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Project Overview

The goal of project HICKAM (Hybrid-rocket Information-Collection, Knowledgebase

and Analysis Module) is to design and manufacture a modular, compact, and
portable testing platform for hybrid rocket engines.

Customer vision:

* A plug-and-play test stand for future
hybrid rocket projects

* Donated to the department for future
rocket project use

> Project Overview > D > T0 > TR




Levels of Success

Level 1 Successful test of test Measure thrust (delay, duration, and
"COMPLETED stand using simulation ma>f|mum), total impulse, mass of rocket
————==  0of loads engine

Level2  Successful static cold Measure nozzle temperature, combustion
COMPLETED |  flow test chamber pressure

Level 3 Successful static hot fire Measure of oxidizer flow rate, specific impulse

test  |PARTIAL _COMPLETED |

SE PM
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Hybrid-rocket Information-Collection, Knowledgebase and Analysis Module (HICKAM)

Data in/fout = = = - 2% @ Ignition 1
High Voltage e Relay . _ / @
Low Voltage Bl g
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Step 2 - Low voltage engages relay

Step 3 - High voltage starts ignition

Step 4 - Safety: Check for ignition or start hang-fire/mis-fire procedure

Step 5 - Rocket burns for approximately 20 seconds

Step 6 - DAQ collects data from sensors and saves it to memory

Step 7 - Model is used to validate data and specifications for engine is created

Secured
to ground




Pre - Test

Step 1 - Transpor, unbox,
and set up HICKAM at

[chosen test facility. Secure It

1o the ground

Step 2 - Integrate test
anicle (rocket engine) 10
HICKAM

Step 3 - Check system for
proper connections, power,
and proper valve position

Step 4 - Safety check:
check pressures, fall safe
procedures, team behind

bunker

ASEN 4028: Des
Practicum

Hybrid-rocket Information-Collection, Knowledgebase and Analysis Module (HICKAM)

Test

Step 5 - Command tc engage DAQ 1o start recording data, and initiate rocket ignition
Step 6 - DAQ collects data for the 20 second approximate burn and saves it 1o memaory
Step 7 - 30 minute wait time before approaching HICKAM 1o ensure safety

Post - Test

Step 8 - Disassemble,
box, and transport HICKAM

Step 9 - Within 72 hours
of PHRE-Test start, complle
specifications sheet for 1est

article

Spring 2018







Note: "Test Stand" refers to the

system of test stand main
frame, sled module and
accessory pad that
accommodate static fire
components (ignition,
plumbing), DAQ module,
Sensor Package and Test

Test Stand

Sensor

Test Article ST =
Ignition Plumbing
components components

M v

v

Control system

b P05 SystombDesign > 10 5 TR o St o pm ¢

Article itself. Plumbing
Control board || Data Analysis monitoring
¥ Test Stand Frame Module
T | | [ A gon
Circuit Sled module Metal structure
Insulation
LN20 Plumbing system -
Oxidizer tank
:{ Solenoid valves ] mount
Helium
Oxidizer tank
—|_= = O e v *
b Oxygen i 4 Pressure Sensors | ! ! :
2 1 Igniter Propellant Nozzte 1 :
s { 4 thermocouples I s i Y-y >
= S Package Yy '
= DAQ Modul ‘ﬁ - | Chamber pressure x10 Nozzle :
£ | NI modules W QY — transducer Thermocouples | ,
50 f ] ‘—, AccelerometorA- - -
eet f :
distance Power board
A T
.......................... FLTT CLTTLTTLTTN Blast Shield o
1
Control system Computer * v
Plumbing monitorin Data analysis —_—
g . TR :
| . Oxidizer & temperature (R S
(-[ pressure/temperature
| Ignition ON/OFF |« Weight and : )
Purge/LN20 lines main valve
pressure/temperature | |[monitoring misA2 Regr 1 >
Emergency stop [Camera] rate
=_ é
2 Air pump pressure e .
lVaIvo current d|splayH ressure (psi
: < : T A
]
I
200 W 2-
200 W 1- 120VAC
channel PS, € | °h‘"“;4"7 S,3A € . orator
10A 30V
A I

<« - -+ - » Mechanical connection

120VAC power lines
Control lines(low-current)

Data acquisition lines

Data processing

Ignition lines(high current)

Oxidizer flow lines




Test Stand Design Update

Major Changes:

Added spacer block
to accommodate plumbing and
prevent melting of aft section by
exhaust fumes

Added holes in blast plate and
horizontal front plate to allow sturdy
mounting of plumbing and PT/TC
sensors.

*  Added steel L-brackets to U-Bolt
brackets to reinforce and prevent
bending (which led to slippage in
static loads test).

