the WRC’s structure, with the wave rotor’s multiple channels strategically placed around its axis and contained within a rotating drum [15,16]. Encircled by two fixed end plates with ports, the drum’s rotation intermittently connects the channels with fluid flows, causing rapid compression and expansion inside them. The gas is compressed by shock waves and then ignited, and the constant-volume combustion can occur in the form of premixed turbulent combustion or detonation.



The WRC’s concept was first proposed in the 1950s [17] and regained research interest in the 1990s. Akbari and Nalim [18] provide a detailed explanation of the working principle of the WRC, as well as its history, advantages, and challenges. The U.S. DARPA Quiet Supersonic Platform (QSP) program aims to develop a quiet propulsion system by applying the WRC to a Mach 2.4 supersonic engine and conducting related performance calculations. The results show that replacing the traditional Brayton cycle with the WRC cycle can reduce the specific fuel consumption by 5–15% under supersonic cruise conditions [19]. Li et al. [20] and Nalim et al. [21] apply standard air thermodynamics and simplified aerodynamics to the performance analysis of a microturbine engine embedded with a WRC. With the combustor exit Mach number M3 as a variable, the simulation results indicate that embedding a WRC into the baseline engine can achieve a 24% increase in the specific work output and a 19% reduction in the specific fuel consumption when M3 is about 0.6. Antonios [22] applies the wave rotor to the gas turbines of high-speed naval vessels. By integrating a wave rotor to enhance the engine performance while keeping the basic components of the baseline engine unchanged, it is shown that embedding a wave rotor in a gas turbine with regeneration can achieve a 19% increase in the engine thermal efficiency.



Akbari et al. [23,24] introduces the concept of a two-stage radial-flow wave rotor and proposes the WRC as a power-output device. Performance parameters of the actual-loss cycles are calculated, and the results show that there are certain compressor pressure ratios wherein the cycle efficiency and network reach their peak. Sun et al. [25] derived the average expression for the thermal efficiency of the radial-flow WRC engine and compared the Humphrey cycle with the Otto, Diesel, and Brayton cycles. The results showed that, under the same initial conditions and peak cycle temperatures, the thermal efficiency of the Humphrey/Atkinson cycle is higher than those of the other cycles, especially at lower pressure ratios. Li and Gong et al. from Nanjing University of Aeronautics and Astronautics [26,27,28,29] conducted an overall performance analysis of the WRC applied to gas turbines, verifying the advantages of the WRC in improving the performance of the baseline engine. They further carried out numerical simulations on the unsteady flow and combustion characteristics of the WRC and established a simplified experimental system for the WRC. Successful combustion enhancement was achieved at wave rotor speeds below 2100 r/min.



Wave rotor engines include unsteady processes, and the thermodynamic cycles can be modeled through mass averaging. Daniel et al. [30] proposed a mass-averaging method for a pressure-gain combustor (PGC). They assessed the state of each mass unit as it left the combustor and integrated these to calculate the average cycle work extraction. The calculation was compared with that of the computational fluid dynamics (CFD) method, demonstrating that actual mass-averaged work extraction methods are highly practical and accurate for assessing the turbine performance in an unsteady flow. Sun et al. [25] developed a transient model for wave rotor engines that is not limited to the isentropic compression and expansion processes. The proposed efficiency expressions are consistent with steady isentropic processes, representing unsteady modeling results in an averaged form of steady modeling results. Daniel et al. [31] considered the inherent unsteadiness of PGC engines and analyzed the impact of the unsteadiness characteristics on the performance. The periodic conservation equations for mass, momentum, and energy were used in the unsteadiness analysis. The results indicate that unsteadiness analysis more accurately predicts the engine’s actual performance compared to traditional steadiness analysis. But the literature shows that the trend of the predictions is generally consistent, with smaller errors at higher flight Mach numbers.



