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Abstract

:

The next-generation variable cycle engine imposes stricter requirements on a fan’s flow capacity at the middle speed. To tackle this challenge, the implementation of split fans presents as a potential solution. In the present study, we conducted numerical simulations using the commercial software NUMECA to investigate the aerodynamic performance variation with bypass ratios for variable cycle split fans in “1 + 2” and “2 + 1” configurations at 80% rpm. The results indicate that the flow capacity of the split fans exhibits an increasing trend with a rise in the bypass ratio at 80% rpm and subsequently stabilizes upon reaching a certain bypass ratio. Specifically, the flow capacity of the “2 + 1” split fans is particularly stronger at the small bypass ratios, whereas the “1 + 2” split fans exhibit superior maximum flow capacity at the high bypass ratios. Additionally, there is a significantly faster increase in the flow capacity of the “1 + 2” split fans compared to that of the “2 + 1” split fans. Furthermore, when the flow capacity of the split fans reaches its maximum, both the efficiency and stall margin achieve their optimal values, indicating that the corresponding bypass ratio is optimal.
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1. Introduction


The three-stream variable cycle engine offers a higher bypass ratio, increased flow capacity, reduced overflow resistance, wider operating range, lower fuel consumption rate, and more pronounced economic improvement between its maximum state and subsonic cruise state [1,2,3,4]. Research findings indicate that variable cycle split fans exhibit enhanced flow capability at low speeds, thereby significantly augmenting the variable cycle capability of a three-stream variable cycle engine when employed as its fan configuration [5,6,7].



A variable cycle split fan divides a low-pressure fan into front and rear parts. A third bypass with a regulating valve is added at the outlet of the front fan, allowing for control of the bypass ratio by adjusting the mass flow in the inner ducts and the third bypass [8]. The distribution effect of the bypass is crucial in achieving enhanced flow capability of variable cycle split fans at low speeds. Therefore, it is imperative to investigate the regulation patterns and typical aerodynamic characteristics of the split fans at low speeds. However, current research primarily focuses on considering variable cycle split fans as components within comprehensive modeling and control studies of three-stream variable cycle engines [9,10], lacking investigations into how changes in the bypass ratio influence the flow capability of split fans at low speeds.



Similar to the aerodynamic configuration of the variable cycle split fan, the core engine-driven fan (CDFS) is located before the high-pressure compressor (HPC) and shares the same high-pressure shaft [11]. Additionally, a bypass is added at the outlet to achieve variable cycle capability through bypass ratio adjustment [12]. Therefore, studying the impact of bypass ratio adjustment on the aerodynamic performance of a CDFS and drawing relevant conclusions can provide valuable insights for exploring the flow capacity of split fans at low speeds with varying bypass ratios. Through three-dimensional numerical simulation and analysis of the throttling characteristics of the inner and outer ducts of a CDFS at design speed, it can be demonstrated that bypass flow throttling can realize a large range of bypass ratio adjustment, while primary flow throttling can realize a large range of total pressure ratio adjustment. A secondary bypass outlet guide vane (OGV)’s stall and CDFS’ chock are the limiting factors of bypass ratio adjustment, and an HPC’s stall and chock limit total pressure ratio adjustment [13]. Due to the characteristics of CDFS and HPC with a single shaft and double ducts, there exists a significant performance interaction between the CDFS and the HPC. When the bypass ratio increases, the flow rate of the CDFS exhibits an increase, leading to an overall enhancement in the total efficiency of both the CDFS and HPC. Simultaneously, there is a decrease in the matching pressure ratio at the operating point of the CDFS, while an increase is observed in the matching pressure ratio at the operating point of the HPC. Conversely, when the bypass ratio decreases, these performance parameters exhibit opposite trends [14]. Moreover, the alteration in the bypass ratio will influence the uniformity of span-wise flow at the outlet of the CDFS, consequently leading to a change in span-wise matching at the inlet stage of the HPC; however, it exerts a negligible impact on the span-wise matching state of the CDFS [15].



