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Abstract

:

The possibility of extracting large amounts of electrical power from turbofan engines is becoming increasingly desirable from an aircraft perspective. The power consumption of a future fighter aircraft is expected to be much higher than today’s fighter aircraft. Previous work in this area has concentrated on the study of power extraction for high bypass ratio engines. This motivates a thorough investigation of the potential and limitations with regards to performance of a low bypass ratio mixed flow turbofan engine. A low bypass ratio mixed flow turbofan engine was modeled, and key parts of a fighter mission were simulated. The investigation shows how power extraction from the high-pressure turbine affects performance of a military engine in different parts of a mission within the flight envelope. An important conclusion from the analysis is that large amounts of power can be extracted from the turbofan engine at high power settings without causing too much penalty on thrust and specific fuel consumption, if specific operating conditions are fulfilled. If the engine is operating (i) at, or near its maximum overall pressure ratio but (ii) further away from its maximum turbine inlet temperature limit, the detrimental effect of power extraction on engine thrust and thrust specific fuel consumption will be limited. On the other hand, if the engine is already operating at its maximum turbine inlet temperature, power extraction from the high-pressure shaft will result in a considerable thrust reduction. The results presented will support the analysis and interpretation of fighter mission optimization and cycle design for future fighter engines aimed for large power extraction. The results are also important with regards to aircraft design, or more specifically, in deciding on the best energy source for power consumers of the aircraft.
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1. Introduction


Air vehicle design is moving towards increased electrification [1]. This holds for the military sector as well [2]. An increased amount of electrical equipment, with higher power demands, is contributing to this development. Hydraulic systems and components are being replaced by electrical systems and components [3]. Increasing aircraft power consumption will not only put new requirements on the aircraft engine with regards to engine performance, stability, and operability, but increased power will create excessive heat, which must be taken care of by the aircraft [4]. Efficient energy management of the aircraft will be crucial to handle this excessive heat [2].



In turbofan engines, electrical power is extracted by a generator connected to one of the rotating shafts, usually via an accessory gearbox [5], but future engines might have generators directly mounted to the shaft [6]. Typical power consumers are pumps, aircraft hydraulic systems, pneumatic systems and electrical systems such as control systems [7,8]. The extracted power is a small fraction of the total useful power generated by the engine and the main power output is in the form of high velocity jets and thrust generation.



Civil aircraft typically use high bypass ratio turbofan engines with separate exhausts, as they increase propulsive efficiency [7]. The search for improved efficiency to achieve reduced fuel consumption and emissions is one of the main drivers for performance analysis of high bypass ratio turbofan engines. Different cycle parameters’ impact on efficiency and loss of work availability is presented in [9,10]. The increased fuel consumption due to power and bleed extraction is investigated in [11,12,13].



In recent years, concepts of hybrid electric propulsion (HEP) have been investigated in search of reductions in fuel consumption and emissions. HEP systems often require large power extraction from the gas turbine. The EU Horizon 2020 project CENTRELINE investigated one concept of HEP, where an aft mounted fan, intended for boundary layer ingestion (BLI), is powered by power extraction from the turbofan engine [14]. Another concept of hybrid propulsion, called Parallel Hybrid Electric Turbofan, was used for evaluation of a proposed concept to maintain stall margin with the use of electrical machines called Turbine Electrified Energy Management [15]. Methods to extract from and insert power to an aircraft engine are studied in [16] as well, but in this case, as a means for thrust increase. The evaluated concept was the storage of energy in a power insertion device, such as an external battery, which allows a temporary increase in thrust by re-introducing power into the low- or high-pressure shaft. Similar investigations are performed in [17,18], but in this case electric motors are used exclusively to assist at certain occasions with high thrust requirements, such as take-off and climb, allowing a relaxation of the engine thrust requirement. If the thrust constraints can be relaxed, the engine can be designed to maximize cruise performance.



