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Abstract


The utilization of boundary layer ingestion in combination with a turbofan engine with an ultra-high bypass ratio is regarded as one of the possible solutions to increase the energy efficiency of the aircraft as a complete system. However, this concept inevitably leads to strong coupling between the external aircraft flow and engine internal flow, associated with an increased degree of flow non-uniformity. As a consequence, the engine components experience changed matching, and their performance is dependent on the engine power settings, aircraft design and flight conditions. All of these installation effects are reflected in engine performance modeling, which can enable reliable engine performance assessment. In this context, this article investigates the sensitivity of such engines and discusses possible approaches and preliminary ideas in extending engine performance modeling.






Keywords:


engine performance; engine cycle design; installation effect












1. Introduction


Boundary layer ingestion (BLI) engines support wet area reduction in aircraft by eliminating external mounting and reducing the pylon structure surface. This offers an opportunity to reduce aircraft drag, increase the propulsion efficiency and consequently decrease the fuel consumption, as discussed by Arend et al. [1]. However, with the direct ingestion of the fuselage flow into the engine, the aerodynamic integration between the aircraft and the propulsion system is increased, and this leads to a significant installation effect compared with conventional configurations.



In addition to BLI configurations, the application of an ultra-high bypass ratio (UHBR) design also brings several benefits, as discussed by Giesecke et al. [2]. With an increased injected mass flow, the engine can realize huge thrust while decreasing the jet velocity, which further leads to lower fuel consumption during a flight. Nevertheless, several challenges regarding the UHBR design have been noted. A fan with an ultra-high bypass ratio forces the nozzle to operate more often at the steeper side of its characteristic curve, as shown in Figure 1. Compared with a nozzle at a low bypass ratio, the nozzle for an engine with a high bypass ratio operates more frequently and is unchecked. Under this scenario, the engine is more sensitive to disturbances from the outside; as a consequence, the operation points of the engine components can vary within a wider range in terms of their characteristics. This effect further strengthens the interactions between the engine components, as well as the interaction of the engine itself with the nacelle external flow.




2. Materials and Methods


Several previous studies have already shown that the application of a BLI engine leads to distortions in the flow field in front of the fan. Mennicken et al. [3] carried out a detailed investigation of flow pattern changes and the consequent deviations in fan operation for such a configuration. Their research revealed that the distorted field resulting from BLI changes the incidence of the fan flow and therefore alters the fan operation point on its map. In order to develop an accurate fan performance modeling method based on the consideration of this form of distorted flow after BLI, an improved understanding of fan performance is required.



2.1. Fan Performance Parameters


Based on the Euler equation, the work of a turbomachine can be written as in Equation (1). Together with the flow triangles of a blade, as well as the non-dimensional forms of relevant parameters, Equation (1) can be further transformed into Equation (2):


  Δ  h t  = u · Δ  ω u    



(1)






  Δ  h t  = f  ( axial  and  circumferential  Mach   number ,    in -    and  outflow   angle ,   rotor  geometry )  .  



(2)







If the geometrical parameters that are specified by the configuration of the investigated turbomachine are neglected, Equation (2) clearly shows that, besides the two explicit Mach numbers, there is an implicit combination of the in- and outflow angles in the blade passage that is relevant to the fan working point in the fan map. As shown by Mennicken et al. [3], the incidence change from the induced swirl pair changes the operation point of the fan, which cannot be simply regarded as movement along the same fan with a reduced rotation speed line. This meas that a normal fan map that is acquired by measurement in uniform test conditions is not applicable to the same fan operating with a BLI configuration. As a consequence, any assessment of such a fan requires reliable modeling of the fan’s performance with the consideration of this installation effect.




2.2. Installation Effect


Besides the flow distortion in front of the fan, the characteristics of the BLI intake, nozzle and bypass duct also play important roles in the determination of the fan operation point. Based on Equation (3) below, the fan operation point is determined by two groups of parameters together. The first group represents the fan’s capabilities in performing work, as described by the Euler equation and represented by     M a   a x , f a n   ,  π  f a n   ,  η  f a n    . The second group of parameters is related to the neighboring components of the fan.   ζ  i n t a k e    is the pressure loss in the intake, while    Δ H   t , B y p a s s D u c t    is the heat transfer in the bypass duct.     M a   n o z z l e   ,    P  t , n o z z l e    P  a m b i e n t       reflect the characteristics of the nozzle, and they are linked by the nozzle coefficients, such as the discharge coefficient   C d   and the specific thrust coefficient   C  f g   , in nozzle performance assessment. This means that any variation in these components’ characteristics resulting from the installation will also exert an impact on fan operation. Therefore, the accurate assessment of neighboring components becomes critical for fan performance assessment and vice versa.