Standard thermodynamic models can effectively predict the performance of wave rotor engines by accounting for the real losses. Jack et al. [32] used a simple thermodynamic model to determine the thermal efficiency and specific power of jet engines with integrated wave rotors. The actual isentropic relations for compression and expansion were employed. The performance calculations were compared with experimental results for General Electric’s four-port wave rotor. It was found that when the wave rotor’s compression and expansion efficiencies are 0.83, the precompression ratio is 1.8, the specific heat ratio is 1.3, and the calculated overall pressure ratio of the wave rotor closely matches the experimental results. Nalim et al. [21] established an aerothermodynamic model with variable specific heats. The compression and expansion processes were solved using isentropic relations that consider the losses, including internal-friction losses, shock losses, gradual-opening/-closing losses, and uneven-port-mixing losses. After comparing the calculation results with those of the CFD method, the performance indicators were found to be similar, indicating that the basic aerodynamic and thermodynamic models can reasonably predict the behavior of the actual system. This consistency may be due to the model’s appropriate handling of key physical processes and losses.



Significant research efforts have been undertaken worldwide to analyze the performance of the WRC. However, it is evident that these analyses predominantly consider the WRC either as a pressure-gain device or as a power-output device, without conducting a thorough comparative analysis between the two modes of operation with the baseline cycle. Furthermore, there is a notable absence of investigations regarding the optimal selection range of pressure ratios when integrating these two modes into the baseline engine. This study analyzes the structure and working principles of the WRC, and it establishes multiple thermodynamic-cycle models for wave rotor pressure-gain engines and wave rotor power-output engines. The investigation focuses on exploring the impacts of different thermodynamic cycles on the performance of the baseline engine. Furthermore, the study examines the variation patterns of the WRC thermodynamic performance parameters in relation to parameters such as the wave rotor precompression ratio and turbine inlet temperature. The primary emphasis is placed on analyzing the performance differences and application ranges between wave rotor pressure-gain engines and wave rotor power-output engines.




2. Wave Rotor Combustor


WRCs can be classified into the axial- and radial-flow types based on the direction of the flow in the channels. Both types can utilize curved channels, which are typical for generating torque. The operating principle is illustrated in Figure 2. The cycle begins with a precompression process wherein the exhaust port suddenly closes, causing the airflow at the port to decelerate and stagnate. This results in the propagation of a shock wave towards the inlet, compressing the fuel–air mixture within the channels. As the compression wave propagates to the intake port, the intake port closes. The precompression process helps to enhance the initial temperature and pressure before combustion, resulting in an increased peak combustion temperature and reduced entropy generation. Immediately after this, both ends of the channel are sealed. The fuel mixture inside the channel is ignited, leading to a constant-volume combustion process accompanied by shock-wave and flame interaction. After the combustion is completed, the exhaust port opens, resulting in a significant decrease in the gas pressure due to the pressure difference between the two ends, generating an expanding wave propagating towards the inlet. Finally, the intake port opens, allowing a mixture of fresh air and fuel to enter the channel, and the next cycle continues.



The WRC effectively utilizes the constant-volume combustion process and exploits the non-steady wave system induced by the timed closure and opening of the rotor channels to achieve further compression and expansion processes. Compared to axial-flow WRCs, the radial inlet and exhaust allow for a more compact arrangement, resulting in significant reductions in the engine length and weight. Additionally, centrifugal forces contribute to more thorough scavenging. The arrangement of the curved channels enables the generation of tangential momentum during the exhaust expansion process, leading to the production of torque. Thus, the WRC itself can output a certain amount of shaft work, while the power output from the combustion chamber can further enhance the thermal efficiency of the gas turbine engine [34]. The WRC exhibits a revolutionary and innovative nature in the context of future high-efficiency engines, calling for further exploration and research.