It should be noted that although the aerodynamic configuration of split fans and a CDFS may appear similar, they differ fundamentally in several aspects. Firstly, the downstream section of the CDFS comprises a multi-stage HPC, whereas the rear fan of the split fan typically only has one or two stages, resulting in significantly fewer multi-stage effects compared to the HPC. Secondly, the CDFS operates at lower loads than conventional fans, making it challenging to maintain efficiency during various operating conditions. On the other hand, split fans operate with a load coefficient closer to that of a conventional fan and require higher flow rates at low speeds. Additionally, there are differences in how their bypass ratios vary under different operating conditions. Therefore, research conclusions regarding a CDFS cannot be directly applied to explain flow issues related to split fans. Henceforth, this study aims to investigate how variable cycle split influences flow capacity and internal flow mechanisms under medium–low speeds.



Consequently, the specific research objects of this paper are “1 + 2” and “2 + 1” split fans. Numerical simulations were conducted to analyze the variation in maximum flow capacity, efficiency, and stall margin of split fans with bypass ratios at 80% rpm. These findings will provide essential technical support for the practical implementation of variable cycle split fans in the next-generation variable cycle engine.




2. Research Object and Numerical Method


The 100% RPM characteristics of two distinct configurations of split fans are presented in this section, along with the methodology for adjusting the aspect ratio at 80% RPM. To ensure we obtained comprehensive aerodynamic characteristics and detailed flow field information, a numerical simulation was conducted using the commercial software NUMECA 9.0-2 in this study. Additionally, the experimental verification results of the numerical method and research findings on grid independence are provided to enhance the reliability of the numerical results.



2.1. Research Object


As illustrated in Figure 1, “2 + 1” split fans consists of two-stage front fans and a one-stage rear fan, while the “1 + 2” split fans comprise a one-stage front fan and two-stage rear fans, where    R i    refers to the rotor blade row and    S i    refers to the stator blade row. The front and rear fans operate at an identical physical speed. This paper investigates the regulation of the bypass ratio for split fans at 80% rpm. The inlet guide vane (IGV) and stators remained fixed, and the adjustment of the split fan’s bypass ratio was achieved solely by modifying the back pressure of the inner duct and bypass. In order to ensure the comparability of the research results, the bypass ratio at the design point and the flow and pressure ratio at all stages of the two split fans studied and compared in this paper were the same, and the difference in the efficiency was only 0.8%. Additionally, the design parameters of the split fans with different configurations are presented in Table 1, which fall within a reasonable range. The total pressure ratio of split fans is defined as the ratio of the exit total pressure of the inner duct to the inlet total pressure of the front fan. Meanwhile, the aerodynamic parameters at the front fans’ inlet and the inner duct’s outlet were utilized for calculating the efficiency.




2.2. Numerical Method


In this study, the commercial software NUMECA 9.0-2 was utilized for conducting three-dimensional numerical calculations of the fans. A numerical grid was generated using AutoGrid 5, as shown in Figure 2, with the adoption of O4H topology in the blade passage, butterfly topology at the blade tip gap, and C-type topology at the splitter. The tip clearance of the rotor was 0.5 mm, while the lengths of both the inlet and outlet domains were double those of their corresponding IGV/stator components’ chord lengths. Additionally, to enhance calculation accuracy and capture flow field details more effectively, local encryption of the blade surface, wheel hub, and casing wall was implemented through the appropriate settings. Ultimately, the grid was clustered at the near-wall region to satisfy the requirements of the turbulent model, as the y+ of the first grid off-wall was below 5.



The FINE/TURBO 9.0 module was employed to conduct steady numerical research on the split fan model. The numerical method utilized was the steady Reynolds–averaged Navier–Stokes (RANS) time-averaged equations, coupled with the Spalart–Allmaras (S–A) turbulence model. Additionally, multi-grid technology was utilized to improve convergence. The S–A turbulence model was selected for the numerical calculation of the split fans because it has been proven that the flow rate, pressure ratio, and efficiency in the numerical calculation of Rotor 67 (R67) are close to its experimental results [16], as shown in Figure 3. The present paper defines efficiency (η) as the following:


  η =      π  k − 1 / k   − 1     θ − 1    



(1)