» PO > SystemDesign > TO > TR SE PM




Test Stand Design Update




Feed System Design Update

TK-5 N ew

* Main oxidizer feed: S e Moved

* Alternative route for oxidizer feed LIQUID N20 " AR CoRslEToN
. TK-1 g
* MV-1 location change
e Added CV-10 LN20 BOTTOM
HV-3 X HV-4 bX MV-1
* Moved TC-3 and PT-3
e @GV-1 added HV-1FX FR2 [] PR3 3
* Removed PR-5 SN PR-2 3% RV-1 50 | DUMP
TC-1 Ve g i
9V—3X
e Reasons: a5 B3 % X 01>
. . CV-1| o
* Provide required mass flow rate Rz N oz |
PT-1 V-
* Valve for new route > = H S — N
FR-1 HP-1 Vs
* Prevent back flow
. . 2 7 3 PR-1 2

* Closer to oxidizer tank e 5 Y omce
i Relieve preSSU re in air hose 5 D(] - Solenoid Valve % - Hydraulic Pump ® - Pressure Transducer A - Thermocouple [ﬂ - Pressure Regulator
e Did not require it rop - Fiter - bump Pool 4] - Relief vaive i -HandValve ] - Check Valve

B Injector < > - Flow Meter
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Oxidizer Tank Mount

Requirements:

e Contain oxidizer tank from launching
in the event of connection failure

* Protect oxidizer tank in the event of
tip-over

e Allow limited movement to facilitate
live weight measurement

e Allow adjustability to accommodate
possible tanks of different sizes

» PO > SystemDesign > TO > TR SE PM




DAQ Design Update

A/D Converters &

* Data Rate Requirements:

Signal Conditioners Sensor Package * Accelerometer: 90 Hz
( A ( A N * Pressure Transducers: 10Hz — 125Hz
NI 9237 — Load Cell [ Collects Thrust Data . Load Cell: 45 Hz
h ) - . *  Mass Flow Meter: 7 Hz
Collects Pressure
, ‘ Pressure | | *  Thermocouples: 10 Hz
‘ NI 9237 Tieradiiers Data from Chztxmber P
Y ) and Plumbing

7

Z 51 ° Major Changes:
Collects Temperature

A
‘ [l‘est Computet}—r -
| NI 9213 —>ThermocouplesiH Data from Nozzle, *  Thermocouples removed from combustion
L gnition and Plumbing) chamber, placed on nozzle and inside rocket

{’\

-
>
N

-
v,

_ [ Collects Vibration |
NI 9205

~

* CPE’s: Collection of data from sensors

Accelerometer data to determine
H burn start

[ Mass Flow | ’ Collects Oxidizer \
‘ Meter | | FlowRate Data |

—

-
[l‘e st Comp utet} Emerson 5700

Transmitter




Power Design Update

Switchboard Update:

* 3 Relays added for fail-open valve control

* Fail closed valves required to operate as fail-
open

* Rewiring of the stop switch for opening 2 fail-
closed valves

* Power supply adjustment from 12 to 16 volts
to account for length of wiring

* Allows for valves to be actuated at nominal
current draw

m System Design m TR SE PM




| Software

Initialize Setup o LN .
N Initialize Start Data | Stop Button . - Read and Save
ez R Design Update
kS | | — |
T e Deviated from original design
A v 3 due to problems with code
fillaize Setup Initialize Start Data _“Stop Buttor | Read and Save Stop Data inefficienc
CStan}» Acger::;%rgiter ] TE{;QS ) Buffer 7 Acquisition e \\Pressed?/,.*’H Data Acquisition Y
| - * Reverted to original design
I 1 [ after learning how to write
T —g dlrfectly tc:jfllle, decreasing
gzgggg ‘ %ﬁg L, Initialize Start Data Stop Button | Read and Save sortware delay
¢ Buffer Acquisition Pressed? Data . .
Transducer File | g . e This design proved to be the
anne . .
; most efficient and allowed for
optimal sampling rates to be
Legend maintained
I Temperature |

| Loads and Pressure |

| Accelerometer |




Test Overview




DAQ System Test

DAQ Box

I—10ftcable_‘ Accelerometer |

DAQ modules Load Cell
Power L—10 ft cable T |

Supply \
[Voltage Regulator| | 10 ft cable Pressure Transcuoens
10V->3.3V 10 ft cable Thermocouples

Test Overview: Test software integration with Data
Acquisition System by running software with all sensors for
2 hours.

Test Purpose:
* Verify DAQ model sampling rates
* Verify all sensors functioning properly

Design Requirements Fulfilled:
e DR4.1-4.2,44-4.7

Test Overview TR SE PM




Valve Function Test

Accessory

Test Overview:

Switchboard

Power Supply * Test functionality of solenoid valve actuation
10A with switchboard; choose power supply
voltage for optimal current draw by the

valves.

Test Purpose:
* Verify functional operation of feed system
which allows for level 2 & 3 success
e Characterize current drawn by valves in
different actuation configurations (DR 6.3.1 -
6.3.2)

Test performed in senior projects room

Test Overview TR SE PM




=

* Reduced to only loads test

* Phase 2 — Nozzle Test cancelled due to time
restraints.

* Phase 3 — Chamber Pressure Test cancelled due to
high risk to the rocket motor

* Phase 1 — Loads Test Overview: Collect data while
using a bottle jack to simulate force on the load
cell.