3. Establishment of Thermodynamic Cycle


Figure 3 shows the ideal P-V and T-S diagrams of the baseline Brayton cycle, Humphrey cycle, and wave rotor-embedded-in-the-baseline cycle. In the Brayton cycle, the process follows the sequence 1-2-3b-4. The Humphrey cycle modifies the Brayton cycle by replacing the constant-pressure heating process (2-3b) with a constant-volume heating process (2-3h). Compared to the Humphrey cycle, the wave rotor cycle introduces the wave rotor precompression process (2-A) and the wave rotor expansion process (B-3). Point 3 represents the state after the wave rotor expansion process. In ideal conditions and depending on the channel shape, it can be classified into two extreme cases. Point 3′ corresponds to the wave rotor pressure-gain cycle, wherein no shaft work is outputted by the rotor. The power generated by the rotor fully offsets the flow work and compression work, resulting in a pure-pressure-gain effect. Point 3″ corresponds to the wave rotor power-output cycle, wherein the rotor is able to generate the maximum shaft work. In this case, the rotor outlet expands completely to the rotor inlet state (P3″ = P2), achieving a pure-power-producing effect. When the turbine inlet temperature remains constant, point 3″ coincides with point 3b, indicating complete expansion to the turbine front pressure and temperature. The following modeling calculations will be performed for the baseline cycle as well as the two types of wave rotor cycles: the wave rotor pressure-gain cycle (WRPGC) and the wave rotor work cycle (WRWC).



3.1. Assumptions


Standard air thermodynamics is applied to each component of the WRC engine. The internal losses of the compressors and turbines are expressed by the adiabatic efficiencies. Similarly, the WRC’s internal losses are represented by the wave rotor adiabatic efficiencies, including the precompression and exhaust expansion processes. The effects of gradual-closure, leakage, and shock losses are classified to the adiabatic-efficiency definition. Consistent with general analysis methods, the heat released from combustion is considered an external heat addition, and the composition of the working gas is thought to be unchanged. Regardless of whether it is a wave rotor pressure-gain engine or a wave rotor work engine, the power to drive the compressor is thought to come solely from the turbine. Therefore, the wave rotor process does not participate in the power balance process, and the power it generates can be extracted separately for electricity generation or direct output. For the following engine cycle, it is assumed that the compressor inlet conditions are known. And for both the baseline engine and the wave rotor engine, the compressor inlet conditions are the same. The isentropic efficiencies of the compressors and turbines in both the wave rotor engine and the baseline engine are kept the same.




3.2. The Baseline Engine Cycle


The calculation process of the thermodynamic performance parameters for the baseline engine Brayton cycle is as follows. Assuming that the turbine inlet temperature ratio during the cycle is a constant value, the pressure ratio during the compression process is denoted as     π   c    , the isentropic compression efficiency of the compressor is denoted as     η   c    , and the isentropic expansion efficiency of the turbine is denoted as     η   e    . First, the temperature ratios for each stage of the Brayton cycle are calculated. For each process in the Brayton cycle, we have the following:



The compression process:


     T 2     T 1    = 1 +      π c      γ − 1  γ    − 1    η c     



(1)







The heating process:


     T 3     T 1    = c o n s t  



(2)







The expansion process:


     T 4     T 1    =    T 3     T 1      1 −  η t    1 −     π   c       1 − γ  γ         



(3)







The non-dimensional network:


     w  n e t      c v   T 1    =    w T  −  w C     c v   T 1    =    c p     T 3  −  T 4    −  c p     T 2  −  T 1       c v   T 1    = γ      T 3     T 1    −    T 4     T 1    −    T 2     T 1    + 1    



(4)







The thermal efficiency of the baseline cycle:


   η t  = 1 −    q 2     q 1    = 1 −    c p  (  T 4  −  T 1  )    c p  (  T 3  −  T 2  )   = 1 −      T 4     T 1    − 1      T 3     T 1    −    T 2     T 1       



(5)







According to the principle that the total energy injected during the heating process is equal to the heat change, the fuel–air ratio can be calculated as follows:


  Q =  η b   m f   h u  =    m a  +  m f     c p     T 3  −  T 2     



(6)






  f =    m f     m a    =    c p     T 3  −  T 2       η b   h u  −  c p     T 3  −  T 2      =   γ      T 3     T 1    −    T 2     T 1           η b   h u     c v   T 1    − γ      T 3     T 1    −    T 2     T 1         



