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@ PROBLEM STATEMENT

e Increase Thrust-to-Weight (T/W) Ratio of the JetCat P90-RXi Engine
e The engine must run for an extended period of time

Motivation

e The United States Air Force (USAF) would like to implement a T/W

increasing modification into their fleet of Unmanned Aerial Vehicles
(UAV)

e |deal solution would be low cost and easy to implement with minimal
modification to existing engine
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FUNCTIONAL BLOCK DIAGRAM
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@ FUNCTIONAL REQUIREMENTS

1. The JetCat P90-RXi engine shall have an increased T/W ratio of 20% from stock
parameters.

2. SPECS shall control the engine over the entire operational envelope.
3. SPECS shall run the engine in a safe manner.

4. SPECS shall have a user interface for engine control.



5@ CRITICAL PROJECT ELEMENTS

e Thrust Improvement Modification (- + Nozzle)
o Compressor Pressure Ratio (1)
o Material Properties
e Engine Control Module (ECM)
o Engine Control Loop
o Engine Sensors
e Electronic Control Unit (ECU)
o Communication from User to Engine



Z@ BASELINE DESIGN - OVERVIEW |

T/W Improving
== Mod. (Nozzle)
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BASELINE DESIGN -
THRUST IMPROVING MOD (m)

To increase thrust by 20%, a higher total temperature is required in the combustion chamber (T,,) which

directly increases pressure ratio across the compressor (1)
To increase T,,, must increase fuel flow which increases thrust from stock 100 N @ 130,000 RPM

°
NOZZLE

COMBUSTION

INLET CHAMBER

Needs: Increased compression ratio
in combustion chamber from

stock t; =2.35
Fiy

Capabilities: Increase pressure
ratio in combustion

chamber by increasing
engine compressor
RPM
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@ BASELINE DESIGN -
THRUST IMPROVING MOD (NOZZLE)
e With a new r;;, the exhaust flow must be perfectly expanded at the nozzle exit for max thrust

Needs: New exit area of nozzle to perfectly
expand the exhaust flow due to

new mg dv.  dA

Capabilities: Expand flow to sea level
atmospheric conditions at the
nozzle exit

ww 26’y

New Nozzle
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BASELINE DESIGN - ECU

Purpose: Offboard communication device between ECM
and user interface. Performs computation of
system parameters to output to GUI

Needs:
- Send engine state requirements to ECM
- Send engine throttle commands from user to ECM
- Receive sensor data from ECM for processing

Capabilities: (Arduino Mega)
- 12C communication
- 54 Digital I/O pins
- 256 kB Flash Memory (store program and data)
- 4 x 16 bit timers (control complex timing sequence)
- 4 UART (connect many devices)
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BASELINE DESIGN - ECM

Purpose:
- Control engine sequence operation: Start, Run, Shutdown.

- Control engine to commanded throttle setting from ECU

Needs:
- Read RPM and temperature data from Hall effect and
thermocouple respectively
- Perform DAC/ADC

- PWM motor control - : ‘\{_
- 12C & SPI communication < NS T
‘,’;‘ MEROST R
Capabilities: (ATmega 328P) = Kimed \;
- 6 PWM channels -5;, ' %%
- 20 MHz oscillator ' %

- 32 kBytes flash memory
- 8-channel 10-bit ADC ATmega 328P
- 12C and SPI capable

- 500 kHz internal sampling rate for digital inputs
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BASELINE DESIGN - ECM

(HALL EFFECT SENSOR)

Qutput Waveform Timing Diagram
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BASELINE DESIGN - ECM
(HALL EFFECT SENSOR)

Purpose: Sense RPM, output square wave for
engine control

Needs: Sense RPM >130 kRPM, output to
microprocessor, read pulse width to calculate
RPM

Capabilities: Hall effect Honeywell SS40A -
Measured pulse width duty cycle at 42.5% for 5
kRPM. Pulse width at 130 kRPM is 197.5 us; 13
MS minimum pulse width for rise / fall and
response time of Hall effect sensor

Application Note: Starter assembly - redesign
and 3D print to capture Hall effect sensor and
route wire to ECM without inlet obstruction

New Hall
Effect

Location
.-f

Old Hall
Effect
Location
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BASELINE DESIGN - SOFTWARE
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SUBSYSTEM FEASIBILITY - THRUST
IMPROVEMENT

Improving
od. (Nozzle Software

AR,
| T—
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THRUST IMPROVEMENT FEASIBILITY

Fuel flow is increased

T, increases

Turbine is driven to higher RPM
Compressor pulls in more air with
new RPM

mc increases

Flow is underexpanded with stock
nozzle

Nozzle is redesigned with smaller
exit area (increased flow velocity,
decreased pressure = perfectly
expanded at the exit)
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5@ THRUST IMPROVEMENT REQUIREMENTS

FR.1:  The JetCat P90-RXi engine shall have an increased T/W ratio of 20%
from stock parameters.

DR 1.1: Implement a T/W improving modification that does not affect the
overall operation of the engine and its ability to run for an extended
period of time (2 minutes).

DR 1.2: Any modifications to the engine will not reduce the factor of
safety of any engine component below 1.3 per USAR.
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Z@ MODIFICATION FEASIBILITY PROCESS

Increase engine thrust by 20%

!

What 1. is required? g

v

Is the engine physically

capable of new P, T and
RPM?