Meanwhile, important flow phenomena at typical operating points of R67 like the leading bow shock and passage shock captured by this numerical method were also close to the experimental results, as shown in Figure 4. Therefore, the numerical method used in this study can ensure the reliability of the numerical results. Additionally, the interface between the rotor and the stator was set as non-reflecting 2D. For the inlet boundary condition, a uniform distribution of air with consistent properties was imposed as inflow in the axial direction, characterized by a total temperature of 288.15 K and a total pressure of 101,325 Pa. Regarding the outlet boundary condition, the radial equilibrium option was employed with specific static pressure specified at the central location.



To determine the appropriate grid resolution, mesh independence studies were performed on two split fans. As shown in Table 2, four different mesh resolutions were studied, with the total number of grids varying from 3 billion to 8 billion. The number of stream-wise, pitch-wise, and pitch-wise nodes across the O-block increased proportionally as the number of grids was expanded in the process. The simulation results, as depicted in Figure 5, encompass both the design condition and the near-stall condition. With an increase in mesh number, the aerodynamic parameters of the split fans exhibit a gradual convergence. The relative difference in aerodynamic parameters between Grid 3 and Grid 4 for both configurations of split fans remains within 1%. Therefore, considering computational accuracy and efficiency, this study will employ Grid 3 for calculations.





3. Variation in Aerodynamic Characteristics of the Different Split Fans with Bypass Ratios at the Middle Speed


In this section, the variation in the aerodynamic characteristics of the split fans at 80% rpm was obtained through the numerical simulation, while ensuring a constant bypass ratio, by simultaneously adjusting the back pressure of the inner and outer ducts.



3.1. Variation in Aerodynamic Characteristics of the “2 + 1” Split Fans with Bypass Ratios


The total pressure ratio and efficiency characteristics of the “2 + 1” split fans under different bypass ratios at 80% rpm are depicted in Figure 6. The x-axis represents the ratio of the current corrected flow to the corrected flow at the design point (100% rpm), while the y-axis represents the ratio of the current pressure ratio/efficiency to that at the design point (100% rpm). The airflow capacity and efficiency of split fans with different bypass ratios, represented by Q1, Q2, Q3, and Q4, serve as the crucial operating points for comparative analysis. Figure 7 illustrates characteristics of each stage within the “2 + 1” split fans operating at 80% rpm. In addition, the bypass ratio defined in this paper refers to the distribution of the mass flow rate in the variable cycle split fans:


  B =   m ˙   b y p a s s   /   m ˙   F a n I I    



(2)




where the terms     m ˙   b y p a s s     and     m ˙   F a n I I     represent the respective mass flow rates of the bypass and rear fans.



With an increase in the bypass ratio, the overall characteristic lines of the “2 + 1” split fans shift toward the right, resulting in an increased total flow capacity and a peak efficiency that initially rise before declining. At 80% rpm, for small bypass ratios, both the first- and second-stage operating points of the split fans lie to the left of the maximum efficiency point on the characteristic line, approaching near-stall conditions. However, as the bypass ratio increases, these operating points move away from stall boundaries and approach the choking state, as shown in Figure 7a,b (operating points Q1 → Q4). Conversely, when it comes to the small bypass ratios for the third stage of the split fans, their operating point is closer to the choking state. As the bypass ratio increases, the flow at the operating points of the third stage of the split fans decreases and approaches the stall boundaries, as shown in Figure 7c (operating points Q1 → Q4).




3.2. Variation in Aerodynamic Characteristics of the “1 + 2” Split Fans with Bypass Ratios


The total pressure ratio and efficiency characteristics of the “1 + 2” split fans under different bypass ratios at 80% rpm are illustrated in Figure 8. P1, P2, P3, and P4 represent the operating points for the comparative analysis of the split fans. Figure 9 presents the characteristics of each stage of the “1 + 2” split fans at 80% rpm.