(7)







The specific fuel consumption (sfc) is defined as the amount of specific fuel consumed per unit of power produced over a specific period of time:


  s f c =   3600 f    w  n e t      



(8)








3.3. The Wave Rotor Pressure-Gain Cycle (WRPGC)


As a wave rotor in a pure-pressure-gain engine, the wave rotor neither outputs nor consumes any power. It solely functions as a pressure-boosting device. The pressurized gas, after being compressed by the wave rotor, further expands within the turbine to generate output power. To prevent the wave rotor from outputting power, the work generated by the wave rotor must fully offset its own flow work and compression work. The non-dimensional power generated by the wave rotor is as follows:


     w  r o t o r      c v   T 1    =    c p     T B  −  T 3    −  c p     T A  −  T 2    −  R g     T B  −  T A       c v   T 1    = γ      T 2     T 1    −    T 3     T 1      +      T B     T 1    −    T A     T 1      = 0  



(9)







The cycle parameters can be derived from the energy conservation principle applied to the steady-state operation of each component:



The compression process:


     T 2     T 1    = 1 +      π c      γ − 1   γ     − 1    η c     



(10)







The wave rotor precompression process:


     T A     T 2    = 1 +       π   w c       γ − 1  γ    − 1    η  w c      



(11)







In this equation,     π   w c     represents the pressure ratio of the wave rotor precompression, and     η   w c       represents the isentropic compression efficiency of the wave rotor precompression process.



The wave rotor constant-volume combustion process:



According to Equation (9), we can obtain the following:


     T B     T 1    =    T A     T 1    + γ      T 3     T 1    −    T 2     T 1       



(12)






     P B     P A    =    T B     T A     



(13)







The wave rotor expansion process: the total pressure ratio of the wave rotor expansion process can be derived from the isentropic relation between PB and P3, as follows:


     P B     P 3    =  1      1 −   1 −    T 3     T B       η  w e          γ  γ − 1        



(14)




where    η  w e     represents the isentropic expansion efficiency of the wave rotor expansion process.



The turbine expansion process: the total pressure ratio during the turbine expansion process,    P 3  /  P 4   , is obtained by    P B  /  P A   :


     P B     P A    =    P 1     P 2       P 2     P A       P B     P 3       P 3     P 4       P 4     P 1    =  1   π c     1   π  w c        P B     P 3       P 3     P 4     



(15)






     P 3     P 4    =    P 3     P A    ⋅  π c  ⋅  π  w c    



(16)







The turbine exhaust temperature can be derived using the isentropic relation:


     T 4     T 1    =    T 3     T 1      1 −  η t    1 −        P 4     P 3          γ − 1  γ         



(17)




where    η t    is the isentropic expansion efficiency of the turbine process.



The non-dimensional network:


     w  n e t      c v   T 1    =    w T  −  w C  +  w  r o t o r      c v   T 1    =    c v     T B  −  T A    −  c p     T 4  −  T 1       c v   T 1    =    T B     T 1    −    T A     T 1    − γ      T 4     T 1    − 1    



(18)







The thermal efficiency of the cycle is determined by the ratio of the network to the cycle’s total heat input:


   η t  =    w  n e t      q  i n     =      u B  −  u A    −    h 4  −  h 1       u B  −  u A    = 1 − γ      T 4     T 1    − 1      T B     T 1    −    T A     T 1       



(19)







Based on the fact that the total energy input in the heating process is equal to the heat change plus the work output of the wave rotor, the specific fuel consumption can be calculated as follows:


  Q =  η Q   m f   h  L H V   =    m a  +  m f     c p     T 3  −  T 2    +  W  r o t o r    



(20)






  f =    m f     m a    =    c p  (  T 3  −  T 2  ) +  w  r o t o r      η Q   h  L H V   −  c p  (  T 3  −  T 2  ) −  w  r o t o r      



(21)






  s f c =   3600 f    w  n e t      



(22)








3.4. The Wave Rotor Work Cycle (WRWC)


As a pure-power-producing wave rotor, the wave rotor operates solely as a power-output device without any pressure gain. In this mode, the wave rotor generates the maximum power, extracting the maximum amount of work from the fully expanded gas within the rotor channels. Thus,    P  3 ″   =  P 2   , as shown by the position corresponding to point 3″ in Figure 3.



