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Abstract 
 

Many types of hybrid-electric propulsion systems are currently being investigated because of their 

potential application to sustainable aviation and their contribution to much-needed atmospheric 

benefits. Such engines must be integrated closely with the airframe. A leading contender from 

2016 is the NASA STARC-ABL aircraft, which is powered partly by a single electric fan, located 

around the rear of the fuselage. The electric fan is driven by power extracted equally from two 

primary turbofans, mounted conventionally beneath each wing. These engines also provide the 

remainder of the thrust. 

 

This Request For Proposal asks you to design a new hybrid-electric propulsion system for the 

NASA STARC-ABL with the same configuration. A significant feature of the aft fan is the ingestion 

of low-speed boundary layer air from the aircraft fuselage, so you are asked to discuss the merits 

and practical challenges that this concept presents. 

 

The baseline engine for this study is a generic model of the CFM56-7B24, constructed from 

publicly available information. Details of this model ï built at sea-level static operating conditions 

- are provided to assist you. Generation of your own version of the baseline engine is mandatory 

and is deliberately set to provide training and experience in generating a model that functions and 

looks right. Your baseline model will also be needed to obtain the thrust required for the new 

hybrid-electric system which is to be designed for cruise conditions at 35,000 ft, Mach 0.8.  

 

Examine a select matrix of new hybrid-electric propulsion systems to determine the mass and 

performance trends in order to select your best candidate. Compare the performance and total fuel 

consumption of each of your new candidate hybrid-electric propulsion systems over a typical 

mission with that of the baseline engine model at the aircraft condition. Choose your best 

candidate, based on fuel burn over an assumed simple mission, while also considering the 

complexity and cost of your design. Finally, run your selected hybrid-electric engine off-design at 

sea-level takeoff conditions and compare the overall net thrust to the aircraft with that from two 

baseline  engines. 
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This competition is intended to expose students to the trade studies and conceptual evaluations that 

are the foundation of gas turbine engine preliminary design.  Showing evidence of a thorough 

design space study and justification for the final selected design will be more highly weighted than 

detailed assessment of a specific component.   
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1. Introduction  
 

1.1 The Aircraft 

 

Interest and investment in hybrid-electric propulsion systems has grown substantially in the past 

ten years or so owing to their potential application to sustainable aviation and significant benefit 

to atmospheric conditions through fuel-savings. A leading contender from 2016 is the NASA 

STARC-ABL with a single large aft fan, located around the rear of the fuselage, which captures a 

large annular portion of the rear fuselage boundary layer [1]. The aircraft is shown in Figure 1.1, 

as well as on the front cover, and its propulsion system is the topic of this RFP.  

 

 

 
 

Figure 1.1:  The NASA STARC-ABL Aircraft  

The aircraft is a single-aisle, 180-passenger commercial transport, with an entry-into-service date 

around 2035. It is a future version of a current Boeing 737-800 or Airbus A320, powered by either 

two CFM56-7B24, two IAE V2500 or two Pratt & Whitney PW1000G turbofan engines. 

1.2 The Engines 

We choose a generic model of the CFM56-7B24 as our baseline engine. The model was 

constructed using GasTurb 14, based on data available to the public [2]. It is not especially 
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accurate; several educated guesses and many trial and error iterations were used in its generation 

and the cold nozzle is the best that could be achieved currently with the software. 

 

Figure 1.2: CFM56-7B24 Cross-Section 

Figure 1.2 is a cross-section of the CFM56-7B24, which illustrates the flow path geometry, major 

turbomachinery assemblies, stage counts and the general levels of flow temperatures encountered. 

Table 1.1 summarizes some major design features.  

The overall length - 98 inches as published ï is a ñflange-to-flangeò measurement. We know the 

fan tip diameter is 62 inches and we can estimate that the quoted length of 98 inches corresponds 

to the distance between A and B, the locations of the flanges indicated in Figure 1.3, upstream of 

the fan leading edge and downstream of the LP turbine rear frame. This is considerably less than 

what anyone would refer to as the overall length of the engine! So, as you can see, engine length 

can be interpreted fairly loosely! Even though we are always concerned with the accuracy  of the 

models we  produce, letôs not worry too much about that; we all know what we are trying to 

simulate!  

The dry weight of 5432 lbm, published in [2] ,  excludes the inlet, the tailpipe and the nozzle, so 

we will allow for this later in the discussion of Table 3.23, Sub-section 3.10, when we estimate the 
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net mass factor that accounts for the secondary systems outside the flow path that are not accounted 

for directly in our preliminary design activity.  