As the bypass ratio increases, the overall characteristic lines of the “1 + 2” split fans shift toward higher values with an accompanying increase in the total flow capacity. Simultaneously, there is an initial rise followed by a decline in peak efficiency as the bypass ratio increases. However, at 80% rpm, the “1 + 2” split fans have only the first stage as the bypass ratio increases and the flow capacity at the operating points increases away from the stall boundary and close to the choking state, as shown in Figure 9a (operating points P1 → P4). With the increase in the bypass ratio, there is a decrease in the flow capacity at the operating points of the second and third stages within the inner duct of the split fans, approaching closer to the stall boundary, as depicted in Figure 9b,c (operating points P1 → P4).



Comparing the characteristics of the two types of split fans in terms of their bypass ratios at 80% rpm, it is evident that as the bypass ratio increases, the peak efficiency of both split fans initially rises and subsequently declines. Simultaneously, the total flow capacity of these split fans exhibits an initial increase until a certain bypass ratio is reached, beyond which there is no further change in the flow capacity. In this study, when the “2 + 1” split fans just reach the maximum flow capacity, the corresponding bypass ratio is 0.3, whereas when the “1 + 2” split fans just reach the maximum flow capacity, the associated bypass ratio is 0.48.





4. Analysis of the Flow Capacity of the Different Split Fans


The operating points (Q1, Q2, Q3, and Q4 of “2 + 1” and P1, P2, P3, and P4 of “1 + 2”) selected in this study at 80% rpm essentially represent the flow capacity of the split fans under different bypass ratios. Figure 10 presents a comparative analysis of the flow capacity at different operating points of the split fans with varying bypass ratios. The results indicate that, with an increasing bypass ratio, the flow capacity of the split fans initially shows an increase for these fans until it reaches a critical bypass ratio, beyond which it remains constant. For small bypass ratios, the flow capacity of the “1 + 2” split fans is either greater than or equal to that of the “2 + 1” split fans. At high bypass ratios, the maximum flow capacity of the “1 + 2” split fans remains greater than or equal to that of the “2 + 1” split fans. Furthermore, as the bypass ratio increases, there is a significantly faster increase in the flow capacity at the operating points of the “1 + 2” split fans compared to those of the “2 + 1” split fans.



4.1. Analysis of the Flow Capacity of the Split Fans with a Small Bypass Ratio


Figure 11 illustrates that the normal shock at the 50% blade height section of the second rotor’s design point in the “1 + 2” split fans approaches the inlet of the blade passage at 100% rpm. When combined with Figure 12b, it is evident that the design point of the second stage in the “1 + 2” split fans is proximate to its peak efficiency, exhibiting a weak choking condition and limited margin reserve for the rotor pressure ratio. In contrast, for the second rotor’s design point at the 50% blade height section of the “2 + 1” split fans, it features a double wave structure consisting of an inlet oblique shock followed by a normal passage shock, with this normal passage shock being further away from the inlet of the blade passage. In conjunction with Figure 12b, it can be observed that the design point of the second stage of the “2 + 1” split fans is the deep choking point on the characteristic line, resulting in a higher margin reserve for the rotor pressure ratio. This implies that the maximum total pressure achievable by the second stage of the “2 + 1” split fans is higher.



When the corrected speed decreases and the split fans are in a state of having a small bypass ratio, the flow coefficient of both the first and second stage decreases, leading to their operating points approaching the stall boundary. Consequently, at this point, both pressure ratios for the first and second stages of the split fans are close to their respective maximum total pressure ratios. Therefore, as depicted in Figure 13b, due to its higher maximum total pressure rise, the second stage of the “2 + 1” split fans can achieve a higher matching pressure ratio. Additionally, since both configurations employ identical designs for their first stages, their matching pressure ratios are also similar (as shown in Figure 13a). However, this results in a higher inlet total pressure for the third stage of the “2 + 1” split fans (as shown in Figure 13c). Moreover, considering that both configurations have equal corrected mass flow rates at their respective operating points of the third stage, this implies that the “2 + 1” split fans’ third stage possesses a larger physical flow capacity. Therefore, the “2 + 1” split fans can achieve a higher flow capacity than the “1 + 2” split fans with a small bypass ratio at 80% rpm.



