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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 – 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.   

 

 

 

Ian Halliwell Stephanie K. Watsek 

 
AIAA Air Breathing Propulsion Group 

  
Principal – NORTHWIND PROPULSION INC. 

Heath, Ohio 

Engineering Lead, Rolls-Royce North American 
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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 – is a “flange-to-flange” 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, let’s 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 “Flange-to-Flange” 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 “conventional” gas 

turbines and complementary electric propulsors – 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] 
 

 

 

 

 

 

 

 

 

 

 

 

 



11 

 

 

 

 
 

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 – 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 

“compromised” 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 Engineer’s 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 – 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 “Basic Input” 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 “part load constant” 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 – 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 – 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 “rubber engine” 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 today’s standards – 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, it’s 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 “net mass factor” 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 
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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 
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Figure 3.4a: Comparison of CFM56-7B24 Cross Section with GasTurb14 Baseline Model  
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Figure 3.4b: Over/Under Comparison of CFM56-7B24 Cross Section with GasTurb14 Baseline Model 

 

 

 

Some details of the component models now follow.  
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3.3 Inlet   
 

Note that in this project we are not concerned with the real inlet and  nacelle. We are currently 

interested in the  hardware downstream of the inlet flange, as in  Figures 3.3 and 3.4.  The inlet is 

designed with an elliptical center body and the outer diameter and the inner shape of the inlet has 

been determined from those of the fan.  

 

 
 

Table 3.6:  Inlet Geometry Input & Output 

 

Pertinent geometric characteristics are shown in Table 3.6.  At 83.6 lbm, the inlet is fairly light 

and this is because, based on the density, we have taken a typical polymeric alloy as our choice of 

materials. This should accommodate the forces and any low dynamic heating effects of Mach 0.8 

operation.  

 

 

3.4 Fan 
 

The fan characteristics are given in Tables3.7. The radius ratio and inlet Mach number are of 

particular interest because, when taken with mass flow rate,  they define the fan are and tip radius. 

The rotational speed of the LP spool is set via the blade tip speed and tip radius. The value of 

corrected flow per unit area (40.7 lbm/ft2) is fairly aggressive for a commercial engine and 

corresponds to the input value of Mach number 0.58.  Your new design may exceed this.  
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Table 3.7:  Fan Aerodynamics Input & Output 

 

 

3.5  Booster  

 

 
 

Table 3.8:  Booster Geometry Input & Output 
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3.6 Inter-Compressor Duct  
 

 
 

Table 3.9:  Inter-Compressor Duct Input & Output 

 

Notice that in addition to using an overall net mass factor to adjust the engine weight, individual 

net mass factors may be applied to the components or net mass adders may be used. This remains 

at a value of unity for the inter-compressor duct at the bottom of the left-hand box in Table 3.9 

since little of the detailed structure, such as passage of service lines through the vanes and tower 

shaft for power extraction, is unaccounted for in our simple model.  

 

 

3.7  High Pressure Compressor  
 

 
 

Table 3.10:  High Pressure Compressor Aerodynamics Input & Output 

 

Again, we set the speed of the HP spool via the tip speed and the corresponding radius. General 

aerodynamic characteristics of the HP compressor are given in Table 3.10, while the geometry is 

defined in Table 3.11.    
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Table 3.11:  High Pressure Compressor Geometry Input & Output 

 

3.8  Combustor 
 

 
 

Table 3.12:  Combustor Geometry Input & Output 
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A fairly conventional annular combustor is used and geometric details are given in Table 3.12.  

The high density of its material corresponds to the necessary thermal properties. The combustor is 

a major structural component, linked closely to the HP turbine first vane assembly. This is 

emphasized by its significant mass.  

 

 

3.9  High-Pressure Turbine  

 

 
 

Table 3.13:  Input to Calculate High Pressure Turbine Efficiency 

 

We chose to have GasTurb14 calculate isentropic efficiency based on the data shown in Table 

3.13, because additional valuable information is then generated, in addition to velocity diagrams 

and the corresponding Smith Chart [7]. Note that the values of the efficiency contours are 

expressed as fractions of the maximum value on the chart.  