Military engines combine the need for high efficiency with a need for high specific thrust [19]. Low bypass ratio mixed flow turbofan engines used for military applications differ considerably compared to high bypass ratio turbofan engines with respect to engine performance, control constraints, the more complex mission definition and the use of afterburner. Recent research on low bypass ratio mixed flow turbofan engines has focused on areas such as cycle parameter optimization [20,21,22] and use of bypass air for cooling purposes [23]. It is remarkable that despite the continuously growing power demand from advanced radars, electrical actuation and mission systems [2], up until now very little work has been devoted to the field of power extraction and its relation to the performance of the propulsion system. This area is the main focus of the work presented herein.



In recent years, a lot of research has focused on Variable Cycle Engines (VCEs) [24] and, particularly, the Adaptive Cycle Engine (ACE) concept [25] that is currently being developed for the next generation fighter aircraft. The ACE and VCE concepts can be adapted to achieve high specific thrust at operating conditions when high thrust is required, without sacrificing fuel consumption at cruise. A study on transient shaft power extraction using a VCE is presented in [26]. In [25], the ACE concept is evaluated as a means of providing high-level power extraction from both shafts for a Directed Energy Weapon (DEW). The studied ACE consists of a very sophisticated three-stage fan with several variable areas called Convertible Fan Stage (CFS), which divides the flow into three different bypass flows. The concept was used to simulate power extraction up to 5 MW. It was concluded that the ACE concept could deliver high amounts of power during combat as well as re-charging the DEW during cruise conditions. The ACE concept can be sufficiently adapted for different operating conditions. Conventional turbofan engines do not offer such a high degree of flexibility, and the power extraction capability of the conventional turbofan engine is therefore not as high.



The focus of this article is to explore the low bypass ratio mixed flow turbofan engine’s potential and limitations for power extraction in different parts of a fighter aircraft mission. The analysis is performed from an engine performance perspective. In the literature review undertaken, no article with this topic was found. This clearly illustrates the degree of novelty in this article, that is, performance analysis of conventional low bypass ratio mixed flow turbofan engines with large power extraction. It will be shown that power can be extracted from the HPT at occasions with high overall pressure ratios without sacrificing too much on SFC or thrust, provided that a sufficient T4 increase is possible.



The main body of the article is divided into three parts. First, a summary of materials and methods is provided in Section 2, outlining the aircraft mission and the modeling and methods used. The research results are provided in Section 3. This part is divided into two subsections; the first part handles single design point results. The second part covers a parametric mission analysis study covering a range of overall design pressure ratios (OPR). The applied methodology is described in Section 2. Once the potential and limitations of power extraction with regards to engine performance have been identified, it opens up a broader discussion about implications for fighter aircraft missions, use of power storage devices and appropriate engine cycle design for different fighter missions with power extraction requirements. This discussion is initiated in Section 4.




2. Materials and Methods


The development of tools for turbofan engine performance analysis is a common topic of performed research work within the area [27,28,29,30,31]. If test data is publicly available, which is rarely the case for fighter aircraft engines, a method for parameter matching is proposed in [32]. In recent years, the use of generic algorithms for diagnostics and performance estimations has become popular. One example is provided in [33]. The use of machine learning and neural networks to create more accurate estimations and models is becoming more common, both for propulsion purposes [34] and for other fields of power generation [35].



In this work, a low bypass ratio mixed flow turbofan engine has been modeled in the tool GESTPAN (GEneral Stationary and Transient Propulsion ANalysis) [36]. An overview of the engine is given in Figure 1. It follows the standardized station numbering according to the Society of Automotive Engineers (SAE) Aerospace Recommended Practice (ARP) 755 as described in [7]. A schematic T-S diagram is provided in Figure 2 illustrating an operating point where the afterburner is used. The numbers in Figure 2 show the different station numbers as illustrated in Figure 1.