—> Work capability of turbine
mmma Energy balance for W_ to W, g

mma \VOrk requirements of compressor

—

 —

SABRE data correlates . to RPM

Ideal cycle calculations verify

mmmme ENgine component properties
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Pressure ratio ( i ) calculation for 20%
increase in thrust assuming:

e |deal Brayton cycle
e Axial compressor

-
1]
o

Fum’nstalled — mO(‘/Q — Vb)

£,
g
w
-
|-
c
I_

100

Model results: Ideal Brayton cycle requires
e = 2.61 to feasibly obtain 20% thrust
increase

2 2.5
T (Pressure Ratio)




Pressure ratio observation for 20% increase in
thrust:

e Observed in SABRE data
o Provides a lower bound for
expected value of
e Required r; therefore expected to fall

between:
o 2.46 (real) - 2.61 (ideal)

RPM (KRPM)

=
e
w
=]
i
=
-

Model results: Increased thrust with
e = 2.46 is feasible to obtain with
~10,000 RPM increase
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@ PRESSURE RATIO FEASIBILITY

Ideal Compressor Work (required) Turbine Work (available)
Stock 19.99 kW 48.01 kW
20% Increase 22.3 kW 46.1 kW

Compressors Turbines

Result: Thrust increase is feasible since there is excess work available from the turbine
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OVERALL IDEAL CYCLE FEASIBILITY (SUMMARY)

e Excess Work Available = Increase Pressure Ratio = Increase Thrust
e Improving the engine cycle model requires engine test runs to gather: Inlet Mass Flow, Thrust, EGT,
RPM, Exit Velocity, Total & Static Exit Pressure

Control Volume Pipe Hall Effect (RPM)

Pitot-Static
(Ve, Pt, Ps)

Load Cell

Pitot-Static
(Thrust) ; ;

(Inlet Mass flow)
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ENGINE COMPONENT ANALYSIS MODEL

e Compressor/Turbine
o Angular Motion
m Low angular acceleration, high angular
velocity
m Stress at blade tip compared to material
yield stress to verify integrity
e Nozzle/Engine Case
o Thin Wall Pressure Vessel
m Stresses calculated with total pressure
at corresponding stations, compared to
yield strength for estimated materials
e Shaft
o Power-Torque Relation
m Shear stresses from compressor and
turbine calculated and compared to
ultimate shear for assumed material

Angular Motion Torque About Shaft o4



5@ CRITICAL ENGINE COMPONENTS

Component (Stock) | MATERIAL YIELD ACTUALLY S
STRENGTH OF | EXPERIENCED
MATERIAL
COMPRESSOR Al 7075 440.57 MPa 23.99 MPa 18.36
ENGINE CASE AISI 301 1089.31 MPa 31.43 MPa 34.66
SHAFT AlISI 301 2123.60 MPa 2.9 MPa 735.87
NOZZLE Inconel 718 661.6 MPa 6.68 MPa 99.04

e Component materials were determined from Alibaba, a vendor of JetCat replacement parts

e All material properties were found in
o Military Handbook-5H --- Metallic Materials and Elements for Aerospace Vehicle Structures
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NOZZLE FEASIBILITY

With new pressure ratio, the required exit area
for perfectly expanded flow at sea level is
0.00138 m?

This is a 26% decrease in stock nozzle exit area
New dimensions can be manufactured

2
©©
N
3
3

MATERIAL TENSILE YIELD | ACTUALLY S
FAILURE EXPERIENCED
NOZZLE DESIGN CoCrMo 350 MPa 5.8 MPa 60.34

e Material property was found from The Japan Institute of Metals --- Mechanical Properties of
Biomedical Co-33Cr-5-Mo-0.3N Alloy at Elevated Temperatures 26



FUTURE WORK NEEDED: MATERIAL & MECHANICAL

e Component material investigation
o Critical engine component materials to be identified through Colorado Metallurgical Services
o Thermal properties characterized through heat and destructive testing to simulate engine
environment
o Explore heat treatments and ablative (thermal) coatings

e Engine testing

o Measure pressure, temperature, mass flow, thrust, thermocouple (front and back of chamber),
nozzle exit velocity

27



@ SUBSYSTEM FEASIBILITY - ECM

- T/W Improving
Mod. (Nozzle) 4
| Software

Project Baseline Modification ECM ECU Project
Description Design Feasibility Feasibility Feasibility Summary 28




ECM DESIGN OVERVIEW

e Engine Control Module (ECM) - controls engine state
e Fuel Pump Voltage == RPM
e Monitors on-board safety limits to initiate automatic engine shutdown

Fuel Valve
Fuel Pump

Starter

[ | Driver e pigita
[ ] sensor PWM

Thermocouple
[ Jotmer mmm Analog
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ECM REQUIREMENTS

FR 2: SPECS shall control the engine over the entire operational envelope.
DR 2.2: SPECS shall maintain idle at or near 33,000 + 100 RPM.

DR 2.2.1: SPECS shall measure input from the thermocouple concurrently with RPM and
fuel pump Pulse Width Modulation (PWM).

DR 2.2.2: SPECS shall measure input from the Hall effect sensor up to 5 kHz rate.

DR 2.2.3: SPECS shall send PWM fuel pump command rate as a percentage of full power.

30



Z@ ECM HALL EFFECT SENSOR TESTING

Hall Effect Honeywell SS40A

System Settings: TEAG =5 mm

Method: Commanded starter to run.
Measured Hall effect waveform properties
using oscilloscope. Duty cycle 42.52%, Freq
= 37.97Hz. ECU LCD readout = 2275 RPM
(37.91Hz), RPM calculation confirmed

Vpp=5.28Y Mean=2.1Y - ; : 2 : : ;s : ; ; ¢
.pfd='26'34ms,u!:req=:‘37_g7|t.u.:A.,.:.,.A:H..:H..:A...:....:....:.A.A:,...:...A

Test Results: Verified Hall effect sensor
functional, communicates and maps correct
RPM
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@ HALL EFFECT SENSOR FEASIBILITY

JetCat implementation of Hall effect sensor has been problematic.

Sensor set beyond datasheet max distance for estimated magnetic NE‘;;;? :
field (35mm). Sensor measured <20% duty cycle (high RPM near 4 Location
sensor limit DC varied). Old Hall

Effect
Specs Solution: Location

e Upgrade Hall effect sensor, relocate closer to magnet for
precision
e New location provides 42% or better duty cycle with higher

accuracy
e Verified new sensor will read RPM up to 300 kRPM (5 mm

away)

KV



5@ ECM DATA SAMPLING RATE: RPM

Microprocessor Pulse Injection

System Settings: Square wave duty cycle = 35%
benchtop waveform generator

Method: Using waveform generator, supplied
frequencies from 50 Hz to 5 kHz (3 - 300 kRPM).
Waveform measured on ECM, then transmitted to
ECU, then converted to RPM and sent to LCD. Total
communication time <20ms.

