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2.0 Project Description 

2.1 Purpose 

             Unmanned Aerial Vehicles (UAVs) are increasingly being used in military, civil, and scientific 
applications. Using batteries to power the onboard instrumentation is problematic due to issues of battery 
weight/volume, as well as issues with battery charge capacity [1]. Both of these issues restrict the number of 
sensors on board as well as the system endurance. A solution to this problem that is applicable to UAVs using 
mini-turbojet engines, such as the one shown in figure 1, is to generate the required power from the engine 
itself. 

  
 

 
Figure 2.1 – JetCat P-80SE Engine[2] 

 
             The goal of this project is to design and build a power extraction unit for a JetCat P-80 SE mini-   
turbojet engine that will generate 500 Watts of electrical power at 24VDC over TBD % of the engine’s thrust 
range. Success of the project will see an increase in the utility of UAVs by creating an on board power source 
that does not have the limitations of battery power. 

2.2 Objectives 

    There are four levels of success defined for this project; the base level, level one, represents the 
minimum criteria for the project to have any element of success. Level one is defined by the requirements 
from the customer for the project, the US Air Force. As per project rules, the power extraction unit must 
generate 500 Watts of power at 24 Volts. The power extraction unit must produce this power after the engine 
has been running no longer than TBD seconds. The engine, including the power extraction unit, must be 
compatible with the existing test stand that will be used in the final test demonstration. This test stand will be 
provided by the US Air Force at WPAFB, where the system will be tested. Additional testing will also occur 
locally at Boulder Airport, but the test stand used for these tests may be modified to fit the power extraction 
unit.  

The second level of success is to satisfy the level one conditions while also reducing thrust by no 
more than TBD and increasing specific fuel consumption by no more than TBD, compared to baseline tests 
for the unaltered JetCat P-80SE engine. Additionally, the power extraction unit will produce 500 W 
throughout the engine’s operating range. Note: The thrust and specific fuel consumption parameters will be 
determined upon acquisition of additional scoring information from the customer, Lt Joseph Ausserer.   
             The third success level adds the goals of adding no more than the weight and volume to the engine 
than would be added by a battery pack that supplied equivalent power (500 W at 24 Volts). The final success 
level, level four, is for the power extraction unit to fulfill all lower level goals and for the power extraction 
unit to be entirely external to the JetCat engine. Internal modifications, such as tapping the main shaft of the 
engine, are allowed by the customer but the highest level of success is defined as the most modular solution. 
That is, the power extraction unit will not alter the interior of the engine or its operation. If this level of 
success is achieved, only the power extraction unit will need to be brought to the demonstration at WPAFB, 
otherwise the power extraction unit and the modified engine will both need to be transported. 
             The deliverables to the customer are the power extraction device, an explanation and poster 
describing the project, and a final design paper. The group must fly to Wright Patterson Air Force Base in 
Dayton Ohio to present the poster and demonstrate the power extraction device [3]. The senior projects course 
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also has deliverables. Papers, presentations, and reviews occur over the course of the class, in addition to the 
operational power extraction unit. 

 
2.3 Functional Requirements and CONOPS 
 

The functional block diagram (FBD) is designed to visually show how the project will be tested and 
verified once it has been designed and built. This diagram starts with the JetCat engine and from this, energy 
is moved to the power extraction unit (PEU) and sensors built into the engine send information to a Data 
Acquisition or DAQ card. The power extraction unit is the only part of the system that will be built from 
scratch. The PEU takes the energy from the engine and will convert this into usable electricity that is sent to 
the DAQ, along with other measurements. The DAQ card and computer then takes all of the information 
provided from the PEU, the engine, ambient parameters, and other information and performs calculations to 
determine the specific fuel consumption, reduction in thrust, and the total electric power produced by the 
system. 