The engine model consists of the following components:




	
Inlet



	
Fan (LPC)



	
Splitter



	
High pressure compressor (HPC)



	
Burner



	
High-pressure turbine (HPT)



	
Low-pressure turbine (LPT)



	
Unifier (Mixer)



	
Afterburner



	
Nozzle








The fan (LPC) pressurizes incoming air. The air flow is then split up; one part, the core flow, is directed to the HPC and the remaining air flow is bypassed. The core flow is further compressed in the HPC and then led to the burner for combustion. After combustion, the core flow is expanded, first in the HPT and then in the LPT. Power is extracted from the HPT and LPT. In this study, the HPT provides shaft power both to the HPC and to a generator for electric power generation. The LPT provides shaft power to the fan. Turbofan engines, designed for fighter aircraft, use mixed exhausts [7]. The core flow and bypass flow are mixed in the unifier before entering the afterburner. The afterburner offers an opportunity to increase engine thrust at flight cases where high engine thrust is required; the use of afterburner is referred to as “augmented power” or “augmented” in the text. The mixed flow is finally accelerated in the nozzle. An engine process model diagram is shown in Figure 3.



The system of equations solved arise from conservation laws, frequently referred to as compatibility equations [37]. These equations ensure:




	
Compatibility of work



	
Compatibility of flow



	
Compatibility of rotational speed








Detailed implementations of the modelled components are outlined in Appendix A in [36]. Graph theory is used in GESTPAN to automatically assemble a set of equations of minimum size, generally represented by a system of non-linear differential algebraic equations:


x’ = f(x,z)



(1)






0 = g(x,z)



(2)







For the mission studies performed in this work, engine dynamics is not considered, thus the x’ vector is a zero vector. The algebraic vector z is comprised of nine iteration variables equating nine residuals arising in the system. The variables are given in Table 1.



The equation solver uses a secant method with a Broyden update for the Jacobian [38,39] implemented in [40].



Cycle analysis for defined engine alternatives is carried out without and with power extraction from the high-pressure turbine (HPT) at different off-design points defining the fighter aircraft mission, as presented in Table 2 [41].



The different mission points are calculated as off design points where GESTPAN iterates to achieve the required thrust specified in Table 2, but the iterations are constrained by limitations of the following parameters [42]:




	
Overall pressure ratio (OPR)



	
Turbine inlet temperature (T4)








The constraints are managed by the engine control residual (see Table 1), which uses the engine thrust requirement unless one of the constraints are active. If both constraints are active, the solver attempts to isolate the most severe constraint. There are, of course, other limitations to the engine operating envelope as discussed in [5,43,44], but they are not evaluated further in this article.



The analysis of the results presented in this work is divided into two separate parts:




	
In the first results part, Section 3.1, the thermodynamic cycle is defined by one single design point.



	
The second part, Section 3.2, illustrates how a parametric variation of design OPR affects the engine’s ability to handle large power extraction.








The engine cycle data is based on information from the open literature [42,43,45,46,47,48] and has been adapted for the engine to meet the specific constraints provided in Table 2. Considerations regarding the design values are presented in Section 3.1, and a comprehensive compilation of simulation results performed with the single design point is provided in Appendix A.



In the second part, a parametric analysis is performed with 295 design points. All design points have common design parameters based on public sources, but the design OPR ranges from 13 to 40. Within the range, there are groups with one common OPR but with small variations of fan pressure ratio (FPR) and high-pressure compressor pressure ratio (HPCPR). The off-design points, corresponding to the mission points in Table 2, are simulated for each design point.



Power extraction is only evaluated from an engine perspective. Possible limitations of power equipment are not considered here. The impact on fan and high-pressure compressor surge margin is not included in this article, but must be considered during the design of a turbofan engine aimed at large power extractions as the required temperature increase moves the operating point towards surge [7,45,49].




3. Results


The analysis is carried out in two main parts; (i) a single design point evaluation, where details of the different parts of the mission are studied more closely, and (ii) a general approach where design points with different design OPR are evaluated.



3.1. Single Design Point Evaluation


To evaluate the power extraction impact in each defined mission point of Table 2, calculations have initially been carried out with a single design point. The main characteristics of the design point are given in Table 3. The engine controller limits OPR to 32 and turbine inlet temperature to 2260 K, the maximum inlet temperature of the F135 jet engine according to [46]. This is indeed a very high temperature and certainly has its challenges regarding material strength, thermal corrosion, cooling requirements etc. [5,46,50], but the obvious advantages of operating at high temperatures are improved thermal efficiency and increased power output per unit of mass flow of air [45,46]. Power is extracted at the defined off-design points representing the mission points described in Table 2.