Thus, while ensuring the efficiency at the design point of 100% rpm, it is necessary to maximize the pressure ratio margin of the second stage of the split fans in order to enhance its flow capacity at the middle speed when operating with a small bypass ratio.




4.2. Analysis of the Maximum Flow Capacity of the Split Fans


As illustrated in Figure 14a,b, shock waves can be observed only near the leading edge of the suction surface in the flow field of the first-stage rotor of the “1 + 2” split fans for small bypass ratios (operating points P1 and P2). With an increase in the bypass ratio, the shock wave gradually shifts rearward along the first-stage fan rotor. At a maximum flow capacity with high bypass ratios (operating points P3 and P4), as depicted in Figure 14c,d, a normal passage shock wave emerges within the flow field of the first-stage rotor. Simultaneously, as shown in Figure 15a, no further change occurs in flow capacity at this operating point for the first-stage fan (operating points P3 → P4). Therefore, it can be inferred that at this juncture, essentially choked conditions prevail for the operation of the first-stage fan.



When the “2 + 1” split fans reach the maximum flow capacity (that is, when the bypass ratio is greater than 0.3, the operating points are Q3 and Q4), as shown in Figure 16b, a normal shock wave occurs in the passage at the rotor of the second-stage fan. Simultaneously, as shown in Figure 15, the flow capacity at the operating point of the second-stage fan will no longer change (operating points Q3 → Q4), so the second stage is basically choked. However, at this time, as shown in Figure 16a, only a shock wave appears at the leading edge of the suction surface for the rotor at the operating point of the first-stage fan, remaining far from reaching a choking state. Obviously, only when the first stage is choked can the flow capacity of the split fans reach the maximum. Therefore, the maximum flow capacity of the “1 + 2” split fans is greater than that of the “2 + 1” split fans.




4.3. Analysis of the Rate of Change in the Flow Capacity for the Split Fans


As shown in Figure 17 and Figure 18, when the bypass ratio of the “2 + 1” split fans is less than 0.3, or the bypass ratio of the “1 + 2” split fans is less than 0.48, the flow field at the operating points of the third-stage fan is represented by the mid-blade section, the inlet shock wave of the rotor passage is sealed, and the rotor is basically choked. At this time, the corrected mass flow of the third-stage fan does not change with the bypass ratio, as shown in Figure 15c (operating points Q1 to Q3 and P1 to P3). When the bypass ratio of the “2 + 1” split fans reaches 0.43 or the bypass ratio of the “1 + 2” split fans reaches 0.54, the increase in the mass flow of the bypass makes the operating points of the third stage fan out of the choking state, the inlet shock wave is pushed out, and the corrected mass flow of the third stage fan is significantly reduced, as shown in Figure 15c (operating points Q4 and P3).



The above analysis indicates that when the bypass ratio of the “2 + 1” split fans is less than 0.3 (i.e., Q1 → Q3) or the bypass ratio of the “1 + 2” split fans is less than 0.48 (i.e., P1 → P3), the operating point of the third stage fan is choked. The split fans reduce the back pressure of the bypass and increase the matching mass flow of the front fan, resulting in a decrease in the matching pressure ratio of the front fan, which leads to reduced total parameters at the rear fan inlet, decreased physical mass flow, and an increased bypass ratio for the split fans.



Therefore, as shown in Figure 19, with the increase in the bypass ratio, the pressure ratio of the first stage and the second stage in the “2 + 1” split fans decreases. However, due to the blockage of the third stage fan, only the pressure ratio of the first stage in the “1 + 2” split fans decreases, and the pressure ratio of the second stage fan is almost unchanged. In short, the decrease in the total inlet pressure of the third stage fan in the “2 + 1” split fans is significantly greater than that in the “1 + 2” split fans.



Thus, as shown in Figure 20, in the “2 + 1” split fans, the physical mass flow of the third-stage fan (i.e., the physical mass flow of the inner duct) decreases more significantly with an increase in the bypass ratio compared to the “1 + 2” split fans, when the corrected mass flow remains constant (the y-axis represents the ratio of the physical mass flow at the current operating point to the physical mass flow at the design point at 100% rpm). According to the definition of the bypass ratio, the mass flow at the inlet of the split fans is (1 + B) times the mass flow of the inner duct. When the increase in the bypass ratio is the same, the physical mass flow of the inner duct of the “2 + 1” split fans decreases more. Consequently, the increase in the mass flow at the inlet of the “2 + 1” split fans is smaller (as shown in Figure 10).