Test Results: Verified ECM can measure RPM in
excess of 300 kRPM

RPM: 295 CHD:G ‘
EGT:11%
© L

KK}



ECM DESIGN THERMAL TRANSIENTS: EGT i

Method: MEDUSA engine run EGT data
showing max temp rate of change from throttle
command

Needs: Design controller to limit temperature
change to less than 113.7°C/s

Future Test Requirements: Use proportional
linear ramp controller to characterize fuel
delivery and correlate to temperature rate of
rise across RPM spectrum. Adjust fuel pump
ramp rate to maintain less than 113.7°C/s
temperature increase.

Temperature vs Time of EGT for steepest section

e EGT Thermocouple Data
- Line of Best Fit,
Max Rate of Change

Q
@
O
o
o
3
=
o
o
o
=
@
[t

Time (s)
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FUEL PUMP CHARACTERIZATION
TESTING

DR 2.2.3: SPECS shall send PWM fuel pump command rate as a percentage of full power

Methods: ) Fuel Pump Curve through Manifold

e Applied 0.28-5V to fuel pump, 0.5V
increments for 10 seconds Current Max

e Video recorded weight of fuel tank and stop & Operating Level
clock simultaneously 2

e Analyzed change in weight to find mass flow
& voltage relationship

Test Results: Stock fuel flow at max thrust: 4.7 g/s.
Pump can support higher fuel flows needed to
increase Ty, & RPM




@ ECM DESIGN SUMMARY

ECM Completed Testing:

- Communication between all scoped systems verified
- Data transfer rates within design standards at 100 kHz standard mode rate

Future Work:
-Test bed implementation
-Design inlet to relocate Hall effect

-Testing, Thermocouple, Hall effect, Fuel Pump

36



T/W Improving
\ Mod. (Nozzle)
— Software
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ECU DESIGN OVERVIEW

The Electronics Control Unit (ECU):

o Accepts user inputs from GUI and sends to ECM

o Collects sensor data from ECM to process into RPM, temperature
o Off engine connection point for DAQ, GUI

o Allows for offboard processing

Arduino Meg-a”
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@ ECU REQUIREMENTS

FR 4. SPECS shall have a user interface for engine control.

DR 4.2: The SPECS user interface shall take user throttle inputs.

DR 4.3: The SPECS user interface shall have the ability to initiate
the engine start up and shutdown sequences.
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L2

Communications testing:

1.

Verify communications protocol 1.

GUI=ECU=ECM to send
command and execute.

Calculate minimum data transfer 2.

values, test ECM to evaluate
processing time.

Test at maximum data transfer
quantity, test ECM to evaluate
processing time.

ECU DATA LINK FEASIBILITY

Results:

|2C communications verified
through start/shutdown sequence
and LCD display.

Minimum data transfer found to be
5 bytes, transfer time <20ms.

32 byte (I2C maximum) tested time
<50 ms per request (<200ms
maximum)

40



POWER SYSTEM FEASIBILITY

At 8.4VDC (2S LiPo full charge) or 5V (Vcc), used
large benchtop power supply to measure
component current consumption during design
operation

e 11.2A cumulative total
e Select 2S 5200mAh battery with 50C rating
o 260A peak current
o ~20 min runtime at full 100% power
o Less heating for motor control
compared to 3S
o Starter exceeded 5k RPM at 5V

Test Result: Supplied amperage from battery
exceeds max current demand by SPECS

Voltage (VDC) | Current (A) | Power (W)

&lll-gf

PefmuuL!,hunPolyn: Buttey
| —

EEE |

RoHS CE O 7

|
<
wn
@«
€
E
~
<
o

139mm(5.47in)

41



5@ ECU DESIGN SUMMARY

ECU Testing Results:

- 12C communications verified through start/shutdown sequence and LCD
display

- Minimum data transfer found to be 5 bytes, transfer time <20ms

- 32 byte (I12C maximum) tested time <50 ms per request (<200ms
maximum)

Future Work;

- Implement closed loop control with Hall effect sensor feedback
- Design Start, Run and Stop sequences based on operational guidelines
- Implement GUI control of ECU and display system parameters on GUI

42



@ OVERALL ELECTRONICS FEASIBILITY

Testing verified on:

@)

@)

@)

Verified maximum power requirement attainable with readily available LiPo battery
Communication protocols work within specified time limits at the same time

ECU and ECM meet minimum simulated processing requirements to run system
components

Communication from PC to ECU does not interfere with communication from ECU to
ECM

Hall Effect sensor works at more than twice the maximum anticipated input frequency at
new position

Further Testing needed on:

@)

@)

Using MatLab as GUI development platform
ECM modular programming for component control with interrupts
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FINANCIAL FEASIBILITY

Costs
SPECS BUDGET
Electrical $ 1354.70
Mechanical $ 1565.00
Engine $ 930.00
Test Bed $ 220.00

Presentation $ 100.00

Total $4169.70
Budget $ 5000.00
Margin $ 830,30 ® Electrical ® Mechanical ® Engine e Test Bed

® Presentation @ Margin

e Margin is positive, therefore the
project is financially feasible
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% Complete

76%
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15%
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TIME BUDGET: FUTURE WORK &

Jan 2019

Conceptual Design Review

@ Mechanical
@ Electronics

5DEVELOP BASIC ENGINE SIMULATION o
wemm Critical Path
=2 [CONTROL SOFTWARE TESTING] O ity

Manufocturing Status Review

(=== [E| ECTRONICS
o\ |DESIGN,MANUFACTURING,

TESTING,REDESIGN

ELECTRONICS T/S
ELECTRONICS INTEGRATION

( STOCK ENGINE TEST
MOD. ENGINE TEST
ANALYSIS -> SFR




BASELINE DESIGN - RECAP

T/W Improving
\ Mod. (Nozzle)
J o Software
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5@ BASELINE DESIGN - RECAP FEASIBILITY {88,

e Thrust Improving Modification ( Increasing r. )

o New Nozzle Design
Electronic Control Unit
Electronic Control Module
Hall Effect Sensor
Financially
Time

e Feasible

48



QUESTIONS?
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Requirements (FR 1)