Two cases are evaluated:




	
Reference case—No power extraction



	
Power extraction case—900 kW power extraction from the HPT








Some reflections can be made about the design parameters specified above. With a turbine inlet temperature in the range 1900–2000 K, an OPR in the range of 32–35 is suggested in [43]. If the maximum OPR limit is raised to a higher value, the engine performance at high altitudes/low Mach numbers can be improved, but this will require a higher aerodynamic overspeed margin compared to the design point [51]. An increased aerodynamic overspeed margin will increase both maximum corrected mass flow and maximum pressure ratio relative to the design point. If the corrected mass flow and pressure ratio of the design point is unaltered, a compressor map expansion is required, which in turn requires an increased engine inlet area. However, this inlet area increase will increase the aircraft fuselage cross-sectional area, causing increased aircraft weight [51] and aircraft drag [42]. One might want to sacrifice low speed/high altitude performance of the engine by limiting the maximum allowed corrected mass flow and pressure ratio. This will allow for a smaller cross-sectional area of the inlet. Hence, at low speeds/high altitudes and maximum power, the engine controller will limit OPR to its maximum value [42]. At these occasions, the turbine inlet temperature (T4) will not reach its maximum value and the specific thrust of the engine will not be as high as if it could operate at the maximum temperature [42].



A fan pressure ratio (FPR) of 5.4 is high. High FPR causes increased thrust specific fuel consumption (SFC) at dry operation and higher temperatures at the later stages of the HPC [47]; the HPC must be designed for such high temperatures at the HPC outlet and more cooling flow will be required for turbine blade cooling when the HPC outlet temperature rises; moreover, increased FPR is hard to achieve without adding additional stages. To reduce the weight of the engine, the number of fan stages should be as few as possible; the maximum fan pressure ratio is about five with a three-stage fan according to [52]. However, technology improves and the high efficiency transonic axial flow compressors of today have pressure ratios of about 1.7–1.8 per stage [53]. If the challenges can be overcome, increased FPR will improve the specific thrust [7,20,47], which is very desirable from a military engine perspective as it allows for a reduced cross-sectional area [19,47].



Bypass ratios can be expected in the range 0.3–0.6 for a modern, low bypass ratio mixed flow turbofan engine aimed at fighter aircraft [7,42,43,45]. 900 kW is a high amount of power extraction, especially at higher altitudes and lower flight Mach numbers [45]. In the performance requirements of [42], a total shaft power of 300 kW is specified, for example. A crude comparison with a civil aircraft engine [54] reveals that around 300 kW/50 kN is used. This best compares with the 900 kW extracted at mission point 7 with a net thrust of 12.4 kN.



Figure 4 shows the net thrust of the reference case without power extraction, the corresponding net thrust with 900 kW power extraction and the net thrust requirement for all mission points specified in Table 2. An extensive summary of the simulation results is given in Appendix A. The required net thrust is achieved for all parts of the mission except for point number 10, the escape dash. In this case, HPT power extraction causes a considerable net thrust loss. While the reference case with no HPT power extraction almost meets the net thrust requirement of Table 2, the deviation is less than 1%, and the corresponding net thrust deviation with HPT power extraction is 8%.



The engine is running at a higher T4 to meet the higher power output required from the HPT as shown in Figure 5. The need for temperature increases to meet the thrust requirements provided in Table 2 is consistent with statements and findings in [7,12,16,25]. In point 10, where the engine is limited by its maximum T4, HPT power extraction has an adverse effect on engine net thrust, causing the net thrust decrease shown in Figure 4.