 

A general summary of the HP turbine aerodynamics and performance is presented in Table 3.14, 

followed by the velocity diagrams and Smith Chart in Figure 3.5.  In Table 3.14, the value of AN2 

(a measure of the disk rim stress) at almost 37 x 109 in2 rpm2, is fairly modest by today’s standards 

high compared with a typical limit value of 45 x 109. That informs us that higher rotational speeds 

are feasible in your new engine designs – depending on the geometry! In contrast, the velocity 

diagram in Figure 3.5, is fairly aggressive, with a high blade turning angle around 120° degrees 

and a stage  loading coefficient ψ = ΔH/U2 of 2.69. What the Smith Chart tells us is that we may 

be able to reduce the stage loading coefficient to a value near 1.7 by increasing the mean blade 

speed via a higher mean radius and inlet radius ratio. But if we were to do that, the stage flow 

coefficient φ = Va/U would need to be held constant by squeezing the flow are to increase the axial 

flow velocity. The efficiency would improve as the HPT design point moved vertically 
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downwards. The trade-off against mass would then need to be considered in the final comparison 

of engine candidates.  

 

 

 
 

Table 3.14:  High Pressure Turbine Aerodynamics Output 
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Figure 3.5: High Pressure Turbine Velocity Diagram & Smith Chart 

 

 

 
 

Table 3.15:  High Pressure Turbine Geometry Input & Output 

 

HP turbine geometric details are shown in Table 3.15.   
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We have already emphasized the critical role of disk weights in a practical engine model, so with 

that in mind, let us illustrate how disk sizing is carried out, using the single HPT stage as an 

example. Table 3.16, from GasTurb14, illustrates this. The three sections of the figure show the 

input, the boundary conditions and the output as we move from left to right.  

 

In the input, a realistic radial temperature has not replaced the default value of 300F, since this is 

used in estimating transient behavior. We have selected a hyperbolic disk and set stress margins. 

The major geometrical controls for the disk design appear in the lower portion of the input table. 

The lower the bore radius the better, since radial stresses are reduced. A satisfactory disk solution 

is brought about by a smooth manipulation of the available features, usually one at a time! 

GasTurb14 permits the search for suitable combinations to be done automatically but I prefer the 

old fashioned manual method, because then I can see what is happening! 

 

The boundary conditions, in the central display, include features and conditions from the flowpath 

and the blade count. There is a default for the blade and vane solidity, which is normally set to 0.5. 

I find very frequently that this results in an excessive number of rotors, which leads to difficulties 

in meeting the disk stress limits. The blade count is altered by manipulating the Pitch/Chord Ratio 

in Table 3.15.   A value of unity reduces the number of blades by 50%.  

 

In the output display, look for a positive value of Minimum Margin (%). A value in excess of zero 

results in aa disk that is acceptable but something around 10 to 20%  is better because it offers a 

more stable solution and also one which is acceptable at overspeed off-design conditions. (See the 

comment in the second bullet in Sub-section 4.1.) 
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Table 3.16:  High Pressure Turbine Disk Input, Boundary Conditions & Output 

 

 

3.10 Inter-Turbine Duct 
 

 
 

Table 3.17:  Inter-Turbine Duct Input & Output  
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3.11  Low-Pressure Turbine   

 

Characteristics of the low pressure turbine are presented in Tables 3.18 to 3.20 and Figure 3.6.   

Except for the comments about excessive disk rim stress, the discussion is the same as for the HP 

turbine.  

 
 

Table 3.18: Input to Calculate Low Pressure Turbine Efficiency 

 

 

 

Table 3.19: Low Pressure Turbine Aerodynamics Input & Output 
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Figure 3.6: Low Pressure Turbine Velocity Diagram & Smith Chart 

 

The Smith Chart in Figure 3.6 indicates that our LPT has a better isentropic efficiency than its 

HP counterpart and this is confirmed by the less aggressive velocity diagrams for the first and 

last stages. 

 

 
 

Table 3.20:  Low Pressure Turbine Geometry Input & Output 
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3.12  Exhaust and Nozzle  
   

The core exhaust is directly downstream of the low pressure turbine. It is comprised of an outer & 

inner casing, and a cone that closes off the inner casing. There is also a set of struts - a frame, 

which supports the rear bearing and centers the rotating assembly. Table 3.21 contains the input 

and output details of the exhaust geometry.  

 

 
 

Table 3.21:  Exhaust Geometry Input & Output 

 

Geometry and mass of the core nozzle elements are presented in Table 3.22.   