The temperature ratio in the constant-volume combustion process is equal to the pressure ratio:


     T B     T A    =    P B     P A    =    P B     P  3 ″        P  3 ″      P 2       P 2     P A    =    P B     P  3 ″        P 2     P A     



(23)




where    P B  /   P    3 ″      is solved using the isentropic expansion relationship:


     P  3 ″      P B    =     1 −   1 −    T 3     T B       η  w e          γ  γ − 1      



(24)







Substituting Equation (23), we have


     T B     T A    =     1 −   1 −    T 3     T B       η  w e         −  γ  γ − 1      1   π  w c      



(25)






     P B     P A    =    T B     T A     



(26)







Similarly, for other processes in the WRWC, all the performance parameters can be calculated.





4. Results and Discussions


For the thermodynamic calculations, a small turboshaft engine is selected to replace its combustor with a wave rotor combustor. The baseline engine has a compressor pressure ratio of 3.6. The compressor inlet temperature is 288.15 K, and the compressor isentropic efficiency is 0.805. The turbine inlet temperature is 1120 K, and the turbine isentropic expansion efficiency is 0.85. The precompression ratio of the wave rotor is 1.2. Both the compression and expansion efficiencies of the wave rotor are assumed to be 0.9. The combustion efficiency is 0.97 with a heating value of 42,900 kJ/kg. The specific heat capacity of the air, denoted as    c p   , is defined as follows [35]:    c p  =  C 0  +  C 1  θ +  C 2   θ 2  +  C 3   θ 3   , where   θ =    T   K  / 1000  ,    C 0  = 1.05  ,    C 1  = − 0.365  ,    C 2  = 0.85  , and    C 3  = − 0.39  .



4.1. Comparative Study of Different Thermodynamic Cycles


At the same turbine inlet temperature, Figure 4 illustrates the relationship between the thermal efficiency of the actual-loss cycle considering losses and the ideal cycle as a function of the compressor pressure ratio. It can be seen that, under ideal conditions, the thermal efficiency increases with an increasing compressor pressure ratio. The WRC cycle has a higher efficiency than the Brayton cycle, and the ideal WRWC has a higher efficiency than the ideal WRPGC. Unlike the ideal cycles, actual-loss thermal cycles have lower thermal efficiency, and with the increasing pressure ratio, the actual-loss thermal efficiency initially increases and then decreases. There exists an optimal pressure ratio for the compressor, which maximizes the thermal efficiency. As the pressure ratio increases, the thermal efficiency of the WRC cycle decreases at a faster rate. When the pressure ratio exceeds 24.0, the thermal efficiency of the WRC cycle starts to become lower than that of the Brayton cycle. At the same time, the efficiency of the WRWC also becomes lower than that of the WRPGC. This indicates that the WRC embedded in the baseline engine with a pressure ratio higher than 24.0 does not exhibit performance advantages in terms of the thermal performance. Under the condition of a baseline engine pressure ratio of 3.6, the actual-loss WRC cycle yields performance improvements of 40.5% and 49.5% in the WRPGC and WRWC, respectively, relative to the baseline cycle.