    M a   a x , f a n   = f  (  ζ  i n t a k e   ,   Δ H   t , B y p a s s D u c t   ,  π  f a n   ,  η  f a n   ,   M a   n o z z l e   ,    P  t , n o z z l e    P  a m b i e n t     ,    A  n o z z l e    A  f a n     ,     m ˙   f a n     m ˙   n o z z l e     )   



(3)









3. Results and Discussion


3.1. Baseline Engine Cycle Design


The engine cycle data at the design point is generated using the commercial tool GasTurb [4]. A two-spool geared turbofan configuration with an internal mixing nozzle is selected (Figure 2), with cruise operation defined as the design point, considering that it represents the longest segment of the mission and accounts for the majority of the total fuel burn [5]. The ultra-high-bypass-ratio (UHBR) engine used in this study is based on the design presented in [2]. A bypass ratio (BPR) of 18 is selected as it offers a favorable trade-off between decreasing specific fuel consumption (SFC) and the increasing total engine mass arising from the larger fan module. At the same time, the minimum take-off weight is also achieved with this BPR. Meanwhile, by employing a common nozzle outlet, the exhaust–rear airframe integration is simplified, as the number of outlets is reduced to one, as seen in Figure 3.



Sensitivity analyses examining the relationship between the fan pressure ratio (FPR), BPR and TSFC show that, for a given BPR, there is an optimal FPR that minimizes the TSFC. This optimal FPR decreases as the BPR increases, and the corresponding reductions in TSFC exhibit diminishing returns. The transonic fan stage used in this study—characterized by a hub-to-tip ratio of 0.25, an FPR of 1.34, a fan tip diameter of 2.1 m and isentropic efficiency of 93%—is based on rotor designs developed for an overwing-mounted UHBR engine in [7]. An analysis is also conducted to determine suitable values for the overall pressure ratio (OPR) and burner exit temperature (T4), with the core efficiency as the parameter of interest. T4, corresponding to the maximum core efficiency, increases with the OPR; however, constraints—such as the blade height of the final compressor stage and the thermal loading in the turbine—limit the OPR to 75 and T4 to 1700 K, yielding core efficiency of 58%. These are consistent with the findings presented in [8,9]. The remaining turbomachinery components within the core are modeled using efficiencies representative of the current state of the art. Finally, in modeling the nozzle,   C D   and   C  F G    are prescribed. Based on the optimization studies presented in [10,11], which advocate for a shorter and flatter nozzle geometry, values of 0.986 and 0.995, respectively, are adopted.



NPSS Engine Cycle Data at Cruise and Take-Off Design Points


A numerical propulsion system simulation (NPSS) model derived from the GasTurb model with the implementation of different component maps is used in the subsequent investigation. Part of the engine cycle data simulated with this model for both cruise and take-off points is shown in the following Table 1.





3.2. Sensitivity Analysis of Engine Performance


As already described above, the variation in losses at different engine components can lead to rematching in the engine, which in turn exerts an overall impact on engine performance. In order to understand this rematch, a sensitivity analysis focusing on the engine SFC and fan stability is carried out by introducing one percent artificial loss in different components during an engine performance simulation.



3.2.1. Specific Fuel Consumption


Figure 4 shows that, under cruise conditions with certain net thrust, one percent losses in the intake and nozzle thrust coefficient   C  F G    have most significant influence, contributing to 3.18% and 4.45% SFC increases, respectively. The influence of the decrease in the nozzle discharge coefficient and bypass duct loss is relatively mild. However, in take-off conditions, as Figure 5 indicates, the intake loss and bypass duct loss are more dominant, resulting in 3.75% and 3.93% more fuel consumption, respectively, while the impact from the   C  F G    drop is significantly limited.




3.2.2. Fan Stability


Another important aspect for engine performance assessment is the stability of the UHBR fan. As Figure 6 shows, with a loss in the nozzle discharge coefficient   C d  , the fan working line at cruise and take-off moves towards the fan stalling line; consequently, this leads to a potential problem regarding fan stability. This phenomenon is directly linked with the throttle effect, represented by   C d  . The nozzle discharge coefficient   C d   reflects the boundary layer or any other possible blockage effect that happens in the nozzle resulting from aerodynamic losses. In other words, a lower   C d   indicates increased throttling to the fan and increases its stalling risk.



Besides blockage effects in the nozzle, losses in the intake also play an important role in fan stability. As Figure 7 displays, a pressure loss in the intake also leads to the elevation of the fan working line at both cruise and take-off. Compared with a minor change under cruise conditions, the surge margin reduction is more distinct under take-off conditions.





3.3. Installation Effect on Engine Performance


With a basic understanding of engine sensitivity, an investigation of the engine’s performance considering the installation effect resulting from the boundary layer ingestion (BLI) configuration and nozzle is carried out. In order to achieve this, an intake map is obtained, as shown in Figure 8, derived from [12], and a   C d   map is obtained, as shown in Figure 9, derived from R. E. Grey and H. D. Wilsted [13]. These are implemented in the engine performance simulation.



3.3.1. Installation Effect Reflected by Nozzle Discharge Coefficient Variation


As shown in the experiments carried out by R. E. Grey and H. D. Wilsted [13], both the nozzle discharge coefficient   C d   and the thrust coefficient   C  f g    vary with a change in the nozzle pressure ratio. Within the range studied in the present work, the nozzle discharge coefficient map from the previously mentioned experiments is included in the engine performance simulation, aiming to partially reflect the real nozzle dynamics in an installation scenario.