* Test Purpose:

* Verify the rocket will not slip and push plate will not
buckle under 850 Ibf (DR 2.1-2.5)

* Verify that off-axis loading at 17 degrees will not
damage the rails (DR 2.1 - 2.5).

* Verify sampling rates of the DAQ (DR 4.1-4.5).

* Verify th h pl il deform |s.

—50-ft USB cable

Test Overview TR

................................................ Sensors without
» ! interface:
¢ Thermocouples x15;
Computer / DAQ \ : PT's x3 or x5;
\operator
e | €——~50 ft—> Mock-up
accessory cart
_._
Computer, DAQ operator and Daq
the rest of the team are
behind the corner in Sr. Power
Proejcts room supply
LVDT sensor
Loﬂd Cell __________________________ data wires
power £
~10 ft
v
Load Cell data Ground” —
wires Anchor Anchor(x1) LVDT sensor
| (x1) power
\ Aluminum rod (held by
compression
Ground” 800 Ibs ~ Ground
Anchor Anchor (x1)
(x1)
Bottle
Wooden Jack
spacer PN
l'/Bottle ]ack\
| operator /‘,"



Cold Flow Test

* Test Overview: Supply various testing gases and
oxidizer analog (CO,) into plumbing system up to
rocket motor injector plate

* Test Purpose:

* Verify plumbing system normal function (DR 6.1,
6.2, 6.3, 6.6, 6.8)

¢ |dentify and eliminate plumbing leaks

* Verify emergency dump & purge systems to ensure
safety at hot fire (DR 6.7)

* Test performed in Platteville, CO




Hot Fire Test

. . Test Purpose:
Test Overview: Ignite 300 Ibf HTPB rocket * Verify a safe, effective, and useful way to test rocket

to test full functionality of stand motors as was the plan for the HICKAM system
* This testis intended to verify all design requirements

Test Overview TR




Test Results




DAQ Sampling Rate Model

Thrust Variations:
o Fluctuation of ~40 Ibf
Max Thrust:

o Occurs within 0.5s, need 30 samples to
characterize

Requirements:
o Resolution: minimum 10lbm

o Sampling Rate: minimum 60 Hz

07-08 Mach-SR1 300Ibf Engine Successful Hot Fire Test 2 Data

» PO > SD » TO



DAQ System Test Results

Required | Measured At (s) | Derived

Sampling Sampling

Rate (Hz) Frequency (Hz)
Thermocouples 10 0.06667* 15*
Pressure 10-125 0.00062+0.01% 1613+0.01 %
Transducer
Load Cell 60 0.00062+0.01% 1613%+0.01%
Accelerometer 60 0.00667* 150*
Mass Flow 7 0.18* 5.5*
Meter

*Could not calculate error due to lack of
information on data sheet.

SD TO Test Results SE PM




DAQ System Requirement Verification

Content Verification Results Verification
Status

Pressure sensor shall have a sampling Pressure transducer sampling rate is
rate of at least 125 Hz and response time 1,613 Hz, accuracy of psi and response
of less than 0.01 seconds. time of 0.001 seconds.

4.2 The temperature sensors have a Thermocouples have a sampling rate of
sampling rate of at least 10 Hz and 15 Hz and a response time of 0.2 \/
response time of less than 0.25 seconds. seconds.

4.4 The force sensor shall have a sampling The load cell has a sampling rate 1613 \/
rate of at least 45 Hz and response time of Hz and a response time of 0.01
of less than 0.02 seconds. seconds.

SD TO Test Results SE PM




DAQ System Requirement Verification

Content Verification Results Verificatio
n Status

The acceleration sensors shall have a
sampling rate of at least 90 Hz.

4.6 The mass flow rate sensor shall have a
sampling rate of at least 7 Hz and
response time of at most .3 seconds.

4.7  The oxidizer tank weight measurement

sensor shall have a sampling rate of at
least 4 Hz and accuracy of at least 0.5 Ib.

The accelerometer has a sampling rate of
150 Hz.

The mass flow meter sampling rate is 5.5
Hz, accuracy of psi and response time of
.1 seconds.

The oxidizer tank scale was not
connected to the DAQ system, but does
have an accuracy of 0.1 |b.

* DR 4.6: Mass flow meter connection via USB cable with the ProLink software created a maximum limit

of 5-6 Hz

* DR 4.7: Budget didn't allow for the purchase of load cells to monitor oxidizer tank weight

SD

TO
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Power Model

Power consumed vs number of valves used, 16 V

5 4(_:urrent draw per valve as a function of number of actuated valves 290 ¢
T [ [ ‘—:[—Powermodelw/errorbars‘__ * Modelis based on
200 - .