Engine Type Turbofan 

Number of Compressor Stages (Fan, Booster, HP) 1, 3, 7 

Number of Turbine Stages (HP, LP) 1, 4 

Combustor Type Axial annular 

Max. Power at Sea Level  24,000 lbf 

Specific Fuel Consumption at  Max. Power 0.37 lbm/hr/lbf 

Overall Pressure Ratio at Max. Power 26 

Bypass Ratio at Max. Power 5.3 

Max. Envelope Diameter 65 in 

Max. Envelope Length 98 in 

Dry Weight Less Tailpipe 5,234 lbm 

Table 1.1: Features of the CFM56-7B24 Engine (Reference 2) 
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Figure 1.3: CFM56-7B24 Cross-Section with ñFlange-to-Flangeò Measurement Location 

 

1.3 A Hybrid -Electric Propulsion System for a Commercial Transport  

The study of various forms of electrically propelled aircraft has become increasingly important in 

the quest for lower consumption of carbon-based fuels [3]. Some electrified aircraft programs have 

focused on totally electric systems that use batteries but these have been limited essentially to 

commuter, on-demand mobility and air taxi services, mainly because of the excessive weight of 

batteries and their current low power density. It is recognized that a significant impact on global 

emissions will not be felt until such engines are widely used in commercial jet fleets [4]. Currently, 

rather than being totally  electric, the most promising concepts are a mixture of ñconventionalò gas 

turbines and complementary electric propulsors ï systems referred to as hybrid-electric engines. 

If we make realistic assumptions about the efficiencies of electrical systems and, say, an 

electrically driven fan, the overall cruise SFC changes very little. In fact, once the additional 

complexity, weight and cost are accounted for, there appears to be little reason for pursuing a 

hybrid concept. The main benefit must come from a better integration with the aircraft  - both 

location and function - because it is the enabler for other benefit magnifiers, such as boundary 

layer ingestion, blown flaps, etc. Therefore, in this RFP, we focus a combination of two 

conventional primary gas turbine engines used to drive an electric fan that ingests boundary layer 

air.  
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2.  Design Objectives and Requirements  
 

2.1 The New Propulsion System 

 

A hybrid-electric propulsion system is to be designed for the NASA STARC-ABL Aircraft. It is to 

be based on two new  conventional turbofan engines carried on pylons beneath the wings. Power 

is to be extracted equally from the primary engines to drive an electric fan, which rotates around 

the rear of the fuselage. The electric  fan ingests a substantial portion of the annular boundary 

layer. Figure 2.1 illustrates the installation of the electric fan in the NASA program [1] and 

contains typical diameters and a length. The fan hub/tip radius ratio is 0.2963, but the dimensions 

of your fan do not need to be the same. Just take a look at the exterior of a Boeing 737- 800 or an 

Airbus A320 but note that, in the NASA STARC-ABL, the elevators are located at the tip of the 

vertical stabilizer. so their wakes will  not be ingested by the fan. 

 

 

 
 

Figure 2.1: Assumed Geometry of Rear Fuselage [1] 
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Figure 2.2: Boundary Layer Capture [1] 
 

Figure 2.2 has also been taken from [1] and it reflects the observation that  - for the NASA baseline 

case ï roughly 72% of the boundary layer momentum is captured when roughly 48% of the 

boundary layer thickness is ingested. This provides us with an indication of the average velocity 

of the inlet flow of the electric fan when the aircraft is in motion.  

 

 

2.2 General Objectives of the Engine Design Competition 

 

The competition is intended to simulate a preliminary design project in industry. The objectives 

are 

¶ To conduct a broad study of a matrix of engine designs using cycle and performance studies 

in order to determine how to focus the remainder of the new engine program. 

¶ All candidate engines in your program should be designed to the same level by estimating the 

performance of individual major components and of the overall system. Their weights & 

dimensions should also be estimated, with the disks being sized with acceptable stress margins 

since they contribute substantially to the overall mass. The overall feasibility of each concept 

should be assessed; do they each fit together and operate as intended? 

¶ Each of your candidate engines should be flown over a simple mission so that weight (more 

correctly mass) can be traded against performance and fuel burn. It is unlikely that the lightest 

propulsion system will consume the least fuel, so you will need to choose the best 

ñcompromisedò solution to propose to your company as a candidate to be considered for more 
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detailed design work. The quality of your proposal in Round 1 will establish the confidence 

level for the investment of company resources. 

¶ Round 2 of the competition serves as a design review by the Chief Engineerôs Office, where 

the three most promising candidates will be ranked.  

 

At this point, the budget is extremely tight and the risks are very high. No one is prepared to extend 

the exercise beyond 0-D (cycle studies) and 1-D (meanline studies). 2-D throughflow solutions are 

also unnecessary. Nothing  is to be generated in 3 dimensions. Even though capabilities exist to 

produce elaborate 3-D assembly drawings, these are inappropriate because nothing will be 

designed in 3-D yet, and CFD is certainly not applicable. In the RFP, you are not being asked to 

demonstrate how much you know; you are being asked to apply only a certain amount of it and to 

focus that knowledge on the project in hand. The intention of the RFP is to provide a vehicle to 

help you learn and build confidence in applying important basic propulsion fundamentals. 