FR 1: The JetCat P90-RXi engine shall have an increased
T/W ratio by 20\% from stock parameters.
DR 1.1: Implement a T/W improving modification that
does not affect the overall operation of the engine and its
ability to run for an extended period of time (2 minutes).
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5@ ECM REQUIREMENTS (FR 2 - FR 3)

FR 2: SPECS shall control the engine over the entire operational envelope.
DR 2.1: SPECS will be capable of implementing the engine start up sequence but will modify start
up parameters if needed to adapt to engine modifications.
DR 2.2: SPECS shall maintain idle at or near 33,000 + 100 RPM.
DR 2.2.1: SPECS shall measure input from the thermocouple concurrently with RPM
and fuel pump Pulse Width Modulation (PWM).
DR 2.2.2: SPECS shall measure input from the Hall effect sensor up to 5 kHz rate.
DR 2.2.3: SPECS shall send PWM fuel pump command rate as a percentage of full power.

FR 3: SPECS shall run the engine in a safe manner.
DR 3.1: SPECS will maintain operation below 130,000 RPM unless a new upper safety limit is

determined from the engine characterization.
DR 3.2: SPECS will maintain EGT below 700 Celsius unless a new upper safety limit is

determined.
DR 3.3: Should upper limits of operation be reached for RPM or EGT, SPECS shall command a

software automatic engine shutdown. o



Requirements (FR 4)

FR 4: SPECS shall have a user interface for engine control.
DR 4.1: The SPECS user interface shall display to the user the EGT
DR 4.2: The SPECS user interface shall take user throttle inputs.

DR 4.3: The SPECS user interface shall have the ability to initiate the engine
start up and shutdown sequences.

DR 4.4: The SPECS user interface shall display warnings for operation within
10\% of safety limits to the operator.

DR 4.5: The SPECS user interface shall have an Emergency Stop (E-Stop)

function. >



THRUST MOD TRADE STUDY

Custom
Nozzle

Water
Injection

Afterburner

SABRE Nozzle
and Water Injection

Turbine
Modification

Compressor
Modification

Increase T/'W
Ratio
(Weighted 38%)

1

2

Limited
theoretical and
no experimental
data showing
possible
improvement

Limited
theoretical and
experimental
data showing
possible
improvement

3

Extensive
theoretical and
limited
experimental
data showing
possible
improvement

4

Extensive
theoretical and
limited
experimental
data directly
applicable to
P90-Rxi engine
showing
improvement

Extensive theo-
retical and ex-
perimental data
directly applica-
ble to P90-Rxi
engine showing
improvement

Increase
T/W
Ratio

24

3.9

1.4

24

Cost
Development
Time

2.1
1.6

25
23

2.4
2

23
1.8

Cost
(Weighted 9%)

Estimated Cost
> 15% of
budget, very
high risk of
additional
expenses being
incurred

Estimated Cost
> 50% of
budget, high
risk of
additional
expenses being
incurred

Estimated Cost
> 25% of
budget,
moderate risk of
additional
expenses being
incurred

Estimated Cost
> 15% of
budget, mild
risk of
additional
expenses being
incurred

Estimated Cost
< 15% of bud-
get, no risk
of  additional
expenses being
incurred

Current
Documentation

1.8

1.6

Modularity/Ease
of Implementation

2.6

1.5

Development
Time
(Weighted 21%)

Extremely time-
consuming, will
not finish on
time

Highly time-
consuming,
unlikely to
finish on time

Moderate time-
consuming, can
finish on time

Little time-
consuming,
likely to finish
ahead of time

Not time-
consuming, will
finish ahead of
time

Safety

2.4

2.5

[ Total

1.9

1.9

Current
Documentation
(Weighted 15%)

A single source

Little
documentation

Moderate
documentation

Substantial
documentation

Extensive docu-
mentation from
both CU teams
and academia

Modularity/
Ease of
Implementation
(Weighted 9%)

Safety
(Weighted 8%)

Extremely
difficult

Safety
limitations
unlikely to be
determined

Highly difficult

Safety
limitations may
be poorly
defined

Moderately
difficult

| Safety

limitations
documented but
difficult to
determine

Little difficult

Safetly
limitations
simply defined

Not difficult
"Bolt-On’
Solution

Safety  limita-
tions predefined
by stock engine
parameters




CONFIGURATION TRADE STUDY

Response Time | Unsustainable Much slower Slower than Same speed as Faster than |

(Weighted 37%) | response time than stock ECU | stock ECU stock ECU stock ECU |

Ease of Control | No functions Most functions All functions Most functions All  functions |

(Weighted 43%) | available available on available on available at available at
engine engine distance distance

Weight Much heavier ~ Heavier than Same weight as | Lighter than Much  lighter |

(Weighted 20%) | than stock ECU @ stock ECU stock ECU stock ECU than stock ECU

Onboard | Offboard | Split
Response Time 4.. 2.2 4.1
Ease of Control 2. 34 3.7
Weight 2. 3.4 2.3

Total
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Team

Experience
(Weight
Compatibility
(Weighted 7%)

Development
Time
(Weighted 24%)

Acquisition
Rate
(Weighted 8%)

Current
Documentation
(Weighted 12%)
Software
Quality
(Weighted 17%)