 

 
Figure 2.2. Functional Block Diagram 

             
 

             The CONOPS diagram in Figure 3 on the next page outlines the concept of operations for the 
COMET project.  This Concept of Operations illustrates how the designed power extraction unit will fit into 
the overall mission of the aircraft it will be operating on. 
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Figure 2.3. Concept of Operations 

3.0 Design Requirements 

              Requirements flow down is an important part of the design process because it helps define the 
goals for the project. These goals guide design decisions and need to be established early in the design 
process. To aid this, functional requirements were derived from the customer. This project is part of a larger 
outreach program sponsored by the US Air Force, and the guidelines for the program give the functional 
requirements. From there, the top level design requirements were formed. These are also based on customer 
input but also have design elements from this team. For example, requirement 1.1 states that the design 
solution shall not decrease the stock thrust by more than TBD %. The customer specified that the thrust 
should be impacted as little as possible, but did not specify what thrust degradation was allowable. Thus, the 
team will select a percentage of the stock thrust as the maximum allowable drop. The top level design 
requirements are directly related to the functional requirements; the design requirements give further detail on 
what will be needed to achieve the functional requirements. 
              Another important part of these requirements is how they will be verified and validated. There are 
four categories of verification and validation for this project: inspection, demonstration, test, and analysis. 
Inspection is the simplest level of verification and can be performed with no tools or equipment. The 
verification consists of comparing the requirement to the system and making sure they are compatible. For 
example, if a requirement states that the final product must be painted red, this could be verified using 
inspection because it can be seen to be true by observation without any tools. The next level of verification is 
demonstration. Demonstration involves showing that the design solution fits certain measurement or interface 
limits. Some measurement tools may be required for this method of verification, but the system can fulfill 
these requirements without being switched on. 

The third type of verification is testing. To verify a requirement using testing, the system needs to 
operate while data is being taken; this data is then used to show the system met the requirement in question. 
For example, if a requirement states that the system shall provide alternating current of a given magnitude, 
this requirement could be verified using testing. The system would run, the current would be measured and 
the requirement would be verified (or not). Finally, analysis can be used to verify requirements. Analysis also 
needs testing of the system to occur, but the raw data from the test is not sufficient to satisfy the requirement. 
For example, if a requirement stated that a system shall have a thermal efficiency of 20%, analysis would be 
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used. Testing would be done to obtain data on the system’s operation and then this data would be analyzed to 
find the thermal efficiency. Thus, analysis is the most complex method of verification and validation. 

Using these defined types of verification and validation, a requirements flow down was developed 
for the COMET project. The results are shown in Table 3.1 and 3.2. 
 

Table 3.1. Functional Requirements 
# Requirement Source Verification 
1.0 Design solution shall generate 500W of electrical power. Customer Test 
2.0 Power generated shall be transmitted using 24V DC current. Customer Test 
3.0 Design solution shall be able to derive power from a JetCat 

P80-SE miniature Jet Engine. 
Customer Demonstration 

4.0 The design solution, when integrated with the JetCat P80-SE 
engine, shall interface with the test stand designed by the 
costumer. 

Customer Demonstration 

5.0 A test of the design solution shall be able to be setup, run, 
and torn down in no more than three hours. 

Customer Test 

 
 
Table 3.2. Top-Level Design Requirements 

# Requirement Source Verification 
1.1 The design solution shall not decrease stock thrust by more than TBD% Customer Test 
1.2 The design solution shall not increase the stock thrust specific fuel 

consumption by more than TBD% 
Customer Analysis 

1.3 The design solution shall generate the required power while the engine is 
operating between TDB% and TBD% of max thrust. 

Customer Test 

2.1 The power shall be delivered using no smaller than 16 gauge wire. Customer Inspection 
3.1    
4.1 The dimensions of the design solution integrated with the engine shall not 

exceed those shown below in Figure XX. 
Customer Demonstration 

4.2 The power output shall be able to connect to the power measuring sensor 
using screw terminal blocks. 

Customer Inspection 

5.1    
 
 
 
 
 
 
 
 
 
 

 
 

 
 

Figure 3.1. Dimensions of Test Stand. 
 