Figure 6 illustrates the relative deviation of SFC for the power extraction case compared to the reference case. The SFC increase at the non-augmented mission points 1 and 7 is in line with previous investigations performed for high bypass ratio turbofan engines and power extraction [11,12,13,16], but it should be noted that SFC is improved for point 2–6 and 8–9 with power extraction compared to the reference case. These are all cases where the engine operates near or at its OPR upper limit. At these cases, the increased core fuel flow is compensated by an afterburner (A/B) fuel flow reduction, shown in Figure 7. From a thermal efficiency perspective, it is always better to add heat at a higher pressure [45]. A schematic T-S diagram, given in Figure 8, is used to explain this further. The numbers in Figure 8 correspond to the station numbers shown in Figure 1. At lower engine power settings, the power extracted from the HPT accounts for a larger share of the total power generated by the engine, and this increases SFC significantly, as shown by point 7 in Figure 6. This complies with earlier investigations performed with power extraction from high bypass ratio turbofan engines [11].



The investigation suggests that HPT power extraction can be accomplished without sacrificing too much on SFC or net thrust, provided that the engine is not running at or near its maximum T4 limitation. Figure 9 shows how the θ0 (T2/288.15) break, described in [42], is pushed to the left at higher altitudes when power is extracted. This is due to the higher temperature drop required to provide the extracted power. Consequently, the adverse effect of HPT power extraction will increase with higher altitude and reduced speed, which is expected since the extracted power becomes relatively larger compared to the total engine power. In fact, a 1 kW power offtake at 18 km altitude and Mach number 0.55 is comparable to 2 kW power extraction at 15 km and Mach number 0.8, or a power offtake of 12 kW at the sea level static case [45].



Figure 9 shows that the engine design, defined by the design point, has a θ0 break well beyond 1, making it appropriate for high power extraction. If the θ0 break were located more to the left, the T4 limiter would become active at lower T2 (at lower Mach numbers).



Figure 10a, Figure 11a and Figure 12a illustrate OPR, net thrust and SFC as a function of θ0 (various Mach number) with the engine running at maximum augmented power at 9144 m altitude. The figures confirm the previous conclusions that net thrust and SFC can be maintained, or even improved, if the operating point allows for a sufficient T4 increase.



Figure 10b, Figure 11b, Figure 12b show OPR, net thrust and SFC as a function of θ0 with the engine running at maximum non-augmented power at 9144 m altitude. The non-augmented power extraction case does not bring the advantage of reducing A/B fuel flow, but the figures indicate that net thrust can be maintained or even increased at the expense of increased fuel consumption if the engine is not operating near or at its T4 limit. When power is extracted from the HPT shaft, OPR decreases, thus allowing more fuel to be burned and the OPR limit to be reached again; thereby maintaining thrust. The specific power of the engine is increased when OPR is unaltered but T4 is increased.




3.2. Effect of Varying Design OPR


To evaluate whether the conclusions made in Section 3.1 hold for engines with other thermodynamic cycles, a more extensive investigation was performed where cycles with different OPR were simulated, both for the reference case without power extraction and for the power extraction case with 900 kW extracted from the HPT. Design OPR of the design points are in the range 13–40. Each design OPR includes combinations of fan pressure ratio (FPR) and high-pressure compressor pressure ratio (HPCPR). Common characteristics of the different design points are given in Table 4.



The engine controller limits OPR to the OPR specified for each design point and turbine inlet temperature to 2260 K. SFC is plotted versus design point OPR in the mission point in Figure 13 and Figure 14. Mission point 1 is shown in Figure 13 and mission point 2 is shown in Figure 14. The SFC variation with varying design OPR is in line with expectations, both at non-augmented [45,55] and augmented power [45]. The SFC values provided in Figure 13 and Figure 14 are calculated as mean values of several points with a common design OPR.



Figure 14 indicates that SFC can be improved at augmented power with different design OPRs, provided that T4 can be increased sufficiently. Figure 15 shows that a higher temperature drop is required for cycles with low OPR, thus indicating that a low OPR cycle engine will run into maximum T4 limitation at lower T2 (lower Mach numbers). As shown earlier, this leads to SFC deterioration and net thrust reduction. The T4 values provided in Figure 15 are calculated as mean values of several points with a common design OPR.





4. Discussion


Power extraction is part of the aircraft’s overall energy management and can be part of solutions to accomplish a more efficient aircraft with regards to bleed flow extraction and cooling of different subsystems [2], aircraft design and mission optimization. To identify these solutions, it is crucial to understand where the conventional turbofan engine has its potential and limitations with regards to power extraction from an engine performance perspective.