Figure 5 and Figure 6 illustrate the variation in the thermal efficiency and specific fuel consumption with the specific work output. It is evident that, compared to the ideal cycle, the efficiency-specific work profile of the actual-loss cycle shifts towards the lower left corner, indicating a decrease in both the thermal efficiency and specific work. In contrast, the specific fuel consumption–specific work profile moves towards the upper left corner, corresponding to a decrease in the specific work and an increase in the specific fuel consumption. The WRC cycle has a higher specific work and a lower specific fuel consumption than the baseline engine. Each point in the figure corresponds to a specific compressor pressure ratio. It can be observed that, at the maximum specific work output, neither the thermal efficiency nor the specific fuel consumption reaches its maximum or minimum value. Similar to the baseline engine, the WRC cycle exhibits a similar trend wherein the lowest optimal compressor pressure ratio corresponds to the maximum output power, followed by the specific fuel consumption. The highest thermal efficiency is achieved at the maximum optimal compressor pressure ratio.



Figure 7 illustrates the performance enhancement of the WRPGC and WRWC compared to the baseline engine under different compressor pressure ratios in the actual-loss cycle. It can be observed that, for the WRPGC, the thermal efficiency and net output power increase by the same amount compared to the baseline engine. This is because the wave rotor does not directly contribute to the power output. Under the same heat input, the thermal efficiency and output power exhibit a similar increasing trend. From the figure, it can be seen that, at lower pressure ratios, there is a significant improvement in various performance parameters. For example, at a pressure ratio of 2.0, the thermal efficiency and specific work output can be increased by more than double, while the specific fuel consumption can be reduced by more than half. However, as the pressure ratio increases, the magnitude of improvement gradually decreases. The WRWC achieves a larger improvement in output power compared to the WRPGC, while the improvement in the thermal efficiency and specific fuel consumption is not significant. The zero-gain line relative to the baseline engine is marked in the figure. It can be observed that the specific fuel consumption, as a performance parameter, reaches the zero-gain line first, at pressure ratios around 10.0 (corresponding to the WRPGC) and 12.0 (corresponding to the WRWC). In contrast, the thermal efficiency and specific work output reach the zero-gain line at a pressure ratio of approximately 24.0. However, by this point, the specific fuel consumption has already increased by about 30.5% compared to the baseline engine. Therefore, when embedding the WRC into the baseline engine, it is advisable to choose a compressor pressure ratio lower than 10.0.




4.2. Performance Influence of Wave Rotor Precompression Ratio


Figure 8 presents the variation in the thermal efficiency, specific work, and specific fuel consumption with the precompression ratio of the wave rotor-embedded-in-the-baseline-engine cycle. The precompression ratio of the wave rotor ranges from 1.0 to 2.0. It can be observed that for both the WRPGC and WRWC, the thermal efficiency and specific work of the engine increase with the increase in the precompression ratio of the wave rotor. Meanwhile, the specific fuel consumption decreases with the increase in the precompression ratio, indicating an improvement in the engine performance as the precompression ratio of the wave rotor increases. When the precompression ratio of the wave rotor is 1.8, compared to the designed wave rotor pressure ratio of 1.2, the thermal efficiency of the WRPGC increases from 0.283 to 0.316, and the thermal efficiency of the WRWC increases from 0.305 to 0.345. Furthermore, the specific work output of the WRPGC increases from 201.0 kJ/kg to 224.6 kJ/kg, and the specific work output of the WRWC increases from 247.4 kJ/kg to 297.4 kJ/kg. As for the specific fuel consumption, the WRPGC reduces its specific fuel consumption from 0.301 kg/(kWh) to 0.269 kg/(kWh), and the WRWC reduces its specific fuel consumption from 0.278 kg/(kWh) to 0.245 kg/(kWh). It can be seen that increasing the precompression ratio of the wave rotor from 1.2 to 1.8 results in greater performance improvements for the pure-work wave rotor compared to the pure-pressure-gain wave rotor. Particularly, the specific work output shows more significant improvements with the increase in the precompression ratio. This indicates that increasing the precompression ratio is particularly effective for enhancing the performance of the pure-work wave rotor.