5. Analysis of the Efficient–Stable Operating Regions of the Different Split Fans


The efficiency and stall margin of the split fans’ operating points with respect to their bypass ratio are summarized in this section, providing a comprehensive region of the efficient and stable operating conditions for different split fans. Subsequently, the optimal bypass ratio of the different split fans was analyzed according to the variation in the flow capacity of the split fans. Finally, an analysis was conducted to elucidate the physical mechanism underlying the existence of an optimal bypass ratio for the split fans.



5.1. Variation in the Efficiency of the Split Fans with Bypass Ratios


As depicted in Figure 21, the adiabatic efficiency gradually increases with an increasing bypass ratio at operating points for both the “2 + 1” split fans (with a bypass ratio of 0.3, operating point Q3) and the “1 + 2” split fans (with a bypass ratio of 0.48, operating point P3), until it reaches its maximum flow capacity. At this point, both types of split fans achieve their peak efficiency. Subsequently, as the bypass ratio continues to increase, the efficiency of both types starts to decline. Ultimately, the determination of the relative efficient region for the split fans shown in Figure 21 is based on a peak efficiency decrease within a limit of 0.2%.




5.2. Variation in the Stall Margin of the Split Fans with Bypass Ratios


As shown in Figure 22, similar to the bypass ratio corresponding to the optimal efficiency, with an increase in the bypass ratio, when the split fans approach the maximum flow capacity, the stall margin of the operating points of the split fans reaches a maximum value. Therefore, with an increase in the bypass ratio, the stall margin of both the “2 + 1” and “1 + 2” split fans increases first and then decreases. The stable operating range of the split fans in Figure 22 was ultimately determined, ensuring a minimum stall margin of 20%.




5.3. The Optimal Bypass Ratio of the Different Split Fans


With the change in the bypass ratio, the operating point performance of the split fans has a relatively efficient region, as shown in Figure 21, and a stable operating region, as shown in Figure 22. Combining the two regions, the efficient–stable operating region of the split fans that simultaneously meets the efficiency and margin limits as shown in Figure 23 can be obtained. It is found from the figure that the “2 + 1” split fans’ operating point Q3 and the “1 + 2” split fans’ operating point P3, which have just reached their respective maximum flow capacity, are within the efficient–stable operating region. Therefore, when the split fans just reach their maximum flow capacity, the bypass ratio (operating point Q3 of the “2 + 1” split fans and operating point P3 of the “1 + 2” split fans) is the optimal bypass ratio. At this time, the split fans can not only reach their maximum flow capacity, but also achieve a stable and efficient operation.




5.4. Mechanism Analysis of the Optimal Bypass Ratio of the Split Fans


As the bypass ratio increases, when the split fans reach their maximum flow capacity (operating point Q3 of the “2 + 1” split fans and operating point P3 of the “1 + 2” split fans), nearly all shock wave structures in the rotor approach optimality, except for the first rotor of the “2 + 1” split fans, which is influenced by the choking state of the second stage, as shown by the Mach number contours of a typical section at the rotor’s operating point. Additionally, as depicted in Figure 24, taking the example of the “2 + 1” split fans to elucidate the mechanism, almost all stators operate near their optimal incidence at the operating points. Consequently, both the operating points of the front and rear fans are matched within their respective high-efficiency ranges. Therefore, both split fans achieve maximum efficiency. However, with a further increase in their bypass ratio, both the rotors and stators gradually deviate from their respective optimal flow states, leading to a decline in efficiency for both split fans.