 

Teams are limited to 4 people. This allows all team members to experience all aspects of the project 

fairly closely, while focusing on a specific part of it themselves ï teamwork in action! To enable 

the project to be completed within a reasonable period, the project is deliberately restricted to 

preliminary design. If there are 6, 7 or 8 people who wish to participate, you have 2 teams! We 

can make an exception on team head count to accommodate an additional member. Just ask.  

 

2.3 Some Specific Instructions 
 

¶ Based on the entry-into-service date, which is 2035, development of new materials and an 

increase in design limits may be assumed.  

¶ T4 may be increased to 3150 R.  

o Consider the use of carbon matrix composites in the HP turbine. Carefully justify 

your choices of any new materials, their location and the appropriate advances in 

design limits that they provide.  

¶ T3 may be raised to 1620 R. 

¶ Design proposals must include engine mass, engine dimensions, net thrust values, specific fuel 

consumption, thermal and propulsive efficiencies at cruise and take-off. Details of the major 

flow path components must be given. These include a simple parallel inlet (not the nacelle), 
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fan, booster, HP compressor, combustor, HP turbine, LP turbine, exhaust nozzle, bypass duct, 

and any inter-connecting ducts. Examples of velocity diagrams for only the turbines should be 

included to demonstrate their viability. This is not necessary for the compression system. 
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3. Baseline Engine Model 
 

3.1 Take-Off  Conditions: The Design Point  
 

A generic model of the CFM56-7B24 has been generated from publicly available information [2] 

using GasTurb14 [5]. Details of this model are provided to assist with construction of your own 

baseline model to provide some indication of typical values of design parameters.  

 
 

 
 

Figure 3.1:  Turbofan Engine Schematic with Calculation Stations & Secondary Flows  

 

Figure 3.1 contains a general schematic with relevant station numbers and secondary flow data for 

a non-augmented turbojet engine.  
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3.2 Overall Characteristics  
 

Major Design Parameters 
 

In a turbofan engine, four primary design variables are turbine entry temperature (T4), overall 

pressure ratio (OPR or P3/P2), bypass ratio and fan pressure ratio (P21/P2). For two spools the 

optimum energy division must be determined.  

 

 
 

Table 3.1:  Basic Cycle Input 

 

Table 3.1 is the ñBasic Inputò for the design point of a GasTurb14 model of the generic CFM56-

7B24 baseline. All four primary design variables are input, the overall pressure ratio being made 

up from the fan, the booster and the HPC, along with the inter-compressor duct loss. T4 was an 

estimated value. To generate an acceptable replica of the engine cycle, a unique combination of 

the remainder must be estimated iteratively using the net thrust (FN) and specific fuel consumption 

(sfc) at design conditions as targets. By definition, this operating condition also corresponds to the 

entry points to any component performance maps, and this should  be the case for your new engine.  
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The next four parameters relate to the primary combustor; they are all fairly conventional values 

by modern standards. The burner efficiency of 99.95% is current conventional value. A burner 

pressure loss of 4% is given up willingly to pay for complete mixing and efficient combustion, so 

this should be retained. The burner ñpart load constantò is an element in the calculation of burner 

efficiency discussed in the GasTurb14 User Guide [5]. Without expert knowledge, this is best left 

alone!  

 

Secondary Design Parameters  

 

Cooling Air:  HPC air is bled from compressor delivery to cool the HP turbine vane and blade. 

Fully compressed air is an expensive commodity, but this is the only source that offers sufficient 

pressure to permit to coolant to be delivered to the hot vane and blade and emerge from their 

surfaces. This is aided by the pressure loss through the burner ï another reason we can tolerate 

combustor pressure losses. 

 

 
 

Table 3.2: Secondary Air System Input 
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Turbomachinery Efficiencies: Efficiency values may be entered directly via respective tabs on 

the input screen. Alternately, they may be calculated, based on aerodynamic and geometric data. 

Regardless of the input method, their values are given in Table 3.4. The designer has the choice of 

either isentropic or polytropic values, so he or she should be certain of their applicability and their 

definitions! However, another available option allows GasTurb14 to calculate efficiencies from 

data supplied. Compressors utilize a NASA approach [6] but turbines first estimate prevailing 

values of stage loading and flow coefficients for use in a Smith Chart [7], assuming an equal work 

spilt between stages. This is a most convenient approach to turbine performance since various 

updated versions of the Smith Chart are available. More will be said about this topic in Sub-

sections 3.9 and 3.11.   