By calculating the relative increase in the thermal efficiency and specific work output and the relative decrease in the specific fuel consumption, a more intuitive understanding of the performance improvements under different wave rotor precompression ratios can be obtained, as shown in Figure 9. For the WRPGC, the relative improvements in the thermal efficiency and specific work output compared to the baseline engine are exactly the same. This can be explained using Equation (9), which can be written as    T B  −  T A  = γ    T 3  −  T 1     . It can be observed that the heat addition in the WRPGC is solely determined by    T 3    and    T 1   , independent of the wave rotor precompression ratio. As a result, the ratio of the thermal efficiency to the specific work output remains unchanged. When the wave rotor precompression ratio is 1.8, compared to the designed wave rotor pressure ratio of 1.2, the WRPGC exhibits an increase in both the thermal efficiency and specific work output relative to the baseline engine. The performance improvement in the thermal efficiency and specific work output for the WRPGC increases from 40.5% to 57.0%. And the specific fuel consumption shows an increase in performance improvement from 25.7% to 33.5%. For the WRWC, the thermal efficiency shows an increase in performance improvement from 51.4% to 71.5% compared to the baseline engine. The specific work output also experiences an increase in performance improvement from 73.0% to 108.0%. Additionally, the specific fuel consumption shows an increase in performance improvement from 31.2% to 39.3%.




4.3. Performance Influence of Turbine Inlet Temperature


To investigate the influence of different turbine inlet temperatures on the performance of the wave rotor embedded in the baseline engine, Figure 10 presents the variations in the thermal efficiency, specific work output, and specific fuel consumption with respect to the turbine inlet temperature. The turbine inlet temperature is normalized using the reference    T 3  /  T 1   , and it ranges from 3.0 to 6.0. From the figure, it can be observed that both the WRPGC and the WRWC exhibit increases in their thermal efficiencies and specific work outputs with the increase in the turbine inlet temperature. Additionally, the specific fuel consumption decreases with the increase in the turbine inlet temperature, indicating a gradual improvement in the engine performance with higher turbine inlet temperatures. When the turbine inlet temperature ratio is 6.0, compared to the designed turbine inlet temperature ratio of 4.0, the WRPGC engine exhibits an increase in thermal efficiency from 0.283 to 0.353, while the WRWC engine shows an increase in thermal efficiency from 0.301 to 0.377. Moreover, the specific work output of the WRPGC engine increases from 201.0 kJ/kg to 456.1 kJ/kg, and the specific work output of the WRWC engine increases from 244.2 kJ/kg to 603.9 kJ/kg. As for the specific fuel consumption, the WRPGC engine experiences a decrease from 0.236 kg/(kWh) to 0.203 kg/(kWh), while the WRWC engine shows a decrease from 0.282 kg/(kWh) to 0.225 kg/(kWh). It can be observed that increasing the turbine inlet temperature ratio from 4.0 to 6.0 results in a greater improvement in the performance parameters for the WRWC engine compared to the WRPGC engine. Particularly, the enhancements in the work output and fuel consumption are more significant with the increase in the turbine inlet temperature. This indicates that increasing the turbine inlet temperature can achieve substantial improvements in performance, especially for the WRWC engine.



By calculating the relative increases in the thermal efficiency and specific work output and the relative decrease in the specific fuel consumption, a clearer understanding of the performance improvement under different turbine inlet temperature ratios can be obtained, as shown in Figure 11. For the WRPGC, the proportionate increases in the thermal efficiency and specific work output relative to the baseline engine are exactly the same. When the turbine inlet temperature ratio is 6.0, compared to the designed turbine inlet temperature ratio of 4.0, the WRPGC engine exhibits an increase in thermal efficiency and specific work output from 40.5% to 55.1% relative to the baseline engine, and the specific fuel consumption has a performance increase from 25.7% to 33.9%. Meanwhile, the WRWC engine shows a performance increase in thermal efficiency from 49.5% to 65.6% relative to the baseline engine, and the specific work output shows a performance increase from 70.8% to 105.3%. The specific fuel consumption also shows a performance increase from 30.3% to 38.0%.