The requirements were defined using (reference 3). However, the requirements have been defined 
around the power extraction unit and not the JetCat P80-SE engine so that in the event of anomalies with the 
purchased engine, the project can still succeed. As a note, Functional Requirements without a Top Level 
Design Requirement are required by the customer are not anticipated to affect the design decision at this time. 
As it becomes apparent what effect these requirements will have on our design, the requirements document 
will be revised. Additionally, lower levels of design requirements will be added as the design becomes more 
detailed and developed. 
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4.0 Key Design Options Considered 

             This section presents six different possible solutions for the extraction of 500 watts from the P80-SE 
engine. The techniques were initially classified into mechanical, thermal, or fluid means of power extraction 
as can be observed in figure 4.1. Additionally each technique is discussed individually, and the pros and cons 
of the design for this projects specific purpose are tabulated. 

 

                                             Figure 4.1 Classification of Power Extraction techniques 

4.1 Shaft Energy 
 

             One method of extracting energy from the 
engine is to utilize the rotational energy from the 
drive shaft. Based on back of the envelope 
calculations, the drive shaft has about 1590 Joules 
of total rotational energy at maximum thrust, 
125,000 RPM. This does not take into account 
energy loses from running the compressor. In 
order for the shaft to generate 500W of electricity, 
it needs to be able to supply between 0.04-0.14 
Nm of torque. No information was found about 
the shaft output torque, so if this option is pursued 
testing will be required. Torque is a measured 
quantity, without the engine, the torque cannot be measured, and no data tables correlating torque and RPM 
were found. However, it is believed that the shaft will be capable of supplying the required torque to generate 
500 W. 

 
Pros Cons 

Theoretically able to generate the necessary 500W 
 

In order to get to the shaft the starting mechanism 
would have to be removed and replaced, introducing 
uncertainties in having the ability to automatically 
start the engine. 
 

Easy to test the power extraction method without a 
functioning engine, all that’s needed is a variable-
RPM shaft 

Having potential debris objects in front of the 
engine intake is a hazard.  
Removal of torque from the drive shaft slows the 



Conceptual Design Document 2013 
Aerospace Senior Projects ASEN 4018 

7 
 

rotation of the turbine/compressor, causing a 
possible temperature rise in engine which could 
introduce damage due to high temperatures. 

 

4.2 Piezoelectric Generators 
             Piezoelectric generators are electric devices that convert vibrational energy from either physical 
gyrations or sound into electricity. This is done by utilizing a piezo ceramic material. These materials are 
produced by grinding the material to a powder, heating, and then cooling them to ultimately form a polarized 
crystal molecular structure that includes a dipole. As the ceramic material is compressed and expanded 
through vibrational forces, the dipole inside the ceramic material generates either positive or negative 
voltages depending on if the expansion or contraction is in the same or opposite direction as the dipole. This 
process can be seen visually in figure 4.3 below. 

       

 
 
 
 

 
             Currently piezoelectric devices are being looked at for powering of wireless electric devices, small 
scale batteries, and are currently being utilized at high voltage, low current ignition starters in gas grills, cars, 
and electric walking tiles. 
             If the piezoelectric devices are selected for this project the devices would be placed on the outside of 
the engine in the area with the highest vibration. This will be determined through future testing. However, 
through research this power extraction technique is limited by the current technology of very high voltages 
and very low current, and because P=IV and the low current produces a low power output (currently .42 W on 
the high end) which will not be feasible for this designs specifications.  

 
Pros Cons 

Relatively inexpensive with the allocated budget  Due of the nature of the design only small power 
outputs have been achieved with this design. Thus may 
not be feasible for extraction of 500 W, unless a bettor 
design is achieved or multiple piezoelectric devices are 
utilized.  

Small thus could be flight capable 
Can place anywhere on the engine 
Will not affect the engine thrust or specific fuel 
consumption 
 

4.3 Magnetic Generators 
             Magnetic generators work by changing a magnetic field that has a coil of conducting wire inside of it. 
Due to the interactions between the metal and the magnetic field, a current can be generated in the opposite 
direction of the changing magnetic field, which is the definition of Faraday’s Law.  Traditionally, magnetic 
generators are powered through a shaft that is turned by some form of a moving fluid, such as wind or water. 
These are common in the forms of hydroelectric dams and windmill turbines. In each of these cases, the 
generator has a permanent magnet that spins inside of one or more coiled metal wire bundles, as seen in 
Figure 4.4 [5]. 