 

Power Off-take:  All engines have power extracted - usually from the HP spool via a tower shaft 

that passes through an enlarged vane or strut in the main frame ï to power aircraft systems. This 

is often preferred to the use of a separate auxiliary power unit, depending on how much power is 

required. We have selected a nominal power off-take of 150 hp from our baseline engine and this 

is indicated in the performance summary in Table .3.4. Modern engines tend to use a lot of this, so 

you might like to consider this issue for your engine and mission.  

 

Dimensions: Diameters & Lengths: The engine cycle may be defined purely on the basis of 

thermodynamics. We define a ñrubber engineò initially, where performance is delivered in terms 

of a net thrust at cruise - close to 24,200 lbf given in Table 1.1 once the engine scale has been 

determined. For our baseline model, we also had a target dimensional envelope defined in Table  

1.1, namely a maximum fan diameter of 65 inches and a length of 98 inches. We have already 

discussed the merits of the latter. The diameter is determined from the mass flow rate and the Mach 

number at the fan face; the length is dealt with by manipulation of vane & blade aspect ratios and 

axial gaps in the turbomachinery and by suitable selection of duct lengths, usually defined as 

fractions of the corresponding entry radii. Once the correct thrust has been reached, the maximum 

radius is determined by setting an inlet radius ratio and then varying the Mach number at entry to 

the LPC. These values are input on the primary input screen under the LP compressor tab, where 

a Mach number of 0.58 was found to be appropriate - fairly low by todayôs standards ï and is 

shown in Table 3.7. This sets the general radial dimension for the complete engine, although in 
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fact downstream of the fan and booster, the entry radius of the HP compressor is also determined 

by input radius ratios and a value of local axial Mach number given in Table 3.10.   

 

 

 
 

Table 3.3: Stations Input 

 

The HP & LP turbine radii follow from the exit values of the respective upstream components. For 

the ducts, radial dimensions are keyed off the inner wall with the blade spans being superimposed. 

For the overall engine length, early adjustments are made by eye (My personal philosophy is that 

if it looks right, itôs probably OK!), with final manipulations being added as the target dimension 

is approached. When modeling an existing engine, GasTurb14 enables an available cross section 

to be located beneath the model, so that the model can be manipulated via numerical input or 

sliders assigned to input parameters, until a satisfactory match is achieved. The degree of success 

can be seen in Figure 3.4, where the cross section from Figure 1.2 may be seen behind the model.  

 

Materials & Weights: Use was made of the materials database in GasTurb14, where, in fact,  the 

default selections were retained. For proprietary reasons, many advanced materials are not 

included. Examples of these are: polymeric composites used in cold parts of the engine, such as 

the inlet and fan; metal matrix composites, which might be expected in the exhaust system; carbon-

carbon products, again intended for use in hot sections. All of these materials are considerably 

lighter than conventional alternatives,  Within the component models, material densities can be 
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modified independently of the database. While this was never implemented for our baseline, you 

may find it useful for your contemporary designs.  

 

Component weights are calculated by multiplying the effective volumes by the corresponding 

material densities. Of course, only the major elements which are explicitly designed are weighed 

and there are many more constituents. Nuts, bolts, washers, seals and other much larger elements 

such as fuel lines, oil lines, pumps and control systems still must be accounted for. In industry, this 

is done by the application of a multiplier or adder to the predicted net mass, whose value is based 

on decades of experience, to obtain what is designated in the output as the total mass. In general, 

a multiplication factor of 1.3 is recommended in the GasTurb14 manual, but we used a specific 

value of ñnet mass factorò in Table 3.23 to reach the overall mass target.  

 

Performance: A summary of the performance output for the generic CFM56-7B24 model for the 

design point at static take-off is given in Table 3.4.  The net thrust is within 1% of the target. The 

predicted specific fuel consumption of 1.36 is very close to the target value of 1.37  in Figure 1.3. 

See what you can produce in  your baseline model!  

 

A different format of thermodynamic output is contained in Table 3.5.  Local values of mass flow 

rate, temperature, pressure, velocity, flow path area, axial Mach number, and radii - together with 

their axial locations - are especially useful.  
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Table 3.4: Baseline Engine Model Output Summary at Take Off 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



21 

 

 

 

 

 

 
 

Table 3.5:  Baseline Engine Model Detailed Output 
 

 

 
 

 

A plot of the baseline engine model appears in Figure 3.3 and as stated earlier, a comparison with the prototype cross section is shown 

in Figure 3.4a. Figure 3.4b is an over/under plot which compares the engine cross section with the model in a clearer manner. (You are 

requested to generate this type of plot of baseline versus new engine in your proposal.) Our inability to model neither the hot nor cold 

nozzles is apparent but the absolute accuracy of the baseline engine model in this exercise is of little consequence.  
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Figure 3.3: Baseline Engine Model Cross Section from GasTurb14 

 