ECU TRA

=
3

No experience

accommodate
desired sensors

Impossible
before April
2019

Bare minimum
speed to run
engine

No
documentation

Extremely
complicated

Team Experience
Compatibility

yment Time

Some
experience

Accommodates
sensors with
extensive
configuration
> 80% of
available time

Able to run

engine and
process some
additional
sensors

Sparse

documentation

Complicated

Data Acquisition Rate
Current Documentation
Software Quality

Moderate
experience

Accommodates
sensors with
moderate
configuration
60 — 80% of
available time

Easily able to
run engine and
process
additional

sensors

Some
documentation

Mediocre

DE STU

Extensive

Accommodates
sensors with
current
configuration
40 — 60% of
available time

Just able to run
engine, process
sensors, and

produce GUI

[ Moderate

documentation

Intuitive

rience

Accommodates
more than base
sensors

20 - 40% of

available time

Excess compu-
tational abilities
to run engine,
process sensors,
and produce
GUI

Extensive
documentation

Extremely
intuitive
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@ FUEL PUMP CAPACITY TEST SETUP

-Linear Relationship at 2 (g/s)/V
-Mass Flow rate = -0.11V*2 + 2.57V - 0.57

-This provides < 5% error throughout the 5V
range
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Second Order fit is: Stock Engine Thrust - RPM Relationship

Thrust = 0.0073(RPM)"2 - 0.4(RPM) + 9.29

This provides ~20% thrust
increase with ~10 kRPM

increase

=z
il
®
=
A
!
|

—2nd Order Fit
#- Stock Engine Data

60 80 100

RPM (kRPM)
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IDEAL CYCLE ASSUMPTIONS

|deal Brayton Cycle

o Standard Air

m Calorically Perfect Gas

m Constant Specific Heat
o Isentropic Inlet, Compression, Turbine, and Nozzle
o Constant Pressure Heat Addition & Rejection

m Fuel mass flow << Air mass flow
o Perfectly Expanded Flow Exiting Nozzle

Closed System, no losses

Steady 1D flow

Axial Compressor

Sea Level Atmospheric Conditions

Compressor Pressure Ratio Scales Linearly with Mass Flow Rate
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5@ IDEAL BRAYTON CYCLE
ANALYSIS

.1

Inlet Compressor Turbine Nozzle
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IDEAL BRAYTON CYCLE
ANALYSIS

Calculation of temperature and pressure Calculation of uninstalled thrust
relationships

uninstalled = T (‘/9 - (LO]\[ 0)
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(;@ PRESSURE RATIO FEASIBILITY

Ideal Compressor Turbine ] Thrust loss
Work Work Baseline Compressor
Stock 19,99 KV 48,01 KW 1 0o, efficiency decrease of ~2%
' ' (with 10,000 RPM increase)
20% 22.3 kW 46.1 kW 0.98 4.5%
Increase

Compressors Turbines
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5@ NOZZLE AREA CALCULATION

Assumes:
e Perfectly expanded flow
e Fuelmassflow=0
e |sentropic nozzle expansion

= M, = PAVe

65



5@ CRITICAL ENGINE COMPONENTS
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Component Analysis: Nozzle/ Engine Case

e Hoop (0,) and longitudinal (o)) stresses calculated at location where values are theoretically

maximum, inlet:
e Total Pressure at nozzle inlet (P,5), radius of nozzle inlet (R)), thickness of nozzle inlet (t,):

e Results compared to material properties, verify structural capability.
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Component Analysis: Turbine/Compressor

Centripetal force calculated at 140 kRPM at blade tips for both compressor and turbine. Force value
then applied to stress equation over tip area.

Variables: blade mass (m,), blade length (1), rotation rate (w), blade tip (A;), centripetal force (F)
Governing expressions:

F = mblb(x)2

Results compared to material properties, verify structural capability.
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Component Analysis: Shaft

Power (P) and rotation rate (w) known for compressor and turbine.
Calculate torque for each using:

Shear stress (1) then calculated and compared to ultimate shear of assumed material, area of shaft
in contact with turbine and fan used (A):
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Material Yield Analysis(Al 7075

Table 3.7.4.0(b;). Design Mechanical and Physical Properties of 7075 Aluminum Alley Sheet and Plate
Specification . . . ANIS 4045 and AMS-O0-A-25012

Foom ..._...._..... Shest Elate
Temper T651
Thickmess, in 2L

Bais. oD
Mechanical Properties:

_\
&

2
=
=]

-y
=
=

age of Room Temperature I'W

Pemcent:

T

Physical Properties:
i, Ib/in.
C K amd e

u

Figure 3.7.4.1.1(d). Effect of temperature on the tensile yield strength (F,) of 7075-T6,
T651, T6510, and T6511 aluminum alloy (all products).




Material Yield Analysis(AISI 301

Table 2.7.1.0(b). Design Mechanical and Physical Properties of AlSI 301 and Other”
Annealed Stainless Steel

it Ssos | AMS 5517 & | ams ssis& |, o oo AMs S0 8
MILS-50% | M5 5050 | MiLs 5059 | MES50%9) v 5’5059
Sheet and strip

% Hard %: Hard Full Hard

Basis

Mechanical Properties:

=)
]
58
D =
o2
So
53
Q
EE
:
20
£
Q
Q
o

600 800 1000
Temperature, F

26.0
280

26.0

fjo Figure 2.7.1.3.1. Effect of temperature on the tensile ultimate strength (F,,) and the

027 027 tensile yield strength (F,) of AlSI 301 1/2-hard stainless steel sheet.

2

See Figure 2.7.1.0




5@ Material Yield Analysis(Inconel 718

Table 6.3.5.0(b). Design Mechanical and Physical Properties of Inconel 718

AMS 5596 AMS 5597 |AMS 5389)AMS 5590
Sheet Plate Sheet and plate Tubing
Solution treated and aged per indicated specification

15 R = Strength af femperature -
) G;D. -(.125 Exposure up to % hr
0.010-0.187|0.188-0.249 (0.250-1.000| 0.010-1.000 Wall = 0.015 e b T

A|B s 5 S 8

Mechanical Properties®:
F,. ksi:

Room Temperaturé Strength

=400 800 1200 w00
300 Temperoture, F

114 Figure 6.3.5.1.1. Effect of temperature on the tensile ultimate strength (F,) and
029 tensile yield strength (F,) of solution-treated and aged Inconel 718.