Figure 4.3 Activation of piezoelectric ceramics[4] 
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Figure 4.4. Three Phase Electric Generator [5] 

 
This figure shows how a three-phase current is produced, which is the primary method of energy generation 
for power companies. Single-phase generation systems are constructed by only having one coil that 
completely surrounds the spinning magnet. Both of these systems are perfectly viable in generating electricity 
and the only differ in the method in converting multiple phases to direct current power. 
             This spinning magnet causes the positive and negative (north and south) poles of the magnetic field to 
be constantly changing position due to the angular velocity of the magnet. This alternating or repeating 
magnetic field then causes an alternating current to be produced in the wire coils that has a frequency based 
on the angular rate the magnet is spinning at. The amount of power generated by the generator depends on the 
magnetic field strength, the time for one rotation of the magnet, and the number of coils in the coiled wire. 
For an estimation of 125000 rpms, with neodymium magnets, a generator can generate 24 volts of electricity 
with only 18 coils. To determine the amount of power generated, the voltage is simply squared and multiplied 
by the total resistance in the system using Ohm’s law. To generate 500 watts of power, the total resistance of 
the system must be 1.152 ohms, which is feasible for generator. 
             Typically electric generators produce electricity by spinning at an angular rate of less than 3000 rpms. 
This is due to the fact that most water, wind, and steam-powered systems do not produce the pressures to 
generate the high speeds seen inside of a jet engine. The JetCat P80-SE engine has a maximum speed of 
approximately 125000 rpms at maximum power [6]. High-speed electric generators have been used to produce 
a wide variety of ranges of power, but all of these systems are very large and are not suitable for a miniature 
jet engine. As for small-scale generators, there has been generators built that are approximately 20 mm in 
diameter that produce 100 Watts of power at 500000 rpms [7].  
             This electric generator concept can be utilized by the JetCat P80se engine by potentially installing 
magnets on the compressor or turbine blades and have wire coils placed around the blades on the outside 
casing of the engine. When installing the magnets on the blades, it would be necessary to make sure that the 
north and south pole of each magnet points in exactly the same direction as all of the other magnets. If each 
magnet does not have the north end of the magnet pointed straight up, as seen in Figure 4.4, then the coils 
would not generate the maximum power. 

 
Pros Cons 

No major modification to engine Potential air flow changes in engine, which could lead 
to stalls 

Components of design are well understood  Engine balancing issues  
Components of design are available “Off the Shelf” Magnets start to degrade at high temperatures 

(approximately 550° C)[8] Light Weight Materials 
 

4.4 Thermoelectric Generators 
             Thermoelectric generators (TEGs) work by exploiting a temperature gradient from wasted heat. This 
is done by simultaneously heating one side of a metal and cooling the other so that the metal becomes 
positively charged on one side and negatively charged on the other. In order to do this special semiconductor 
materials are paired in such a way that there is a negative and positive couple that combine in order to move 
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electrons and create voltage flow. This leads to heat being conducted as well meaning the efficiency of 
thermoelectric generators is typically low (only averaging 10-15% )[9]. In order to improve these efficiencies 
the materials would need to have a high electrical conductivity while maintaining a low thermal conductivity 
which is difficult to find. Thermoelectric modules are typically small but are able to produce more power 
when a lot of them are arranged together in a way that leads to higher voltage flow. When these 
thermoelectric modules are combined, they create a thermoelectric generator (TEG). TEGs are currently 
being looked into for applications in cars and power plants. TEGs improve fuel efficiency by about 8% and 
are believed to be in mainstream models of cars by as early as 2017.[9] They are already in use in space 
vehicles by utilizing the ambient temperature of space (~ 3K) and a radioisotope source for the heat. Pratt and 
Whitney are also looking into the applications of TEGs for jet engines, though this hasn’t been done before. 