5l actual resistances of the
- 1ar I components
£ 2-\ 160 | / e Error bars come from
< T o
0 \\ Z 140 the uncertainty in
S 187 — | £ resistance
[}
2 : 120 measurements (0.2
516 5100t Ohm error)
©
=
S14t 80
3 |—F— Current draw model

60
1.2
40
1 I I I I J 20 L | 1 1 |
1 2 3 4 5 6 1 2 3 4 5 6
Number of 12 VDC 1.7 A valves actuated at the same time Number of 12 VDC 1.7 A valves actuated at the same time

SE PM
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Valve Function Test Results

5. Current draw per valve as a function of number of actuated valves 52 Valve Function Test
o . T T T T

——Current Drawn at 12V
~——Current Drawn at 13 V
———Current Drawn at 14 V
——Current Drawn at 15V
wesmCurrent Drawn at 16 V .
———Current Drawn at 17 V

~o0--Nominal Current Drawn per Valve
—o--Minimum Allowable Current Draw

2.2

N

Y

\

/
/

-
(o]

—r
P

/

-t
FoN

ﬂ\.\
° *

# Measured current
———Line of best fit for experimental data
1.2 |-|—E—Current draw model
-o-- Lowest acceptible current

—_
s

Current drawn per valve (Amps)
: .5
Average Current Drawn per Valve (Amps)
(o]

—t
N

Y e L " e St . s e i e °
1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 1
Number of 12 VDC 1.7 A valves actuated at the same time Number of Valves Actuated

e Test performed at increasing voltages from 12 to 17 VDC to ensure at least minimum current
draw of 1.1 A to valves
16V chosen which ensures at least 1.4 A to valves




Power Requirement Verification

Content Verification Results Verification
Status

The power delivery system shall provide Tested by inspection using ammeters in

total maximum current draw of 7.5 A for system for required time and amperage
at least 60 minutes.

6.3.2 The system shall be able to stop power Tested by wusing stop switch and

delivery to all valves while keeping SV-10 inspecting valves for actuation and \/
actuated at the push of emergency STOP power delivery
switch.




Simulated Loads

,,,,,
,,,,,,,,,,

L

LVDT Attachment (U-Bolt Bracket)

LVDT Attachment (Push Plate)

SE

PM

Test Results

SD




Simulated Loads Test 1 Results

* Successful axial loads test at 330 |bf and TR Py ol e e
550 Ibf - " e Deformed
= ‘ Bracket

* U-Bolt bracket failure at 675 pounds

e Successful off-axial load simulation of 100 Ibf
with maximum deformation of ~0.06”
deformation of rails

* Solution: Reinforced U-Bolts were able to
hold up to 850 Ibs axial loading as required

without slippage

.

&
/ 59

o
>

Reinforced U-Bolt solution

ﬂ/ <. 7§
ke 5 T

Test Results SE P




Off-Axial Load: Rails Deformation

50-ft USB cable

Model: 2nd-Order Bernoulli-Euler Beam

\pperator/}
. . .............................. \"/ «—~50 ft—> Mock-up
Experiment Assumptions: T = et
. . Daq
> Weakest components for off-axis loading are bl e bl gy
H behind the corner in Sr. P
rails (rear ends). Prosicts room supply | LVDT sensor
i i i Load Cell : data wires
o Maximum of_f—aX|s angle is 17 degrees (taken sk ek N
from expansion angle of the nozzle) Ground Ground power
Anchor (x1) Anchor(x1)
o 850 * sin(17) * 1/2 = 125 Ibf per carriage Ny wor
I/sensor
o 250 Ibf was applied due to bottle jack Load Cell data —
e e . wires |
sensitivity.
Ground /' 90 ) T \ Ground
Anchor (x1) degrees 230|I Anchor (x1)
QQ/tt,Ig\Jack
’éottle jacl:)
(\koperator y




Off-Axial Load: Rails Deformation

Displacement (in)

0.07

0.03

0.01

Off Axis Loading Rail Displacements, Experimental vs. model
LVDT Data

2nd Order Model 17.7 d eg
- 5.7% error

' W

300
250

200

13 deg gwor

37.6% error ¢
- 100 -

0 100 200 300

Time (sec)

400 500

Model deformation behaves linearly with given force

SD

TO

Force Data From Load Cell

~13.73 deg
17.7 deg

«—

mas S

~—

W’\ ~13.73 deg

~4.37 deg

\

Test Results

~11.17 deg
f ~9.35 deg
50 100 150 200 250 300 350 400 450 500
Time (sec)

SE PM




Push Bar Deformation

*1” x 0.5” cross-section 0.113 PushlPIate Deflgction
*6” long push bar T
0.112 |
Solid Works Model 0.111 | |
. 850 Ibf ™~ |
T
e Al 6061 s E, 0.11+F \\
E 3 E 3 2
* Max Deformation: I"”‘j’; 50 0o + \
1.009e-3 [in] s g 01 R B B NG
. 7.569- * 1 E 3 *
oo 20.108 | | T~
o R
0107 ¢ -
. 2.523e-004 :*j I
I“’“ 0.106 | *
8.4106-005 * %
0.105 : : : :
0 200 400 600 800 1000
Force, Ibf
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U-Bolt Bracket with Brace