 

 
 

Table 3.22:  Nozzle Geometry Input & Output 
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3.13  Overall Engine  

 

 
 

Table 3.23:  Overall Engine Input & Output 

 

The dry weight of 5432 lbm, published in Reference 2, excludes the nozzle, so strictly we should 

allow for this in Table 3.23 when we estimate the net mass factor that accounts for the secondary 

systems outside the flow path that are not included in our preliminary engine design. When we do 

this, however, it makes very little difference to the predicted  value of the overall engine mass. So 

we ignored its effect. Geometric details of the overall engine are provided in Table 3.23.  The 

overall total mass of the engine, at 5226 is 0.15% less than our target value. Good enough, we have 

more  important things to worry about!  
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4.  The New Propulsion System; Specific Instructions 
 

4.1 Overall Approach to the RFP 

 

• The task of building the baseline engine model is deliberately set to provide training and 

experience in generating a model that works and looks right. Essentially, you are addressing a 

problem to which you have been given the answer. The baseline model data in Section 3 

contains typical values for a multitude of parameters and thermodynamic stations. It 

exemplifies what you should include in your proposal in quality and technical level. The design 

point for your baseline engine model is at static sea level take-off conditions. You should 

replicate the baseline engine model with whatever software you will use for your new engine 

design so you have your own version of the baseline. Describe briefly how your baseline model 

was generated. This is an important learning exercise! Your results may not match our baseline 

model exactly but is essential for you to make a valid comparison of weights and performance 

against your new hybrid-electric propulsion system candidates.  

 

• When we ran our baseline turbofan model off-design at TOC (0.8 Mach, 35,000 ft altitude), 

the LP spool speed increased from 5273 rpm to 5366 rpm. This meant that the LPT disks no 

longer were within their stress margins. Therefore it is recommended that you “over-design” 

your disks in your baseline model at static take-off.  

 

• The new hybrid-electric propulsion system is to be designed at top-of-climb (TOC) or cruise 

conditions. This is because engines for commercial passenger aircraft are usually designed 

where most of the fuel is consumed. Unfortunately, very little information at cruise conditions 

is made public at and we have been forced to work with what we could get. So you must run 

your baseline engine model off-design at an altitude of 35,000 ft. and Mach 0.8 to determine 

the  STARC-ABL aircraft thrust requirement at cruise with two baseline engines. This is the  

overall target net thrust for your new hybrid-electric propulsion system.  

 

• The overall net thrust target must be delivered by the combination of two new conventional 

turbofans plus the rear electric fan. The fan is driven by power extracted equally from the LP 

spools of the two primary engines. The turbofans in your new system must therefore deliver 
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thrust directly aa well as drive the rear fan. There are a large number of design combinations 

that may be considered for the new primary engines in terms of size or flow rate, bypass ratio, 

HPT versus LPT trades, turbine stage counts, etc. And the same can be said for the electric fan 

in terms of flow rate, pressure ratio and diameter. You should examine a select matrix of new 

hybrid-electric propulsion systems to determine the mass and performance trends in order to 

select your best candidate. 

 

• The advent of hybrid-electric propulsion has introduced a modern design parameter to define 

how much power we can extract from a source turbine on either the high- or low-speed spool 

and also has forced us into re-thinking how we  apply our old established design criteria. The 

level of power extraction or degree of hybridization (DoH) is expressed as a percentage of the 

source turbine power by 

 

DoH = 
𝑷𝒐𝒘𝒆𝒓 𝑬𝒙𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏

(𝑷𝒐𝒘𝒆𝒓 𝑬𝒙𝒕𝒓𝒂𝒄𝒕𝒊𝒐𝒏+𝑷𝒓𝒐𝒑𝒖𝒍𝒔𝒊𝒗𝒆 𝑷𝒐𝒘𝒆𝒓)
 

where 

Propulsive Power = Net Thrust × Flight Velocity. 

 

      For a conventional turbofan, DoH is close to zero, as the power extraction may be considered         

      to be zero.  

 

You need to use this parameter in the design of your new hybrid-electric system. Define DoH 

as a composed value so you can investigate how it affects performance and net thrust from 

both primary gas turbine engine and the electric fan in a parametric study.  