 

 
Figure 4.5. Diagram of thermoelectric module. A thermoelectric generator 

is composed of multiple strings of these.[12] 

             In some experiments using Silicon-Germanium thermoelectric modules to create the thermoelectric 
generator, under the conditions of a temperature gradient of 200°C and 49 modules in a 6 x 6 x 1 cm 
configuration, only 50 Watts were yielded [10]. In another experiment using Silicon- Germanium, 72 modules 
were used in a 440 x 180 x 170 mm configuration with a temperature gradient of 563°C and only 35.6 Watts 
of power were produced [11]. The biggest challenge that using TEGs will create for extracting 500 Watts of 
power is the creation of the generator and the feasibility to produce 500 Watts of power. That being said with 
higher figures of merit, better materials, and a higher temperature gradient more power can be produced, but 
that brings about the issue of cost of materials [2] and complicates the solution even more. TEGs are a unique 
and novel solution to the problem, but may not be feasible on their own, however, TEGs are still a viable 
option in a hybrid scenario where more than one solution is used to extract the 500 Watts.  
             In order to not disrupt the flow and preserve the stock thrust, the TEGs would need to go around the 
nozzle. This would provide a sufficient temperature gradient with the ambient temperature to generate power. 
If the nozzle is assumed to be 3 inches in length and 4 inches in diameter this provides a surface area of 37.7 
in2 (243.3 cm2). This means that, utilizing the Silicon-Germanium TEGs with the dimensions 6 x 6 x 1 cm, 
would allow the nozzle to have 7 units attached to it which would only allow for about 350 Watts to be 
generated which is not enough to meet the requirement. This is also assumes the use of the entire nozzle 
surface area which leads to insulation of the engine and higher exhaust temperatures which could be a 
potential safety hazard. However, this design solution allows for the possibility of testing without the engine 
as well as the preserving as much stock thrust as possible. Overall, the TEG is an excellent option if there 
were enough surface area to support the amount of thermoelectric modules necessary to produce the amount 
of power required or if the TEGs were of higher efficiency.  

 



Conceptual Design Document 2013 
Aerospace Senior Projects ASEN 4018 

10 
 

 
Figure 4.6. TEGs would surround the nozzle and utilize the heat from nozzle and ambient temperature gradient 

Pros Cons 
Does not disrupt air flow and thus doesn’t affect thrust 
and can possibly increase fuel efficiency 

Would require nearly 500 TEGs surrounding the 
nozzle to achieve 500 Watts of power 

Novel idea. Has never been used on jet engine before Materials cost is high 
Many different versions are available for purchase 
online 

The higher the temperature gradient the more power 
that is produced may lead to necessity of cooling 
system for one side. 

Requires no actual manufacturing or much 
modification of the engine itself 

Mass adds up as many are necessary in order to 
produce the amount of power required 

 

4.5 Compressor Bleed Air 
             Jet Turbine Engine operation can be simplified into four processes: suction, compression, 
combustion, and ejection of the air moving through the engine. On large airliner engines a portion of the post-
compressor air is often ducted out of the engine before it reaches the combustor. This high pressure air is 
called bleed air and is used to pressurize the cabin. This gas can also be used to run a generator, which is the 
basis of this design option.  

 
Figure 4.7 – Bleed air power generation diagram 
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             Figure 4.7 shows a diagram of a potential compressor bleed gas power system. Compressed air would 
be taken through a port to a pressure regulator. The regulator would be used to keep the pressure served to 
generator constant. There are several options that can be used to generate the electricity. A generator type will 
be selected based on a trade study if the bleed air design option is chosen. The pros and cons of this design 
are shown below. 

 

 
To perform the Back of the Envelope calculation to prove the feasibility of this design a large number of 
assumptions were made. These assumptions are summarized as: 

• Pressure Ratio of turbine ~2.8-3.8[13][14] 
• Calorically perfect air  
• Change in velocity across generator negligible 
• No heat transfer from generator 
• Air exits generator at same temperature as environmental air 
• Compressor inlet air is same temperature as environmental air 
• Isentropic Compressor 
• Turbine efficiency of 1 
• Mach of air before and after compressor is negligible  

The governing equation for an ideal turbine with the assumptions mentioned above is[15] 

 
𝑊 =   𝑚𝐶!(𝑇! − 𝑇!)                                                                 (1) 

 
Where 𝑊is the Work produced, 𝑚 is the mass flow through the generator turbine, 𝐶! is the ideal gas specific 
heat of air, and 𝑇! and 𝑇! are the turbine inlet and exit temperatures.  
             Because the compressor is assumed to be isentropic, and no heat is lost from the power extraction 
system the inlet temperature of the gas is governed by the isentropic relation[16] 

 

!!
!!
= !!!