The performed investigation indicates that large HPT power extraction can be achieved at high engine power without sacrificing net thrust or SFC, provided that T4 can be increased. This in turn has important implications for the choice of thermodynamic cycle. If the θ0 break is moved to the right (i.e., θ0 > 1) the engine will have more capacity for T4 increase. By increasing T4, other costs follow, such as increased material wear and reduced engine life [5,7,50]. Nevertheless, if surge margins can be maintained at an acceptable level, the possibility to extract high HPT power at some operating conditions without too much SFC increase or net thrust reduction might have important implications with regards to both mission optimization, i.e., when to extract power from the HPT shaft, and technical solutions. For instance, if a power storage device is available, as discussed in [15,16,17,18], the analysis will help to decide when to charge and re-charge during a mission. If the thrust requirement for the escape dash is not negotiable, for example, the analysis shows that this is not a good point to extract a high amount of power; instead, it would be better to use the stored power for power consumers. A power storage device can also be used to improve stall margins and limit overspeed and T4 overshoot at transients [15]. The backside is of course the additional weight introduced with such a power storage device [17,18]. This investigation can provide guidance in a future analysis, to decide if the improved performance which could be achieved at certain parts of a mission compensates for the weight increase. Furthermore, the results can become useful in future studies to evaluate if bleed extraction from the HPC, or electric power extraction from the HPT, is the more efficient source of energy in cases where the two are interchangeable.
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Nomenclature




	A/B
	Afterburner



	ACE
	Adaptive cycle engine



	ALT
	Altitude, measured in relation to sea level conditions



	ARP
	Aerospace Recommended Practice



	BLI
	Boundary layer ingestion



	CENTRELINE
	Concept validation study for fuselage wake-filling propulsion integration



	CFS
	Convertible fan stage



	DEW
	Directed energy weapon



	EU
	European Union



	F
	Force



	Fan
	Equivalent to LPC in the modeled engine



	FN
	Net thrust



	FPR
	Fan pressure ratio



	GESTPAN
	General stationary and transient

propulsion analysis



	HEP
	Hybrid electric propulsion



	LPC
	Low-pressure compressor



	HPC
	High-pressure compressor



	HPCPR
	High-pressure compressor pressure ratio



	HPT
	High-pressure turbine



	LPT
	Low-pressure turbine



	M
	Mach number



	N
	Number of turns



	OPR
	Overall pressure ratio



	PT
	Stagnation pressure



	P
	Power



	S
	Entropy



	SAE
	Society of automotive engineers



	SFC
	Thrust specific fuel consumption



	T
	Stagnation temperature



	VCE
	Variable cycle engine



	W
	Mass flow



	Β
	Operating line offset relative to backbone in a compressor map



	βf
	Fuel schedule factor, off-design fuel flow relative to the design point fuel flow



	ηp
	Propulsive efficiency



	ηth
	Thermal efficiency



	θ0
	Dimensionless stagnation temperature








Appendix A




	ALT
	M0
	PT0
	PT2
	T2
	W2
	BPR
	PT3
	T3
	PT4
	T4
	PHPT
	PT45
	T45
	PLPT
	PT5
	T5
	PT8
	T8
	FN
	ηth
	ηp



	[m]
	-
	[kPa]
	[kPa]
	[K]
	[kg/s]
	-
	[kPa]
	[K]
	[kPa]
	[K]
	[kW]
	[kPa]
	[K]
	[kW]
	[kPa]
	[K]
	[kPa]
	[K]
	[kN]
	-
	-



	610
	0.0
	94.2
	84.2
	284
	78.9
	0.468
	2280
	782
	2190
	1870
	0
	901
	1410
	0
	415
	1200
	410
	991
	66
	0.42
	0



	610
	0.1
	94.9
	86.4
	285
	87.6
	0.447
	2630
	808
	2530
	1940
	0
	1040
	1470
	0
	473
	1250
	399
	2090
	111
	0.24
	0.05



	610
	0.18
	96.4
	90.5
	286
	90.4
	0.452
	2700
	807
	2600
	1930
	0
	1070
	1470
	0
	487
	1250
	411
	2090
	113
	0.25
	0.1