 

• Select your best propulsion system based on mass and fuel burn over a simple mission. Define 

the simple mission based on a typical flight profile for a Boeing 737-800 or Airbus A320. You 

do not need to calculate installed thrust but please comment on the effect of engine weight on 

how the overall aircraft weight would modify your calculations and make a statement on the 

negative effects of installed thrust. 
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• Run your hybrid-electric system in the off-design mode at static take-off conditions. Document 

how well the overall net thrust to the aircraft matches that from two baseline engines? 

 

• Please discuss boundary layer ingestion. Why is it attractive? What problems are encountered 

in its adoption? 

 

It should  be noted that the baseline engine model has been constructed at sea-level static take-off 

conditions where the maximum capable thrust is generated. The value of 24227.5 lbf net thrust in 

the top right of Table 3.4 is roughly two times that required by the aircraft for that maneuver and 

the same may be said for other segments of the mission. This is reflected in the small thrust values 

in [1], which correspond to actual operations and not to potential maximum delivery of the engines.  

 

 
 

Table 4.1: Baseline vs Hybrid-Electric Thrust Requirements 

 

 

4.2 A Hybrid-Electric System with Rear Fan 

 

Let’s think for a few minutes about how we model an electric rear fan, driven by power extracted 

equally from two primary gas turbine engines. Most preliminary design codes for gas turbine 

address a single propulsion system any one time, and we are about to handle two turbofans and a 

fan simultaneously.  
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Figure 4.1: Operation of the Electric Fan 
 

Figure 4.1 shows an electric fan assembly using GasTurb14 and indicates how it works. The 

generator is connected physically to the LP turbine through the gearbox at the top. The rotational 

speeds of the LP spool in the primary engine and the generator may be different. We do not pretend 

to be electrical engineers and we allow our software to handle the electrical components and chose 

the simple alternative from the two available. You should do this regardless of the software you 

are using or may have developed yourselves.  
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Figure 4.2: Primary Turbofan & Electric Fan Assembly 
 

Figures 4.2 and 4.3 indicate how we accommodate two primary engines in our design scheme. In 

our hybrid-electric model, we define the LPT power  offtake from one of our primary engines as 

that being fed directly to the generator. To account for the identical input from the second primary 

turbofan, we set up am equivalent negative power offtake from the electrical system – that is, 

another input! To ensure that the two distinct types of power input are identical, we set up an 

iteration within the cycle calculation, which is indicated in Figure 4.3.   
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Figure 4.3: Simulation of an Electric Fan Driven by Power Extracted from Two Primary Gas Turbine 

Engines 
 

 

 

4.3 Tutorials 

 

Informal tutorial meetings are offered to all teams who submit the team roster and proposal 

information form located at www.aiaa-awards.org. A series of meetings can be set up in the fall of 

2022 and/or the spring of 2023. These are not pre-arranged and you must contact either of the 

authors as soon as possible if you are interested. You can ask any questions you like! General 

advice on running software can also be given. 

 

• You may use any design software which is available to anyone 

• The use of design codes from industrial or government contacts, which are not accessible to 

all competitors, is not allowed.  

 

 

 

 

http://www.aiaa-awards.org/
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5.  Competition Expectations 

 

The existing rules and guidelines for the AIAA Foundation Student Design Competition should be 

observed and these are provided in the Appendix. In addition, the following specific suggestions 

are offered for the event.  

 

For identification purposes: 

NAME YOUR TEAM & NAME YOUR ENGINE 

 

This is a preliminary engine design. It is not expected that student teams produce design solutions 

of industrial quality, however it is hoped that attention will be paid to the practical difficulties 

encountered in a real-world design situation and that these will be recognized and acknowledged. 

If such difficulties can be resolved quantitatively, appropriate credit will be given. If suitable 

design tools and/or knowledge are not available, then a qualitative description of an approach to 

address the issues is quite acceptable.  

 

In a preliminary engine design, the following features must be provided: 

 

• Definition and justification of the mission and the critical mission point(s) that drive the 

candidate propulsion system design(s). 

 

•  A clear demonstration that the overall engine performance satisfies the mission requirements. 

 

• Documentation of the trade studies conducted to determine the preferred engine cycle 

parameters such as fan pressure ratio, bypass ratio, overall pressure ratio, turbine inlet 

temperature, etc. 

 

• An engine configuration with a plot of the flow path that shows how the major components fit 

together. 
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• A clear demonstration of design feasibility, with attention having been paid to technology 

limits.  