Similar to the optimal efficiency, with an increase in the bypass ratios, for either the “2 + 1” or “1 + 2” split fans as shown in Figure 7 and Figure 9, the operating points of the front fan gradually changes from a near-stall state to a choking state, resulting in an increase in the stall margin of the split fans as that of the front fan, which experiences stalling first, increases. Meanwhile, the operating points of the rear fan gradually change from choked to near-stall, and the stall margin of the rear fan gradually decreases. Only with the matching condition of the front and rear fans being optimal, i.e., when the split fans approach the maximum flow capacity, does the stall margin of the split fans nearly approach the maximum. Subsequently, as the bypass ratio continues to increase, the stall margin of the rear fan decreases significantly. As a result, the rear fan experiences stalling first, leading to a decline in the stall margin of the split fans.



In conclusion, as shown in Figure 25, with the bypass ratio increasing, the flow capacity of the split fans initially shows an increase for these fans until it reaches a critical bypass ratio, beyond which it remains constant. Moreover, the efficiency and stall margin of the split fans are also close to the maximum at the critical bypass ratio, so the critical bypass ratio is the optimal bypass ratio of the split fans.





6. Conclusions


The flow capacity and efficient–stable working region of two types of variable cycle split fans, namely “1 + 2” and “2 + 1” operating at 80% rpm, were studied in this paper. Additionally, the underlying physical mechanism behind their performance was analyzed. Our conclusions are summarized as the following:




	
The peak efficiency of both types of split fans exhibits an increasing trend followed by a subsequent decrease as the bypass ratio increases at 80% rpm. Moreover, the flow capacity initially shows an increase for these fans until it reaches a critical bypass ratio, beyond which it remains constant. Specifically, the “2 + 1” split fans achieve a maximum flow capacity at a bypass ratio of 0.3, while for the “1 + 2” split fans, it occurs at 0.48.



	
Under the condition of a small bypass ratio at 80% rpm, the first two stages of the two split fans are close to stall, while the third stage fan is choked, and the total inlet parameters of the third stage of the “2 + 1” split fans with a higher matching pressure ratio of the second stage fan are higher. Consequently, the “2 + 1” split fans can achieve a greater flow capacity. Under the condition of the high bypass ratio at 80% rpm, the first stage of the “1 + 2” front fan experiences flow choking, while the second stage of the “2 + 1” front fan also undergoes flow choking, but the first stage remains close to stall. Obviously, only when the first stage reaches a choking state can the split fans achieve a greater maximum flow capacity. Therefore, the maximum flow capacity of the “1 + 2” split fans is greater than or equal to that of the “2 + 1” split fans.



	
As the bypass ratio increases, the flow capacity of the front fan of the split fans also increases, causing its operating points to shift toward the deep choking state at the lower right of the characteristic line. Consequently, there is a decrease in the matching pressure ratio for the front fan and subsequently, a reduction in the total inlet pressure for the rear fan. The reduction in the matching pressure ratio is more pronounced for the front fan of the “2 + 1” split fans compared to that of “1 + 2” split fans, resulting in a faster decline in the physical mass flow within the inner duct and a significantly lower rate of increase for the corresponding flow capacity of the split fans.



	
When the flow capacity of the split fans reaches its maximum, the matching state of the front and rear fans achieves optimal performance—with rotors and stators at all stages being nearly perfectly matched near the best incidences. Consequently, both the efficiency and stall margin approach their peak values at this point. Simultaneously, the corresponding bypass ratio represents the optimal bypass ratio for the split fans.
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Nomenclature




	π
	Total pressure ratio



	θ
	Total temperature ratio



	η
	Adiabatic efficiency



	k
	Turbulence kinetic energy



	B
	Bypass ratio



	     m ˙   b y p a s s     
	Mass flow rates of the bypass



	     m ˙   i n n e r     
	Mass flow rates of the inner duct



	rpm
	Revolutions per minute



	   I G  V i    
	Inlet guide vane



	    R i    
	Rotor



	    S i    
	Stator



	“1 + 2” or “2 + 1”
	Configuration of split fans



	FFAN
	Front fan



	RFAN
	Rear fan



	P1~P4\Q1~Q4
	Operating points



	NUMECA
	3D CFD simulation software package
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Figure 1. Meridian diagrams of the variable cycle split fans. 
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Figure 2. Numerical grids of the “1 + 2” split fans. 
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Figure 3. Numerical results and experimental data of Rotor 67 (data are from references [16,17]). 
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Figure 4. Mach number contours of numerical results and experimental results of Rotor 67 (figures are from references [16,17]). 