Solid Works Model
e 850 Ibf
e Al6061

Max Deformation:
e 1.57e-4][in]

URES (in x107% Bracket Deflection
0000157 10.1 - T T T
l 0000144
_ 0.000131 10 F
. 0.000118
_ 0.000105 |
_ 9.17e-005 9.971 - y
7.86e-005
.: 6.55¢-005 -E“ 9.8r
_ 5.24e-005 g
_ 3.93¢-005 -8 9.7+
I 2.62¢-005 g
1.31e-005 ()]
3.94¢-032 O 967
95+
94 B ¥
9.3 : : : :
0 200 400 600 800 1000

Force, Ibf
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2.1

2.2

2.3

2.4

2.5

Structural Requirement Verification

Content Verification Method Verification
Status

The test stand shall endure the maximum 500 Ibf The test stand withstood a load of 850 Ibf with
testing loads with the additional safety factor of 1.7.  minimal deflection.

The U-bolt interface shall endure the maximum 500 The U-Bolt interface withstood a load of 850 Ibf
Ibf testing loads with the additional safety factor of with minimal deflection.
1.7.

The push plate shall endure the maximum 500 Ibf The push plate withstood a load of 850 Ibf with
testing loads with the additional safety factor of 1.7.  minimal deflection.

The rails shall endure the maximum 500 |bf testing The rails withstood a load of 850 I|bf at 17.7
loads at the off-axis loading of at least 17 degrees, degrees with minimal deflection.
with the additional safety factor of 1.7.

The test stand shall be secured to paved surfaces by The test stand withstood a load of 850 Ibf while
the use of ground anchors. secured to the ground via ground anchors

S SN SN LS
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Cold Flow

Cold Flow Trial 2 — 1500 psi

Cold Flow Trial 1 — 500 psi

PM

SE

Test Results

TO

SD




Mass Flow Rate Model

*Analytical equation used to calculate mass flow through an injector

°Initial model used data from MaCH-SR1 05-06
m = pAV, where V, = C4i5+/?2F/,

Coefficient of Discharge 0.45
Injection Inlet Area 0.1026 in?
Liquid Density 45.73 lbm/ft3
Tank Pressure 900 psi
Chamber Pressure 12.315 psi

Cold Flow Mass Flow : 1.1 Ibm/s

'




Mass Flow Rate Model Results

“ Values from Cold Flow 1 | Values from Cold Flow 2 | Values from Cold Flow 3

Tank Pressure [psi] 1500 2000
Chamber Pressure [psi] 12.3 12.3
“
[lbm/s] [Ibm/s]
0.81 75.4 %
2 1.42 1.2 15.5 %

3 1.63 1.2 26.4 %




System Requirement Verification

Content Verification Results Verification
Status

The length of the power and DAQ wiring leading The wiring harness is 50 feet in length.
from computer system to the test stand shall be
at least 50 feet.

6.2 The system shall acquire its power from the The generator was located 35 feet from the
120VAC generator located at least 10 feet from control system during testing. \/
the control system.

6.3 The control board shall provide interface for The switch board contained for ignition
ignition ON/OFF, OPEN/CLOSE valves for the ON/OFF, OPEN/CLOSE valves for the plumbing,
plumbing, STOP button to relieve all pressure STOP button to relieve all pressure from the
from the system, ignition current indicator,and  system, and ignition current indicator. Current
current indicator for each solenoid valve. indicator was not included.

* DR 6.3: Due to late design changes and time constraints, the current indicator for each valve was not included.

SD TO Test Results SE PM




System Requirement Verification

Content Verification Results Verification
Status

The system shall allow operator to The sampling rates of the plumbing
monitor temperature and pressure of pressure transducers and \/
the plumbing components at frequency thermocouples are at least 10 Hz.

of at least 4 Hz.

6.7 The system shall de-pressurize and purge The cold flow test confirmed proper
the system in case of plumbing failure function of the de-pressurize and purge \/
modes that are a potential threat to emergency procedures.
personnel or the environment.

6.8  The system shall allow operator to The cold flow tests pressurized the
pressurize the LN20 oxidizer to any LCO2 at pressures between 300 to 2000 \/
pressures in range 350 to 2000 psi. psi.

SD TO Test Results SE PM




Hot Fire

ol o 4 S
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Pre-Combustion

Hot Fire Trial 1 — Cold Flow Trial 3 Hot Fire Trial 2 — Partial Success

TO Test Results SE PM
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"Hot Fire" Results

* Trial 1

* Combustion did not occur due to overpacking of steel wool combined with
oxygen supply feed being below cracking pressure of oxygen check valve

* Successful flow of oxidizer in liquid state through rocket at maximum
1.2 Ibm/s for approximately 20 s; model predicted 1.3 lbm/s

Pyrolyzed fuel grain post test
* Trial 2 RN N 1A 1Yy
* Successful pre-combustion

* Combustion did not occur due to
insufficient solid fuel pyrolyzation (fuel
wasn't left to burn for long enough);
residual