Compared with the design case, the fuel consumption is mildly increased by a rate of 0.51%, as displayed in Figure 10. However, a fuel consumption increase of 3.47% is required at take-off to generate the same level of thrust at the design point. This can be understood as a consequence of the significant deviation of   C d   from its design value of 0.9492 to 0.9088 in its map, which results from the distinct nozzle pressure reduction at take-off.



Similar effects also appear regarding the variation in fan stability. As can be observed in Figure 11, at the take-off point, the stalling risk of the fan is extremely high compared with the cruise scenario. As a result, the take-off point is more critical for nozzle optimization.




3.3.2. Installation Effect from BLI Configuration


With the intake map for the BLI configuration presented in [12], an engine performance simulation is conducted for a fixed net thrust. The changes in SFC are shown in Figure 12. Compared with the intake recovery ratio assigned at the design point of 0.9984, it is increased to 0.9494 for the BLI configuration at the cruise point. This results in a significant increase in the SFC of 16 percent. This deterioration also corresponds with the results of the engine sensitivity analysis in the previous section; specifically, a 1% intake loss would lead to a 3.18% increase in fuel consumption under cruise conditions. Similar expected effects also appear for the take-off point. However, as a result of the severe pressure loss at the cruise point, the fuel consumption increase is more critical under these conditions compared with take-off.



As another important impact resulting from the implementation of BLI, the fan also experiences a significant risk of instability. Figure 13 shows that, at both cruise and take-off, the fan working line is greatly elevated towards its stalling limit. As a potential solution to mitigate this risk, a variable-area nozzle can be utilized in conventional applications of UHBR fans.





3.4. An Approach to Including the Intake Fan Effect in the Fan Map


As described in the previous section, the incidence variation encountered by the fan blade leads to the invalidation of the fan map measured under clean test conditions. As a consequence, a reliable method for including this intake fan effect in fan characteristic assessment is required. Targeting this challenge, a possible method is presented as a preliminary idea in this article.



In this approach, scaling factors are investigated regarding the deformation effect on the fan map resulting from the BLI configuration. The acquisition of two scaling factors, namely for the fan pressure ratio and the efficiency, is considered. With the superposition of these two scaling factors on the measured clean fan map, a new map can be obtained in which it is possible to correct the fan characteristics by taking the intake fan effect into account. As shown in Figure 14, the scaling factors are investigated along different fan working lines. A linear relationship between the scaling factors and fan mass flow parameters is assumed. With this assumption, the obtained scaling factors for the complete fan map can be realized by the interpolation or extrapolation of the limit number of data points.



However, proof of the correctness of these assumptions is necessary for the implementation of this method. Therefore, this work is regarded as an initial step, and further investigation will be conducted in the future.





4. Conclusions


Based on the results and discussion in the previous sections, a number of conclusions can be drawn:




	
Choosing a UHBR engine amplifies installation challenges since the nozzle is operated at the steepest part of its characteristic curve.



	
The installation of the engine will lead to changes in the operating points, and this depends on the power settings of the engine.



	
Knowledge of the characteristics is of the utmost importance for the design and operability of the engine.
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	BLI
	Boundary layer ingestion



	UHBR
	Ultra-high bypass ratio



	SFC
	Specific fuel consumption



	NPSS
	Numerical Propulsion System Simulation



	BPR
	Bypass ratio



	TSFC
	Thrust specific fuel consumption



	FPR
	Fan pressure ratio



	OPR
	Overall pressure ratio
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Figure 1. Nozzle characteristics. 
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Figure 2. Preliminary UHBR engine geometry [6]. 
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Figure 3. Engine integration for an aft engine configuration with BLI. 
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Figure 4. SFC increase under cruise conditions. 
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Figure 5. SFC increase under take-off conditions. 
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Figure 6. Fan working line variation with   C d   decrease. 






Figure 6. Fan working line variation with   C d   decrease.



[image: Engproc 133 00181 g006]







[image: Engproc 133 00181 g007] 





Figure 7. Fan working line variation with intake loss increase. 
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Figure 8. Intake loss for BLI configuration [12]. 
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Figure 9. Nozzle discharge coefficient map [13]. 
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Figure 10. SFC increase with Cd map. 






Figure 10. SFC increase with Cd map.



[image: Engproc 133 00181 g010]







[image: Engproc 133 00181 g011] 





Figure 11. Fan working line variation with Cd map. 
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Figure 12. SFC increase with BLI intake map. 
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Figure 13. Fan working line variation with BLI intake map. 






Figure 13. Fan working line variation with BLI intake map.



[image: Engproc 133 00181 g013]







[image: Engproc 133 00181 g014] 





Figure 14. Scaling factors for fan map. 
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Table 1. NPSS engine cycle data at cruise and take-off points.
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Operating Point

	
Overal Pressure Ratio

	
Combustor Exit Temperature

	
SFC




	

	
[-]

	
K

	
g/(kN·s)






	
Cruise

	
74.9

	
1699.9

	
13.13




	
Take-Off

	
61.9

	
1849.21

	
6.02
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