!!!

!!!
!                                                                      (2) 

 
Plugging this relation into the equation for work and solving for mass flow results in  
 

𝑚 = !

!!!!
!!!
!!!

!!!
! !!

                                                                    (3) 

 
Plugging in the values of our assumptions it is found that the mass flow needed to extract 500 watts from the 
engine is between 3.5-4.8 g/s. The Fenix team from a previous year was able to extract 60 g/s before stalling 
their AMT-450 engine. Because their engine had about twice the thrust as the engine this team will be using, 
it may be reasonable to assume that ~30 g/s of air can be extracted before stalling the engine. This means that 
the calculations performed above maybe off by a factor of 6 before issues arise.  

 

4.6 Turbines/ Exhaust Gas 
             Microturbines, also known as turbo-generators and turbo-alternators, are small gas combustion 
turbines that expand exhaust gases through a turbine engine[17]. The high-speed rotations generated by the 
turbine then turns an electrical generator to generate electrical power; this technology can also be applied to 
combined heat and power (CHP) systems, or cogeneration systems, which utilize the waste heat energy from 

Pros Cons 
Power Generation is independent of engine speed and 
temperature. 

Air pulled from engine will degrade performance.  

Components of design are well understood  Generator will be heavy compared to engine.  
Components of design are available “Off the Shelf” Risk of Stalling Engine 

Manufacture requires physically altering engine.  
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the microturbine[18]. However, systems that utilize the microturbine and CHP combination are typically found 
in industrial applications, where the systems are much too large for practical use in a small jet engine.  

 

 
                                    Figure 4.8. Microturbine Applied to Electric Hybrid Automobiles[20] 

             Figure 4.8 shows the application of a microturbine to electric hybrid automobiles. This technology 
was developed widely for use in the automotive industry and has recently begun commercial service within 
the past decade[18]. These microturbines utilize the exhaust gas of an automobile to generate electrical power 
that can be used to increase the efficiency of the automobile itself. This technology is a modern derivative of 
the aviation gas turbine and utilize the Brayton cycle (ideally isobaric and isentropic), where “the exhaust 
products are directly expanded through the turbine”[19].   
             Again, the application of microturbines are found widely in the automobile industry or in corporation 
with CHP systems for large industrial systems. Because the microturbines utilize the waste heat of exhaust 
gases, the resulting gas after being discharged from the turbine leaves at a relatively lower pressure – per the 
mechanics of a turbine. The exhaust microturbine will reduce the kinetic energy of the exhaust stream, 
thereby reducing momentum and exit pressure of the engine[21]. In other words, if this was translated to an 
aviation application the exhaust microturbine will decrease the stock thrust of the engine. Many systems that 
use microturbines share one important trait: their exhaust gases are unimportant in the overall process of the 
system. Though electrical power may be generated using this technology, the decrease in the exhaust exit 
pressure and, thereby, the thrust renders the jet engine ineffective. Depending on the microturbine used, it 
may be possible that there is a large enough build-up of back pressure to stall the engine. 
             However, there have been similar applications of placing multiple turbines after the combustor, such 
as turboshafts and multi-spool turbines.  