 

• Estimates of component performance and overall engine performance to show that the 

assumptions made in the cycle have been achieved. 

 

While only the preliminary design of major components in the engine flow path is expected to be 

addressed quantitatively in the proposals, the role of any special secondary systems such be given 

thoughtful consideration in terms of how it would be integrated into the new engine design. Credit 

will be given for clear descriptions of how any appropriate upgrades would be incorporated and 

how they would affect the engine cycle.  

 

Each proposal should contain a brief discussion of any computer codes or Microsoft Excel 

spreadsheets used to perform engine design & analysis, with emphasis on any additional specific 

features generated by the team.  

 

The page limit for proposals is 50 pages, which will not include the administrative/contents 

or the “signature” pages.  
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Available Software and Additional Reference Material 

 

“NPSS® Academic Edition (www.npssconsortium.org):  Numerical Propulsion System 

Simulation® (NPSS®) proudly sponsors the AIAA Undergraduate Engine Design Competition, 

with the hope to help students develop valuable skills for the aerospace industry. An academic 

version of the NPSS software is available for free to all students throughout the world. NPSS is 

the industry standard for aerospace engine cycle design, analysis, and system integration. Primary 

applications include aerospace systems, but it can also be used for modeling rocket propulsion 

cycles, Rankine and Brayton cycles, refrigeration cycles, and electrical systems. A copy of the 

newly released NPSS Integrated Development Environment (IDE) is available for students 

participating in the AIAA Undergraduate Engine Design Competition.” NPSS®  

 

 

GasTurb14 is a comprehensive code for the preliminary design of propulsion and industrial gas 

turbine engines. It encompasses design point and off-design performance, based on extensive 

libraries of engine architectures and component performance maps, all coupled to impressive 

graphics. A materials database and plotting capabilities enable a detailed engine performance 

model to be generated, with stressed disks and component weights. A student license for this code 

is available directly strictly for academic work. A free 30-day license may also be down-loaded. 

(http://www.gasturb.com) 

 

 

AxSTREAM EDU™ by SoftInWay Inc. (http://www.softinway.com) AxSTREAM® is a 

turbomachinery design, analysis, and optimization software suite used by many of the world’s 

leading aerospace companies developing new and innovative aero engine technology. 

AxSTREAM EDU™ enables students to work on the design of propulsion and power generation 

systems. AxCYCLE™, an add-on to AxSTREAM EDU™ addresses cycle design and analysis. 

Participants in the AIAA Undergraduate Team Engine Design Competition can acquire an 

AxSTREAM EDU™ license via the following steps:  

• Complete the team roster and proposal information form located at www.aiaa-awards.org  

http://www.npssconsortium.org/
http://www.aiaa-awards.org/
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• Once the form has been received and approved, names of team members will be recognized 

as being eligible to be granted access to the AxSTREAM EDU™ software by AIAA.  

• Students must then contact the AIAA Student Competition Chair, listed with the abstract, 

who will then arrange for SoftInWay to grant the licenses. 

In addition to the software, students will also gain free access to STU, SoftInWay’s online self-

paced video course platform with various resources and video tutorials on both turbomachinery 

fundamentals.  

 

 

The offers above are subject to ITAR restrictions. 
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Appendix. Rules and Guidelines 

 

2022 AIAA Foundation Engine Design Competition for Undergraduate Teams 

 

To be eligible for the AIAA Engine Design Competition for Undergraduate Teams, you must 

complete the team roster and proposal information form located at www.aiaa-awards.org. This 

information must be submitted by 23:59 hrs. US ET, October 30, 2022  . If you have any questions 

about the process for submitting this information, please direct them to studentprogram@aiaa.org. 

 

 

I.  General Rules 

 

1. All undergraduate AIAA branch or at-large Student Members are eligible and encouraged to 

participate.  

 

2. Teams will be groups of not more than four AIAA branch or at-large Student Members per 

entry, unless a larger team has been requested and approved.  

 

3. An electronic copy of the proposal in PDF format must be submitted electronically to AIAA 

Student Programs. Total size of the file(s) cannot exceed 60 MB, which must also fit on 50 pages 

when printed. The file title should include the team name and/or university. A “Signature” page 

must be included in the report and indicate all participants, including faculty and project 

advisors, along with their AIAA member numbers. Designs that are submitted must be the work 

of the students, but guidance may come from the Faculty/Project Advisor and should be accurately 

acknowledged. Graduate student participation in any form is prohibited.  