	610
	0.44
	108
	104
	295
	104
	0.449
	3170
	835
	3050
	2000
	0
	1250
	1520
	0
	570
	1300
	489
	2090
	127
	0.27
	0.21



	3048
	0.775
	108
	104
	303
	105
	0.44
	3290
	865
	3160
	2070
	0
	1300
	1580
	0
	590
	1350
	514
	2100
	128
	0.31
	0.31



	7010
	0.875
	67.4
	65.5
	280
	65.7
	0.455
	1940
	790
	1860
	1890
	0
	763
	1440
	0
	348
	1220
	294
	2080
	78.9
	0.31
	0.33



	9144
	0.9
	50.9
	50.4
	266
	30
	0.633
	657
	602
	628
	1370
	0
	257
	1020
	0
	128
	881
	128
	696
	12.4
	0.43
	0.57



	9144
	1.6
	127
	115
	346
	88.7
	0.498
	2720
	902
	2610
	2120
	0
	1080
	1630
	0
	502
	1400
	441
	2120
	101
	0.38
	0.46



	9144
	0.9
	50.8
	49.7
	266
	45.8
	0.485
	1250
	722
	1200
	1720
	0
	492
	1290
	0
	227
	1100
	193
	2060
	53.2
	0.29
	0.34



	9144
	2.0
	235
	183
	412
	108
	0.552
	3320
	985
	3190
	2260
	0
	1320
	1750
	0
	634
	1520
	571
	2130
	113
	0.38
	0.52



	610
	0.0
	94.2
	84.3
	284
	77.7
	0.496
	2250
	779
	2170
	1930
	900
	889
	1460
	0
	415
	1250
	410
	1020
	66
	0.42
	0



	610
	0.1
	94.9
	86.5
	285
	87.1
	0.47
	2620
	808
	2520
	2000
	900
	1040
	1520
	0
	476
	1300
	408
	2080
	111
	0.25
	0.05



	610
	0.18
	96.4
	90.6
	286
	90
	0.473
	2700
	807
	2600
	2000
	900
	1070
	1520
	0
	491
	1290
	419
	2080
	113
	0.25
	0.09



	610
	0.44
	108
	104
	295
	103
	0.467
	3170
	835
	3050
	2050
	900
	1250
	1560
	0
	575
	1340
	498
	2090
	127
	0.28
	0.21



	3048
	0.775
	108
	104
	303
	105
	0.456
	3300
	865
	3170
	2130
	900
	1300
	1620
	0
	596
	1390
	524
	2090
	128
	0.32
	0.31



	7010
	0.875
	67.4
	65.6
	280
	65.5
	0.484
	1940
	791
	1870
	1990
	900
	768
	1510
	0
	354
	1290
	301
	2080
	78.9
	0.32
	0.33



	9144
	0.9
	50.9
	50.5
	266
	26.9
	0.814
	591
	594
	571
	1680
	900
	233
	1250
	0
	124
	1100
	124
	801
	12.4
	0.43
	0.55



	9144
	1.6
	127
	115
	346
	88.7
	0.515
	2740
	905
	2640
	2190
	900
	1090
	1680
	0
	511
	1450
	454
	2110
	101
	0.38
	0.46



	9144
	0.9
	50.8
	49.7
	266
	45.4
	0.53
	1260
	725
	1220
	1870
	900
	498
	1410
	0
	234
	1210
	199
	2060
	53.2
	0.3
	0.34



	9144
	2.0
	235
	183
	412
	101
	0.589
	3030
	964
	2910
	2260
	900
	1200
	1750
	0
	588
	1520
	529
	2130
	105
	0.38
	0.53
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Figure 1. Overview of the modeled engine. 