 
Pros Cons 

Practical application in industry No application to jet engines 
Utilizes exhaust gases of turbine engine Build-up of back pressure 

Can be designed as engine accessory 
  

Negatively affects stock thrust 
Expensive 

 

5.0 Trade Study Process and Results 

             The main trade study conducted for this project was a comparison of different power extraction    
systems. Once a system is selected, additional trade studies may be conducted to determine the details of the 
design. The options considered for this trade study were examined in terms of the eight metrics listed in the 
table below. There are many more metrics that apply to the designs other than the ones listed in the table. 
However, the number of metrics was reduced to eight to make the weighting of the metrics more significant. 
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If too many metrics were used, no metric would have had a high importance weight; thus, a possible design 
solution that failed a major project goal might have been selected because that major aspect was not 
overwhelmed by the other metrics. 
             Metrics were selected to cover all stages of the design process from preliminary design through to 
testing. The importance of each metric to the likelihood of overall project success determined the weight it 
received. In Table 5.1, the metrics, their definitions, their weight, and the requirements for a design option to 
score well in that metric are shown. 

 
 
Table 5.1. 

Metric Description 

Safety 

This metric involves the safety of the power extraction system to its surroundings, users, 
and itself. This category covers safety during testing/operation and transport. Without a 
safe power extraction device, this project is not feasible because of the importance of 
testing to this project. Thus, safety has a high ranking in the trade study. A very safe 
system receives a high safety rating. 

Weight 

This metric ranks the power extraction system options in terms of how much they are 
predicted to weigh. Since no system has been fully designed, the weight rankings are 
estimates, rather than absolute values. While weight is usually important on engines for 
unmanned aerial vehicles, the APOP states that weight is not very important for this 
design since the power extraction system being developed for this project largely serves as 
a prototype. As such, weight was given a low ranking. A light system receives a high 
weight rating. 

Cost 

The cost metric ranks the power extraction systems on their estimated price. In many 
cases, an exact price is not known since the details of the design have not been worked 
out. The cost rankings are based on estimates of the parts and materials that would need to 
go into each design. Cost is an important feature of any project but most of the power 
extraction systems being examined are relatively inexpensive. Because of this, cost 
receives a low ranking for the trade study. An inexpensive system receives a high cost 
rating. 

Reliability and 
Durability 

This metric ranks the longevity of the system. For a system to receive a high rating in this 
category, the power extraction system must work every time the engine is turned on. The 
system must be easy to troubleshoot or access if it does not work. The function may not be 
altered by multiple uses and be able to withstand the standard operating environment. This 
metric is ranked with a medium importance because a durable system would save time 
during tests but occasional maintenance would not have a large negative impact on the 
project. A reliable and durable system received a high rating in this category. 

Testability 

This metric measures how well the system can be tested. The system should be able to go 
through several tests in a row and data should be able to be taken for each test. 
Additionally, to receive a high rating in this category, the system must be able to be tested 
without the engine in case the engine will not start on the day of testing. Also, the system 
should not require modifications to the test stand at WPAFB. This implies that the system 
must be capable to being transported to WPAFB and operating there. This metric is of 
high importance because one of the final deliverables to the customer is a demonstration 
test of the working power extraction system. A system that is compatible with these 
testing guidelines receives a high ranking for this metric. 

Technology 
Readiness Level and 

Simplicity of 
Implementation 

This metric represents the risks associated with building and manufacturing the power 
extraction system. The system should not require highly specialized equipment to 
manufacture. A system will receive a high rating in this category if it mostly uses 
commercial-off-the-shelf parts as there is information about these parts available. The 
technology readiness level is defined as the amount of knowledge about the design 
concept and the parts needed to produce it. This includes team knowledge and existing 
data from external research. This metric has a medium ranking because designing every 
part of the design may be too time-consuming but not all parts have to be commercial-off-
the-shelf for the project to be a success. The more information is available about the 
design concept and the components needed, the higher the rating a system gets in this 
category. 
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Feasibility to 
Generate 500 W 

This metric shows the likelihood that the power extraction system in question will be able 
to generate the required 500 W of power. This assumes operating conditions are suitable 
for the power extraction system and that the engine is functioning normally. This is the 
highest ranked metric because being able to generate 500 W of power at 24 V DC is the 
lowest level project goal. As such, a system that is very likely to be able to generate 500 
W receives a high rating for this metric. 