0.297
See Figure 6.3.5.0




Inconel Creep and Fatigue

Maximum Stress, ksi

Time to % Strain, Hrs

Fatigue Life, Cycles

Figure 6.3.5.1.8(a). Best-fit 5/N curves for unnotched Inconel 718 sheet at room
temperature, long transverse direction.

Figure 6.3.5.1.7(a). Average isothermal 0.10% creep curves for Inconel 718 forging.
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Fabrication Cost Feasibility: CNC Machine 4
& Tool Room Lathe

Family: Species: Dimensions (in): Cost:
Steel N60 3" x10” $242.45
Aluminum 7075 3" x 10" $87.20
Titanium 6AL-4V (Grade 5) 3" x 10 $870.30
Nickel Inconel 718 3"x 10" $873.69

e Cost of production solely based on cost of material.

e All materials are round bar, diameter x length

74



Fabrication Cost Feasibility: Direct Metal
Laser Sintering

Family: Species: Dimensions (in): Cost:
Aluminum ALSi10Mg 3.25" x3.25” x 217" $1017.00
Nickel Inconel 625 3.25" x3.25” x 217 $822.00
Titanium Ti64 3.25" x 3.25” x 217" $956.00
Cobalt Chrome CoCrMo 3.25" x3.25" x 217" $983.00

e Cost of production includes the cost of materials, manufacturing and finishing
e The dimension of the nozzle is based on SABRE’s nozzle
e It will take approximately three weeks to receive the nozzle from manufacturing

facility
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(;@MANUFACTURING MATERIAL PROPERTIES ;

N60 AI7075 | Ti6AL-4V | Inconel ALSi10Mg | Inconel CoCrMo
718 625

Temperature 1422 686 1933 922 933 1563 1670
Rating (k)
Density 8.5 2.81 4.52 8.22 2.7 8.44 8.28
(g/cm3)
Volume 10.16
(cm?)
Mass 86.36 28.55 45.92 83.52 27.43 85.75 84.12
(gram)
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@ MANUFACTURING CAPABILITIES

Manufacturing

Tool Room Lathe

Computer Numerical

Direct Metal Laser Sintering

Measurement Tool

Method Control (CNC) (DMLS)
Machine
Tolerances Depends on +/- 0.005” +/- 0.005” + 0.002 in/in
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STOCK ENGINE THRUST-RPM
LINEARITY

Stock Engine Thrust - RPM Relationship

80

RPM (kRPM)
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SPECS ECU DESIGN

Selected based on:

Easy to use IDE with documentation

User forum and support for application

Team familiarity and experience

Meets all design basis standards

Available everywhere for quick cheap replacement

LESIGEES

|
S5
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Versoay, | Mean=2BVo i o - - o

Notes: Ripples on waveform are from the power supply maxing out on supply current (5A). The
selected battery would be able to supply much higher currents, and allow higher RPM with smaller
voltage ripple. This is only present when starter is running (needed for this test but not normal
operation) and does not affect functionality or reliability.
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5@ TESTING COMMUNICATION: SPECS

Method: Connected all components and verified [2C and SPI control separately. Designed
startup sequence to simulate a “Start” and “Shutdown” command.

Need: Verify application of more than one communication protocol on system. Ensure that
specified components can accept multiple commands from different sources and maintain
normal operation without conflict or failure.

Results: Test completed successfully. wh
Serial (SPIl) command start/shutdown a=p RPM:295 CMD:@
from PC resulted in start/shutdown g Tipe —

sequence on ECM. DISPLAY

LCD displayed real time data for RPM,
EGT, and command state. Further
verifying 12C communication feasibility STRRIUP
between ECU and ECM.
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(;@ ECU/ECM DATA LINK FEASIBILITY

Needs:

- Allotted 3 bytes for RPM value (us wave
period measurement), 1 byte for EGT value
(~3°C resolution 255 values), 1 byte for
command status (responds with RPM
command input value at state). (At max
transmission)

- 12C has a 32 byte maximum transmission
per cycle limit, though if needed split
transmissions are possible.

- SPI communications are only limited to
the extent that they do not block ECU from
sending or receiving data from ECM on
time.

Method:

- Set up basic communications through
I2C to all components.

- Established serial communications with
Arduino MEGA.

- Initiated timer on command send.

- Transmitted request event, received data
packets from ECM, processed data, wrote
to LCD, read timer value at end of write
transmission.

Results:

- Minimum Data transfer found to be 5
bytes, total transfer time <20ms.

- 32 byte (12C maximum) tested time
<50 ms per request.

- Verified communications can occur
concurrently on time schedule while both
microprocessors are tasked with other
operations and will respond on schedule
within required time constraint of
<200ms.
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Magnetic Position Sensors

Low-Cost, Bipolar, Hall-effect SS40A/SS50AT Series

Sensors

FEATURES
Small size
Low cost
Reverse polarity protection
Sensitive - bipolar
magnetics respond to
alternating north and south
poles
Thermally balanced,
integrated circuit over a full
temperature range
Stable operation

TYPICAL APPLICATIONS
+ Cooling fan control in

* RPM (revolutions per
minute) sensing, speed
control

Brushless dc motor
commutation

Position sensing and motor

control

Simple magnetic encoder
Flow-rate sensor

The SS40A/SS50AT Series sensors are low-cost, bipolar, Hall-effect
sensors. These sensitive magnetic sensors offer reverse polarity protection
and deliver stable output over a -40 °C to 125 °C [-40 °F to 257 °F]
temperature range. Operation from any dc supply voltage from 4.5 Vdc to
24.0 Vdc is acceptable.

The SS40A/SS50AT Series sensors build upon Honeywell's popular
magnetic position sensors and offer several competitive advantages. These
sensors have been designed with the latest technologies to provide reliable,
cost-effective solutions to commercial, computer, medical, andfor consumer
applications requiring motor control and RPM sensing.

These products are available in a variety of package styles to suit a
number of applications. Ammopack versions, along with tape-and-reel, are
standard. The surface mount version is mounted directly on the electrical
traces on a PC (printed circuit) board. It is attached by an automatic solder
reflow operation which requires no hole, so it reduces the cost of the PC
board.