Figure 1. Overview of the modeled engine.
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Figure 2. Schematic T-S diagram. Use of afterburner illustrated. 
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Figure 3. Engine process model diagram. 
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Figure 4. Net thrust with and without HPT power extraction. 
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Figure 5. Turbine inlet temperature, T4, with and without HPT power extraction. 
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Figure 6. SFC deviation with HPT power extraction compared to the reference case. 
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Figure 7. Core, afterburner and total fuel flow deviation with HPT power extraction compared to the reference case. 
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Figure 8. Schematic T-S diagram to explain how power extraction can improve SFC at afterburner operation when core fuel flow and turbine inlet temperature increase while afterburner fuel flow decreases. 
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Figure 9. Maximum augmented power. OPR versus θ0 with and without HPT power extraction. OPR versus θ0 is plotted for cases with HPT power extraction for altitudes 3048 m, 9144 m and 15,240 m for comparison. 
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Figure 10. OPR plotted versus θ0 (Tt2/288.15); (a) Maximum augmented power; (b) Maximum non-augmented power. 
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Figure 11. Net thrust plotted versus θ0 (Tt2/288.15); (a) Maximum augmented power; (b) Maximum non-augmented power. 
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Figure 12. SFC plotted versus θ0 (Tt2/288.15); (a) Maximum augmented power; (b) Maximum non-augmented power. 
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Figure 13. Point 1 of the mission. SFC plotted versus design point OPR. 
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Figure 14. Point 2 of the mission. SFC plotted versus design point OPR. 
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Figure 15. Point 2 of the mission. T4 plotted versus design point OPR. 
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Table 1. Iteration variables and residuals of the GESTPAN calculations.






Table 1. Iteration variables and residuals of the GESTPAN calculations.





	Iteration Variables
	Residuals





	Inlet mass flow
	Inlet flow compatibility



	Fan map β
	Core flow compatibility



	Fan rotation speed
	Fan/LPT work compatibility



	Bypass ratio
	HPC/HPT work compatibility



	HPC map β
	HPT inlet flow compatibility



	HPC rotation speed
	LPT inlet flow compatibility



	Fuel schedule factor βf
	Static pressure match in unifier



	HPT outlet pressure
	Afterburner flow compatibility



	LPT outlet pressure
	Engine control residual
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Table 2. Key parts of mission [41]. For the mission phase specification, “augmented” refers to use of afterburner.






Table 2. Key parts of mission [41]. For the mission phase specification, “augmented” refers to use of afterburner.





	No
	Mission Phase
	Required Net Thrust
	Altitude
	Mach Number





	1
	Warm up non-augmented
	66.0 kN
	610 m
	0.0



	2
	Runway acceleration augmented
	110.7 kN
	610 m
	0.1



	3
	Runway acceleration augmented
	112.9 kN
	610 m
	0.18



	4
	Flight acceleration augmented
	127.3 kN
	610 m
	0.44



	5
	Climb and acceleration augmented
	127.8 kN
	2743 m
	0.775



	6
	Climb and acceleration augmented
	78.9 kN
	7010 m
	0.9



	7
	Subsonic cruise non-augmented
	12.4 kN
	7010 m
	0.9



	8
	Sustained turn augmented
	100.6 kN
	9144 m
	1.6



	9
	Sustained turn augmented
	53.2 kN
	9144 m
	0.9



	10
	Escape dash augmented
	113.9 kN
	9144 m
	2.0
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Table 3. Design point characteristic.






Table 3. Design point characteristic.





	Parameter
	Value





	Altitude
	0 m



	Mach number
	0



	Fan pressure ratio
	5.4



	HPC pressure ratio
	5.8



	Inlet mass flow
	90 kg/s



	Turbine inlet blade temperature
	1030 K



	Bypass ratio
	0.45



	Turbine inlet gas temperature
	1950 K



	Bleed flow
	0 kg/s



	LPT power extraction
	0 kW



	HPT power extraction
	0 kW
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Table 4. Common characteristics of the design points.






Table 4. Common characteristics of the design points.





	Parameter
	Value





	Altitude
	0 ft



	Mach number
	0



	Inlet mass flow
	90 kg/s



	Turbine inlet blade temperature
	1030 K



	Bypass ratio
	0.4



	Turbine inlet gas temperature
	2025 K



	Bleed flow
	0 kg/s



	LPT power extraction
	0 kW



	HPT power extraction
	0 kW
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