Impact on Thrust 
and TSFC 

This metric relates to the negative impact the power extraction system has on the engine 
performance. The goal of this project is to generate power without significantly reducing 
the performance of the engine, as measured by thrust and thrust specific fuel consumption. 
This metric receives a high importance because APOP will score the project based on how 
much the engine’s performance has degraded from the unaltered engine. A system that has 
a small impact on the thrust and thrust specific fuel consumption will receive a high rating 
in this category. 

  
             Once research had been done on the design alternatives being considered, a trade study was 
performed using the metrics above. Each design option was rated on a scale of one through three for each of 
the eight metrics, with three being the highest and one the lowest. In terms of the trade study, this means that 
a score of three indicates a high likelihood of satisfying the given metric while a one implies that the design 
solution has almost no chance of satisfying the metric. Once scores were assigned, the total for each option 
was found by multiplying the rating for each metric by that metric’s weight and adding all values for a design 
solution. The results of the trade study are shown in Table 5.2 below. 
 
Table 5.2. Metrics trade study 

Topic Weight 
Engine Shaft 
Energy  

Piezoelectric 
Generator 

Magnetic 
Generator 

Thermal  
Electric 
Generator  

Compressor 
Bleed Air 

Exhaust Gas 
Micro-
turbine 

Safety 14 1 2 2 2 2 1 
Weight 5 2 3 3 2 2 2 
Cost 8 2 2 3 1 2 1 
Reliability 11 1 2 2 3 3 2 
Testability 14 3 2 3 3 3 3 
TRL 9 2 2 2 2 2 2 
Feasibility 22 2 1 2 1 3 2 
Impact 17 1 3 2 3 2 2 
Total 100 1.72 2.00 2.27 2.12 2.47 1.92 
 
6.0 Selection of Baseline Design 

             To evaluate the results of the trade study a score of 1-3 was used with 3 being the highest. If the 
design was given a score of 1, there is very low confidence that the system will meet expectations and that 
significant work will be needed to make the system a success. If the design was given a score of three it 
means that there is a high amount of confidence in the success of the design. To determine the score of a 
design each member of the team was assigned a design to research with the metrics in mind. Then each 
member presented and explained their design, and gave a preliminary score of the design for each metric. The 
team would then voice any opinions or questions they had and would come to a consensus about the score. 
This process was repeated until every design solution was covered.  
             For the trade study conducted the highest weight was assigned to the feasibility to generate 500W of 
electrical power. In this regard only using bleed air from the compressor was given the highest score of a 
three, the calculations used to evaluate this feasibility are in section 4.5. Due to the large weight assigned to 
the feasibility to generate 500W of power it is important to understand the sensitivity of this metric with the 
trade study outcome. If feasibility is ignored, then the winner of the trade study becomes the thermal electric 
generator (TEG). This aligns itself with common sense as the TEG to only change the temperature of the 
exhaust gas, leading to very little change in engine performance, which is weighted as the second highest 
metric. Unfortunately it is well understood that the TEG design will not be able to produce the required 
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power, and so it will not be carried forward as a possible design solution. This may change if it is found that 
unexpected issues arise with the compressor bleed gas solution and a hybrid system is required to generate 
the 500W.  
             The runner up for this trade study is the magnetic generator concept. If it was given a feasibility score 
of 3, then it would rank higher in this trade study than using compressor blow by gas. However due to the 
uncertainly in the feasibility to generate 500W with this method it must be given a score of 2. The decision 
has been made however that the magnetic generator concept will be carried forward and the final selection 
between it and using compressor bleed gas will be made at PDR.  
             Overall the top candidate is the use of compressor bleed gas. On the whole the solution makes sense, 
and has a lot of heritage in large scale engines, additionally resources from the previous senior projects team 
Fenix can be leveraged in the application of pulling gas from the engine compressor.  
             The path forward calls for obtaining an engine before CDR to characterize the engine, and reduce 
uncertainty in the analysis. Obtaining the engine early will allow for several off ramps to be set up increasing 
the likelihood of project success. It should be noted that since the compressor bleed gas solution has not 
considered what it will use as a power generator, another trade study will be performed before PDR to 
determine the best solution. 
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