ELECTRICAL CHARACTERISTICS
At Vs =4.5V to 24 V with 20 mA load with Ta = -40 °C to 125 °C [-40 °F to 257 °F] unless otherwise noted.

Parameter Cond. Min. Typ. Max.

Supply voltage - 4.5 240

Supply current 25°C [77 °F] 1 10.0

Supply current - 11.3

Qutput current - 200

Vsat @ 15 mA Gauss =170 04

Output leakage Gauss <-170 10.0

Rise time 25°C[77 °F] . 1.5

Fall time 25°C [77 °F] 15

Response time 25 °C [77 °F) X 5.0

Operate 25 °C [77 °F] 110

Operate 0°Cto 85°C [32 °F 10 185 °F] 130

Operate -

Release 25 °C [T7 °F)

Release -40 °C to 85 °C [-40 °F to 185 °F]

Release -

Differential -

Operating temperature -40 °C to 125 °C [-40 °F to 257 °F)

Storage temperature -55 °C to 165 °C [-67 °F to 329 °F)

S540A SERIES MOUNTING DIMENSIONS (for reference only) mm/[in]




ECU DATASHEET

8-bit Atmel Microcontroller with 16/32/64KB In-System Programmable Flash

TQFP-pinout ATmega640/1280/2560

DATASHEET

Features

* High Performance, Low Power Atmel® AVR® 8-Bit Microcontrolier
* Advanced RISC Architecture
~ 135 Powerful Instructions - Most Single Clock Cycle Execution
~ 32 B General Purpose Working Registers
Fully Static Operation
~ Upto 16 MIPS Throughput at 16MHz
~ On-Chip 2-cycle Multiplier
* High Endurance Non-volatile Memory Segments.
EiKileKJ"sﬁllB\nes of In-System Self-Programmable Flash

Write/Erase Cycles:10,000 Flashi100,000 EEPROM
Data retention: 20 years at B5°C/ 100 years at 25°C
Optional Boot Code Section with Independent Lock Bits

ystem Progs
- True Aad-While-Wirite
Programming Lock for Software Security
 Endiince: Up 1o 84Kiytex Optianal External Memory Space
* Atmel® QTouch' library suppor
- Capacitive touch butions,
- GTouch and QMatrix acqu
- Upto 64 sense channels
JTAG \IEEE std. 1140.1 compllant) Interfac
dary-scan Copabilities According to the JTAG Standard
- Enrnxuztlw[hm[mtmgSu
- Programming of Flash, EEPROM, Fuses, and Lock Bits through the JTAG Inteta

«In-System Programi g:von-:hlpim1 Program

) PH
) P ~ Twa 8-bit Timer/Counters with Separate Prescaler and Compare Mode
e . Four 16-bit Timer/Counter with Separate Prescaer, Compare- and Capture Made

) PHZ
Bov2s60)

DC (ATmega1281/2561, ATme;
mmabie Serial USART (ATmega 128172

Programmatie Waichdog Tier wlh Separsis On-chip Oscllsior
Onhip Analog Comparatar
Interrupt and Wake-ug on Pin Chan
ial Microcontrolier Features
d Programmable Brown-out Detection
Intermal Calibrated Oscillator
Extemal and Intemal Interrupt Sources
Sieen Mades: Idle, ADC Noise Reduction, Power-save, Po
and Extended Standby
¥ and Packag:
VU6 Programmable D Lines (ATmega1281/2561, ATmegssirta
2 TQFP (ATmegai281/2581

100 TOFP {048 CBGA {ATurmgab o 2807560)

Temperature Range:
€ 1o 85°C Incustrial
Uhra-Low Power Consumption
~ Active Mode: 1MHz, 1.8V: S0uA
~ Power-down Mode: 0.1A at 1.8V
Speed Grade:
- ATmegabA0viATImegs 280VIATmega1281
"0 e S LISV 0 ae & 27V 58V
KTraega2880U/kTrmega2s
2z & 1.8V ru.. e 0 270550
ATmegetdt/ATmegaizs
o-meary s 0. s @ 45v- 55V
ATrmega2560/AT megs.
~0- 16MHz @ A5V -5V
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ECM DATASHEET

»  Peripheral Features Figure 5-3. 32-pin TQFP Top View
— Two 8-bit Timer/Counters with Separate Prescaler and Compare Mode D Power
—  One 16-bit Timer/Counter with Separate Prescaler, Compare Mode, and Capture Mode
DATASHEET COMPLETE — Real Time Counter with Separate Oscillator . Ground
—  Six PWM Channels . Programming/debug
| —  8-channel 10-bit ADC in TQFP and QFN/MLF package D Digital

ATmega328/P

Temperature Measurement D Analo
Introduction —  6-channel 10-bit ADC in PDIP Package ¢

- - »__Temperature Measurement . Crystal/CLK
The Atmel” picoPower” ATmega328/P is a low-power CMOS 8-bit —  Two Master/Slave SPI Serial Interface

microcontroller based on the AVR® enhanced RISC architecture. By — One Programmable Serial USART

executing powerful instructions in a single clock cycle, the ATmega328/P | ~One Byte-oriented Z-wire Serial Interface (Philips F2C compatibie) |
achieves throughputs close to 1MIPS per MHz. This empowers system — e Viatchaoa T TS & Orohi Oscilat

designer to optimize the device for power consumption versus processing rogrammable Watchdag Timer with Separate On-chip Osciliator

speed —  One On-chip Analog Comparator (PCINT19/0C2B/INT1) PD3

— Interrupt and Wake-up on Pin Change
P P 9 (PCINT20/XCHK/TO) PD4
Special Microcontroller Features