Figure 4. Mach number contours of numerical results and experimental results of Rotor 67 (figures are from references [16,17]).
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Figure 5. Grid independence study of the variable cycle split fans. 






Figure 5. Grid independence study of the variable cycle split fans.



[image: Energies 17 01194 g005]







[image: Energies 17 01194 g006] 





Figure 6. The characteristics of the “2 + 1” split fans at 80% RPM. 
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Figure 7. The characteristics for each stage of the “2 + 1” split fans at 80% RPM. 
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Figure 8. The characteristics of the “1 + 2” split fans at 80% RPM. 
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Figure 9. The characteristics for each stage of the “1 + 2” split fans at 80% RPM. 
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Figure 10. Variation in the flow capacity of the split fans at the operating points with bypass ratios. 
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Figure 11. Mach contours of the 50% span at the second stage’s design point of the split fans at 100% rpm. 
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Figure 12. The characteristics for each stage of the split fans at 100% RPM. 
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Figure 13. The characteristics of each stage of the split fans with a small bypass ratio at 80% speed. 
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Figure 14. Mach number contours of the 70% section at operating points of the front fan in the “1 + 2” split fans with different bypass ratios. (Red dashed circles mark the position of the shock wave). 
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Figure 15. Variation in the relative flow at operating points with bypass ratios. 
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Figure 16. Mach number contours of the 50% section at operating points of the front fan in the “2 + 1” split fans with different bypass ratios. 
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Figure 17. Mach number contours of the 50% section at operating points of the third stage fan in the “2 + 1” split fans with different bypass ratios. 
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Figure 18. Mach number contours of the 50% section at operating points of the third stage fan in the “1 + 2” split fans with different bypass ratios. 
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Figure 19. Variation in the relative pressure ratio of the first two stages of the split fans with bypass ratios. 
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Figure 20. Variation in the relative physical mass flow of the inner duct with bypass ratios. 






Figure 20. Variation in the relative physical mass flow of the inner duct with bypass ratios.



[image: Energies 17 01194 g020]







[image: Energies 17 01194 g021] 





Figure 21. Variation in the efficiency of the different split fans with bypass ratios. 
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Figure 22. Variation in the stall margin with bypass ratios at the operating points of the different split fans. 
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Figure 23. Stable and efficient operating regions of the different split fans. 
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Figure 24. Isentropic Mach number distributions on the blade surface of each stator of the “2 + 1” split fans at the 50% blade height. 
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Figure 25. Variation in the aerodynamic performance of the split fans with bypass ratios. 
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Table 1. Design parameters for different split fans.
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“2 + 1” Split Fans

	
“1 + 2” Split Fans




	
Stage 1

	
Stage 2

	
Stage 3

	
Stage 1

	
Stage 2

	
Stage 3






	
Loading coefficient, ψ (–)

	
0.245

	
0.270

	
0.257

	
0.245

	
0.283

	
0.261




	
Flow coefficient, φ (–)

	
0.624

	
0.529

	
0.536

	
0.624

	
0.534

	
0.506




	
Degree of reaction, DR (–)

	
0.828

	
0.827

	
0.740

	
0.830

	
0.856

	
0.760




	
Tangential velocity—tip (m/s)

	
508

	
482

	
456

	
508

	
474

	
456




	
Hub-to-tip ratio (–)

	
0.37

	
0.61

	
0.76

	
0.37

	
0.64

	
0.74




	
Bypass ratio (–)

	
0.13

	
0.13











 





Table 2. Total number of grids for the grid independence study.






Table 2. Total number of grids for the grid independence study.










	
	“2 + 1” Split Fans (×106)
	“1 + 2” Split Fans (×106)





	Grid 1
	3.79
	3.82



	Grid 2
	5.68
	5.51



	Grid 3
	7.11
	7.28



	Grid 4
	8.31
	8.40
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