* Helium blowout extinguished fuel

Black smoke viewed during pre-combustion due to burning of fuel

TO Test Results SE PM

SD




"Hot Fire" Results

Load Cell Data Load Cell Data
20 v i 1 ¥ ] 20 T T T T T
Oxygen flow Oxidizer flow Oxygen flo Oxidizer flow
15+ 15+
Hot Fire 1 Hot Fire 2

10 10 +
5 5
: :
g .| g .|

_5 '} 1 A A 1 L 4 ’5 SN A L L A A L L L
0 100 200 300 400 500 600 700 800 900 0 20 40 60 80 100 120 140 160 180 200
Time [sec] Time [sec]
» PO > SD » TO
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Hot Fire 1 frozen rocket

"Hot Fire" Results

. Nozzle TC Data - Nozzle TC Data
——s. OXidizer Flow Freezes rocket
—— = Oxygen Pre-Combustion bt
4F Oxidi Flow o
so | xidizer TC8
TC9
30 TC10
. TC11
= 2| Hot Fire 1 L e Hot Fire 2 TC13
o T aii © TC14
2 | 2 5 |
8 10} A € 40 :‘L |
@ /// @ \
g g
o TCPT ]
= Of e
TC7 35
TC8
-10 TC10 R =
—TC11 I =~ = - —1_!__%
TC13 9 R g e
i TC14 \ - I — e
R~
_30 1 1 1 I i L A i i I 25 A A A A A A A A J
0 100 200 300 400 500 600 700 800 1000 0 S 100 150 200 250 300 350 400 450 500
Time [sec] Time [sec]

b P S D S T0 S TestResults b st 5w




"Hot Fire" Results

50 o Ignition Material TC Data 2500 _Ignition Material TC Data
Bl Ao Ingition thermocouple Oxygen Pre-Combustion
T ] shetolitef rocwet 2000 | — Thermocouple burns up
48 -
a7 | Hot Fire 1 Hot Fire 2
1500
w
e 0T %
2 2
245r © 1000 |
a a
£ i Y ochtd s =
'2 44 v\'\,/\ ,\M\VV\/\’/\«J_'\/’L/-‘\ '9
W 500
43 r
42 f
0 -
41
40 1 L A A i A i A A J J
0 100 200 300 400 500 600 700 800 900 1000 5000 20 40 60 80 100 120 140
Time [sec] Time [sec]
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Combustion Chamber Pressure
Transducer

Pressure
Transducer Tubing

Compression
Pressure Tube
Fitting

Al Boss

SE PM

TO Test Results




Combustion Chamber Pressure
Transducer

Test Results SE




Combustion Chamber Pressure
Transducer

a5 Combustion Chamber Pressure Transducer Data 10 Combustion Chamber Pressure Transducer Data

30 35

o5 | 30 -

Hot Fire 1 25 Hot Fire 2
E 20 E
[ ] e 20 <
© ©
5 15 <
g g 15
o o
o 10 + o
10

5F L 5|

0F S 0 —r_’\‘ n—

-5 1 1 1 1 1 1 J _5 1 1 1 1 1 1 1 1 1 J

150 200 250 300 350 400 450 500 0 20 40 60 80 100 120 140 160 180 200

Time [sec] Time [sec]

'




System Requirement Verification

Content Verification Results Verification
Status

The test stand shall restrict the motion of a
mechanically compatible test article such that
the measurements of load in the direction of
thrust are available.

4.1.1 The pressure transducer attachment to the
combustion chamber shall not allow the sensor
to get hotter than 212 F.

4.1.2 The pressure transducer tubing interface must
withstand 500 psi and 5600 F.

Due to the design, the rails restrict the rocket
motor to a single degree of freedom in the
direction of thrust.

No thermocouple was attached to the
combustion chamber pressure transducer
attachment.

Combustion chamber pressure transducer only
saw a maximum of 50 psi.

e DR4.1.1and 4.1.2: Due to the lack of a true hot fire, these requirements cannot be verified.

v
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System Requirement Verification

Content Verification Results Verification
Status

Data transfer and power delivery wires shall not
get hotter than 60% of their melting point
during the hot-fire test.

6.9 The pre-combustion sequence shall result in
pyrolysis of HTPB fuel with gas temperature of at
least 570 F.

7.1 The data analysis software shall derive total
impulse, burn time, and thrust from the
calibrated and converted measurements.

During testing, the data transfer and power
delivery wires did not melt. This was not
measured specifically with a thermocouple.

Pyrolysis of HTPB fuel confirmed observed via
fuel burning during successful pre-combustion \/
and post burn fuel grain inspection.

Post processing software will perform this data
analysis.

DR 5.1: This was not measured specifically with a thermocouple so cannot verify the 60% value.
DR 7.1: While the post processing software will perform this data, the lack of hot fire data means that this cannot be

applied to true test data.

SD TO
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System Requirement Verification

Content Verification Results Verification
Status

The data analysis software shall compute Thermocouples were placed in several

the nozzle throat temperature from the locations around and within the nozzle X
thermocouple measurements of the outside during test.

temperature within 20 % accuracy.