 

4. Design projects that are used as part of an organized classroom requirement are eligible and 

encouraged for competition.  

 

5. More than one design may be submitted from multiple teams of students at any one school.  

 

http://www.aiaa-awards.org/
mailto:studentprogram@aiaa.org
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6. If a design group withdraws their project from the competition, the team chair must notify AIAA 

Headquarters immediately. 

 

7. Judging will be in two parts.  

• First, the written proposals will be assessed by the judging panel comprised of members of 

AIAA organizing committees from industrial and government communities.  

• Second, the best three teams will be invited to present their work to a second judging panel 

at a special session to be arranged in the AIAA Aviation Forum, in June 2023. Scores for 

the presentations will be combined with those from the written proposals to determine first, 

second and third places.  

 

8. Commemorative custom-engraved plaques will be presented to the winning design teams for 

display at their universities and a certificate will also be presented to each team member and their 

faculty/project advisor. The finishing order will be announced immediately following the three 

presentations. 

 

II. Copyright 

 

All submissions to the competition shall be the original work of the team members.  

 

Any submission that does not contain a copyright notice shall become the property of AIAA. A 

team desiring to maintain copyright ownership may so indicate on the signature page but 

nevertheless, by submitting a proposal, grants an irrevocable license to AIAA to copy, display, 

publish, and distribute the work and to use it for all of AIAA’s current and future print and 

electronic uses (e.g. “Copyright © 20__ by _____. Published by the American Institute of 

Aeronautics and Astronautics, Inc., with permission.). 

 

Any submission purporting to limit or deny AIAA licensure (or copyright) will not be eligible for 

prizes.  

 

III. Schedule and Sequence of Activities  
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Significant activities, dates, and addresses for submission of proposal and related materials are as 

follows: 

 

A. Submit team roster and proposal information form by October 30, 2022 

B. Receipt of Proposal – April 1, 2023 

C. Proposal evaluations completed - May 1, 2023 

D. Round 2 Proposal Presentations & Announcement of Winners at a special session of the 

AIAA Aviation Forum; date to be decided, in June 2023.  

 

IV. Proposal Requirements  

 

In government or industry, the technical proposal is the most important criterion in the award of a 

contract. It should be specific and complete. While it is realized that all of the technical factors 

cannot be included in advance, the following should be included and keyed accordingly:  

 

1. Demonstrate a thorough understanding of the Request for Proposal (RFP) requirements.  

 

2. Describe the proposed technical approaches to comply with each of the requirements specified 

in the RFP, including phasing of tasks. Legibility, clarity, and completeness of the technical 

approach are primary factors in evaluation of the proposals.  

 

3. Particular emphasis should be directed at identification of critical, technical problem areas. 

Descriptions, sketches, drawings, systems analysis, method of attack, and discussions of new 

techniques should be presented in sufficient detail to permit engineering evaluation of the proposal. 

Exceptions to proposed technical requirements should be identified and explained.  

 

4. Include tradeoff studies performed to arrive at the final design.  

 

5. Provide a description of automated design tools used to develop the design.  
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Proposals should be  submitted to www.aiaa-awards.org 

 

V. Basis for Judging  

Round 1: Proposal 

1. Technical Content (80 points)  

This concerns the correctness of theory, validity of reasoning used, apparent understanding and 

grasp of the subject, etc. Are all major factors considered and a reasonably accurate evaluation of 

these factors presented?  

 

2. Organization and Presentation (10 points)  

The description of the design as an instrument of communication is a strong factor on judging. 

Organization of written design, clarity, and inclusion of pertinent information are major factors.  

 

3. Originality 10 points)  

The design proposal should avoid standard textbook information and should show independence 

of thinking or a fresh approach to the project. Does the method and treatment of the problem show 

imagination? Does the approach show an adaptation or creation of automated design tools? Focus 

on an “industrial approach” rather than an academic one. 

 

Round 2: Presentation 

Each team will have 30 minutes to present a summary of their proposal to the judging panel with 

an additional 15 minutes for Q&A. In addition to the categories above, the presentations will be 

assessed for clarity, effectiveness and the ability to sell the teams’ ideas. Scores from the 

presentation will be added to those from the proposal. The presentation score will be adjusted so 

that it is worth 30% of the overall value. 