4.4. Performance Influence of Fixed Peak Cycle Temperature


Figure 12 presents the variations in the thermal efficiency, specific work output, and specific fuel consumption for the two types of wave rotor-embedded baseline cycles, with respect to the compressor pressure ratio at the peak cycle temperature    T B  /  T 1  = 6.0  . It can be observed that, regardless of the type of wave rotor cycle, both the thermal efficiency and specific work output of the engine initially increase and then decrease with the increase in the compressor pressure ratio. Furthermore, the specific fuel consumption follows a trend of initially decreasing and then increasing with the increase in the precompression ratio. It can be seen that when the compressor pressure ratio is greater than 3.0, whether it is the thermal efficiency, specific work, or specific fuel consumption, the performance parameters of the WRWC are superior to those of the WRPGC. This indicates that with a fixed turbine inlet temperature or peak cycle temperature, from mid- to high-pressure-ratio engine cycles, the WRWC exhibits a better performance. By zooming in on the region near the compressor pressure ratio of 3.0, it can be observed that the WRPGC exhibits a higher thermodynamic performance when the pressure ratio is below 3.0. This suggests that there exists a small range of pressure ratios under the fixed peak cycle temperature wherein the WRPGC outperforms the WRWC in terms of its output work and thermal efficiency. The WRPGC is more suitable for embedment in low-pressure-ratio baseline engines.





5. Conclusions


This study, based on a theoretical performance analysis, has obtained the following conclusions:




	(1)

	
Based on the theoretical analysis of the WRC thermodynamic cycle, this study proposes the concepts of the wave rotor as a “wave rotor pressure-gain cycle” and a “wave rotor work cycle”. Performance parameters under different thermodynamic conditions are calculated;




	(2)

	
When the compressor pressure ratio exceeds 24.0, the thermal efficiency of the WRC cycle starts to fall below that of the Brayton cycle. For the baseline engine compressor pressure ratio of 3.6, the WRC cycle realizes performance improvements of 40.5% in the pressure-gain cycle and 49.5% in the work cycle, respectively;




	(3)

	
When the wave rotor precompression ratio is increased from 1.2 to 1.8, or when the turbine inlet temperature ratio is increased from 4.0 to 6.0, the WRWC has a better performance improvement compared to the WRPGC. Particularly, the increase in work output and the decrease in the specific fuel consumption are more significant with the increase in the turbine inlet temperature;




	(4)

	
As the wave rotor peak cycle temperature is fixed, there is a small range of pressure ratios wherein the WRPGC exhibits a better work output and thermodynamic performance compared to the WRWC. The WRPGC is more suitable for integration into low-pressure-ratio baseline engines.
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Figure 1. Schematic configuration of a WRC. 
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Figure 2. The working principle of the WRC. (a) Axial-flow wave rotor [33]. (b) Radial-flow wave rotor [25]. 
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Figure 3. The ideal thermodynamic cycle of Brayton cycle, Humphrey cycle and RWRC cycle. 
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Figure 4. Comparison of thermal efficiencies between actual and ideal cycles. 
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Figure 5. Variation in thermal efficiency with specific work output. 
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Figure 6. Variation in specific fuel consumption with specific work output. 
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Figure 7. Performance enhancement of wave rotor engine cycle. 
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Figure 8. Variation in thermal efficiency, specific fuel consumption, and specific output power with wave rotor pressure ratio. 
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Figure 9. The relative changes in the thermal efficiency, specific fuel consumption, and specific work with various wave rotor pressure ratios. 
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Figure 10. Variations in thermal efficiency, specific fuel consumption, and specific work output with change in turbine inlet temperature ratio. 






Figure 10. Variations in thermal efficiency, specific fuel consumption, and specific work output with change in turbine inlet temperature ratio.



[image: Energies 17 02074 g010]







[image: Energies 17 02074 g011] 





Figure 11. The relative changes in the thermal efficiency, specific fuel consumption, and specific work with various turbine inlet temperatures. 
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Figure 12. Variations in thermal efficiency, specific fuel consumption, and specific work output with compressor pressure ratio for fixed peak cycle temperature. 
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