« DR 7.3: Due to the lack of a true hot fire, these requirements cannot be verified.
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Systems Engineering Approach

Fall 2017: Design Synthesis

Project scope definition,
user requirements

System
definition and
design

\ .-

Requirements allocation,
preliminary design

M

Customer perspective

O R e e e e e e e e e e e e e e e

Designer perspective

Detail design,
manufacturing
and testing plan

Spring 2018: Design Practicum

Performance analysis
and system validation

- f

testing

Integration and system

s

N

Subsystem testing,
design change control

Fabrication and assembly of
subsystems

.

Integration
and testing

SD
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Functional Objectives Flowdown

Customer Shall be compatible Shall be transportable| | System design shall :

Needs with HTPB.LN20 i asngedwable | [briomie porsonnal Sysamopershon shalbaTR: | [hatiena yas kay roket
hybrid rockets storage container equipment ’

Key system FR 3: System shall|  |FR 1: Test stand FR 6: The system shall FR 8: The system FR 7: The analysis FR 4: The data acquisition

requirements be compatible with structure shall be initiate and test shall be set up in software shall derive shall record thrust, chamber
HTPB/LN20 test delivered in a remotely and safely under 8 minutes by total impulse, burn time pressure, flow rate and
article. single container. from 50 ft distance effort of 10 people and Isp vibration

Key design-to DR 3.2: Teststand | DR 1.1: Container DR 6.3: Plumbing system DR 8.1-8.5: DR 7.1: analysis DR 4.1: Combustion
interface size requirement control board requirement System assembly and derivation requirement| [chamber pressure
requirements requirements w/ setup requirement measurement requirement
article DR 1.2: Test bed DR 6.4: fire purge safety DR 7.2: performance DR 4.2. Nozzie
handling requirement prediction model thermocouples requirement
requirement requirement

DR 6.6: plumbing system
data monitoring
requirement

DR 6.7: plumbing failure
modes requirements

DR 7.3: Nozzle
temperature model
requirement

DR 4.4: Thrust force sensor
requirement

DR 4.6: Mass flow sensor

requirements

DR 6.8: oxidizer pressurization
requirement

DR 6.9: combustion
requirement

PM
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Risk Assessment

Negligible Minor Moderate Significant Severe
Very Likely Forgotten
Tools/Parts
Likely
©
_§ Possible Fatal Component
= Inclement Break;
= Weather Human Fatigue
Error
Unlikely Total Power Rocket/Oxidizer
Failure Tank Explosion
Very Unlikely Exhausting Gas
Supplies
Impact
SD TO TR Systems Eng. PM




Issues and challenges

* Derivation of design requirements
* The client needs gave a lot of freedom for design choices.
* Extensive research was required to gain understanding of HTPB/LN20 hybrid rocket systems.

* Design change control during integration and testing
* Budget constraints + high cost of plumbing system.
* Full system testing brought up necessary modifications.

* Large number of interfaces - interdisciplinary engineering approach was required.

*Lessons learned:
* Do not make requirements that you are unsure you can verify.

* Keep better track of the tasks assigned to the team members.
* Perform more detailed interface control and derive interface requirements early on in the project.
* Be very specific about requirement definition and allocation.

» PO > SD » TO > TR ) SystemsEng. » PM _ 2







Project Management Approach

Customer PA‘?’.‘;’&t Pr. fAdVi:;r . . . .
Derek Lerner LTt mn DS TERNC O * Divided into sub teams:

Lopez Jimenez

* Test Stand
l v l e Test Article
Fing;;;lp::ad Projef:t Manager Syngm Engineer * DAQa nd Power
Chidambatatn Haleigh Flaherty Kirill Kravchuk e Modellin g
* Software
. . . .
* Management
Structural Lead Test Lead Modeling Lead CAD Lead .
L Angel Ortega J L Brian Ortiz J L Nate O'Neill J L Tommy Pestolesi J ° Weekly Status Meetings
e Sub team status report forum filled
. v L . v out weekly
t Propulsion Lead J L Software Lead J L Electrical Lead J L Safety Lead J LManufacturing LeadJ . Delegated future tasks
Gerardo Pulido Dylan Reed Jaquelyn Romano Sage Sherman Savant Suykerbuyk
m SD TO TR n Project Manage.




Successes, Challenges, and Lessons Learned
T e | Challenges

* Weekly team update forums * Maintaining use of a calendar/Gantt for task
e @Gaining funds and donations for project progress
* Dividing the team and working in parallel to e Cluttered group messaging chat
complete the rocket manufacturing * Keeping the full team on the same page
e Having leads and backups for tasks helped e Over-scoping of project

ensure they were completed on time

Lessons Learned:

* Require work on deliverables much earlier

* Work on division of labor

* Meet with Matt earlier in the design process

* Ensure the project is scoped to the allotted time and resources




Planned vs. Actual Budget
Component | planned | Actual__

Planned vs. Actual Budget

Plumbing $4,785.13 $2,382.50
Test Stand $1,384.70 51,291.57 Plumbing —
Data Acquisition $386 $650.84 TestStand '
ROCket Motor $2’15394 $2,622 Data Acquisition
Simulated Loads Test $200 $40 ockE
Simulated Loads Test
Cold Flow Test $200 $246
Cold Flow Test
Hot Fire Test $200 5160
Hot Fire Test |
Total $9,309.68 $7,763.54 cout B
. Zlumbigg system cost less than expected as Swagelok o e 00000 $10.00000
onate

® Planned ® Actual

 Team members chipped in to get supplies

SD

TR n Project Manage.