— Power-on Reset and Programmable Brown-out Detection GND
Feature Internal Calibrated Oscillator Voo
External and Internal Interrupt Sources
High Performance, Low Power Atmel®AVR® 8-Bit Microcontroller Family Six Sleep Modes: Idle, ADC Noise Reduction, Power-save, Power-down, Standby, and GHD
- Advanced RISC Architecture Extended Standby VCC
— 131 Powerful Instructions 110 and Packages (PCINTB/XTAL1/TOSC1) PBE
Most Single Clock Cycle Execution — 23 Programmable /O Lines )
32 x 8 General Purpose Working Registers —  28-pin PDIP, 32-lead TQFP, 28-pad QFN/MLF and 32-pad QFN/MLF (PCINT7/XTAL2/TOSC2) PB7
Fully Static Operation Operating Voltage
Up to 20 MIPS Throughput at 20MHz - 18-58v
On-chip 2-cycle Multiplier +  Temperature Range:
*  High Endurance Non-volatile Memory Segments - APCio105°C

32KBytes of In-System Self-Programmable Flash program Speed Grade
Memory - 0-4MHz @ 1.8-5.5V

1KBytes EEPROM — 0-10MHz@27-55V
2KBytes Internal SRAM
Write/Erase Cycles: 10,000 Flash/100,000 EEPROM Power Consumption at 1MHz, 1.8V, 25°C
Data Retention: 20 years at 85°C/100 years at 25°C(" - ':j::rr::::';:dr:_qo 108
Optional Boot Code Section with Independent Lock Bits _ Power-save Mode: 0.75pA (Including 32kHz RTC)
«  In-System Programming by On-chip Boot Program
»  True Read-While-Write Operation
— Programming Lock for Software Security
Atmel® QTouch® Library Support
— Capacitive Touch Buttons, Sliders and Wheels
—  QTouch and QMatrix® Acquisition
— Up to 64 sense channels

31 [ PD1 (TXD/IPCINT17)

30 [I POD (RXDIPCINT16)

29 [M PC6 (RESET/PCINT14)
28 [B] PC5 (ADCSISCLPCINTI3)
27 [N pc4 (ADCA/SDA/PCINT12)
26 [N Pca (ADCIPCINTI1)

25 [ pc2 (ADCZPCINT1O)

.32 :‘ PD2 (INTO/PCINT18)

PC1 (ADC1/PCINTS)
PCO (ADCO/PCINTE)
ADC7

GND

AREF

ADCB

AVCC

PB5 (SCK/PCINTS)

[ N I T N

W 14

(PCINT1/OC1A) PR1 [ 13
(PCINT3/OC2A/MOSI) PB3 [ 15

(PCINT23/AIN1) PD7 [ 11
(PCINTO/CLKO/ICP1) PBD [ 12
(PCINT4/MISO) PB4 [ 16

(PCINT21/0C0R/T1) PDS [] 9
(PCINT22/0C0A/AINO) PDE [ 10
(PCINT2/SS/OC1B) PB2
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Motor Driver MOSFET n-Channel

Circuit low side driver application, will .
measure real drain current for application "
to verify thermal properties are sufficient

for given Rds(on)(Max.) value for PCB

®Features

mount appllcatlon- 1) Low on - resistance
igh Power Package (HSMT8)
b-free lead plating ; RoHS compliant
4) Halogen Free
5) 100% Rg and UIS tested

Low-side driver (sink current)

+l2y

#Application Type |Tape width (mm) _
Switching Basic ordering unit (pcs)

Tapmg code

G1006N

®Absolute maximum ratings (
Parameter

Drain - Source voltage

Source

Continuous drain current

Pulsed drain current

Gate - Source voltage

Avalanche current, single pulse

limits gate current

is pull-doun in case pin hi-impedance
is flyback protection (Schottky)

is N-channel lagic-level MOSFET

Avalanche energy, single pulse

Power dissipation

Junction temperature

Operating junction and storage temperature range -55 to +150
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GUI Input Controller D(s)

Additional Note: Transfer
function to be determined
with operational testing of

engine. Full PID control [t
will only be implemented if [ ENG_—_—G—_—.
absolutely necessary, P
or Pl is anticipated.

Input

Plant G(s)

Output Y(s

Actual
RPM

Qutput
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BUDGET ALLOCATION

System Item Price (EA) $ Quantity (EA) Total Sub-Total Budget %
Electrical PCB 88 9 792

Processor ATmega 328P 1.3 12 15.6

PCB Components 50 6 300

Arduino Mega 28 56

Arduinio Nano 19 38

Hall Effect Sensor 1.1

LCD Screen 3

Battery 99
50

-
o NN

Battery Charger

Mechanical Material Testing
Nozzle Manufacturing
Tooling
Turbine Manufacturing
Refurbishment
New ECU
Fuel
Fuel Line

Test Bed Pitot-Static

Pressure Transducer
DAQ

Presentation Presentation Poster

1
3
1
2
1
1
1
1
1
1
1
1
1
1
1




SPECS - AFRL L/D Ratio
¥ Conceptual Design Document
¥ Brainstorming
Project Description
Design Reqguirements
Key Design Options Consi...
Trade Study Process & Res.
Selection of Baseline Design
¥ Finalize Documents
Edit & Refine
Review
CDD Due

¥ Preliminary Design Review

ign Tech LeadsiTeams
¥ Slide Development
Story Board Presentation

Team Decide Nece:

ary St.

Materials Feasibility

Therr ynamic Fesibility
Electronics Feasibility
Cost Budget

Time Budget
Project Descriptin
CONOPS Slide
FBD Slide
Functicnal Requirements 5...
CPE Slide
Financial Slide
Time Budget Slide

¥ Concept Development
Mozzle Design
SPECS
Summary

¥ Finalize Presentation
Presentation Edit & Refine

Practice Presentation
POR Due
PCR Pr

TIME BUDGET - CURRENT EFFORTS

& Complete

People Azzigned

9%
100%
100%

100%

T6%

95%

B9%

Conceptual Design Document

I Brainstorming

Project Dezc

Dresign Regu

Key Dezign Opti

Trade Study Process & Re:

Sele of Bazeline Design
I Finalize Documents
Ediit & Refine

d Presentotion

m Decide Neces

Time Budget Sh

October 2018

Prefiminary Design Review

Concept Development

Dezign

SPECS
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