Industry Cost
HOURS EACH WEEK

Materials (Actual Spent) $7,763.5
Materials (Without Donation or Borrow)* S47,050 £
Time: Fall Semester** $98,937.5 [ER
Time: Spring Semester** $124,906.3 -2
200% Overhead S447,687.5

Total (Actual Spent): $679,294.80
True Industry Cost: $726,344.80

*Estimated and does not include pay of experts, such as Anthony Gentile with Emerson

**Based on at $65,000 per 2080hr, or $31.25/hr pay

S0 TR > SE 5 Project Manage. |
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Axial Load: U-Bolt Friction Model

N = 2000 Ib
FS =0.5T

T =800 Ibf

= Friction must equal thrust to remain static

= Coeff. Of Friction estimated = 0.4 (between
Zinc and Aluminum)

= Diameter (D) of bolt 3/8 inch

= Coeff. Of Friction In bolt =0.2

F = 1000 Ib F = 1000 Ib = Torque each bolt (tau) to 75 in-lbs

Fy = usN
‘ a T = pusDF

» PO > SD » TO 65




Test Stand Structure - Push Bar

i

SolidWorks Simulation Hand Calculations i -

Aluminum 6061 e Aluminum 6061

Yield Strength = 33,000 psi * E=10(10%)ksi

Result: 3,206 psi * Yield Strength = 30,000 psi  «1” x 0.5” cross-section

> 16% difference from hand calculations » Axial loaded rectangle *6” long push bar
3
F b 2 F] 7 bh

Oavg — Z cr — (IX’L)Q 192
DR 6.8 Endure Hot Fire Custom Slotted Plate Push Bar
Structural Loads oavg; 2,720 psi

Stability Max Load: 800 Ibf Buckling Force: 7,139 Ibf \/
Safety Factor: 1.7

SD TO Test Results SE PM




Sensor Requirements: Accelerometer

Sggsitivity of of achieved height as a function of burn time (Mach SR1 2098 example) ? MaCh SR]‘ hOt ].cl re data yvas USEd to fmd the
: : r » ‘ ‘ | ‘ | change of maximum height as a function of burn
time.

o 481.2 feet of max height per second of burn.

g

o Sensitivity of the burn time is used to determine
the time source shock occurs.

Height achieved, feet
g g
1 |

1200 -

1000 1 1 | | 1 1 1 !
6 6.2 6.4 6.6 6.8 7 7.2 7.4 7.6 7.8 8

Burn time, seconds

;




Sensor Requirements: Accelerometer

o 481.2 feet of max height per second of burn.

§Ozgmpling rate of the accelerometer as a function of error in achieved height.
T T I I

' 1 * ' ‘ o Sampling at 60 Hz will be adequate to reduce
b | . error to 8 feet, thus improving burn time
misas i accuracy
w BFEERRLSL > Resolution is not critical for this sensor.
T | V:s083 . )
R BaRs. . > No high thermal requirements
;-') s0f- \‘ . > Mounted on push plate.
g 40
<
w . b \\\ N
20 - T =)
10 e e e
00 110 210 310 410 510 6[0 710 810 910 100

Height accuracy, feet

:




Accelerometer Verification

Accelerometer Verification

19 Sampling Rate: 150 Hz

1.85 + Noise from Touching Lead :; i Satisfied DR 4.5
18} ‘ |

175

_—
~J
L]

Readings (V)

ki
(=)

>
(&)
§

1551 7 axis Y axis

1.5

A 1 1 il 1 A Shaking
0 10 20 30 40 50 60 70 80 90 100
Time (s)
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Time=50s

Sensor Requirements:
Nozzle Thermocouples

Assumptions:
° Only graphite, no Aluminum.

. o 4 124
5 52 s S = S e e o Throat is modelled as a “slice” of the nozzle.
xm > No convection from the top edge.

............................................
.......
......
5

Results:
o Fastest change in temperature is around 100°C/s, center of graphite.

Requirements:
o 10 Hz sampling rate is enough to capture 2°C increments during the

fastest changes in temperature.
o Accuracy then must be at least 2° Celsius.
' ' ' ' ' ' ' ' o Must endure 1300°F - aluminum attachment.

1
5 10 15 20 25 30 35 40 45
t(s)

Test Results SE PM
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Sensor Requirements:
Plumbing Thermocouple

Time=5s

e Assumptions:
o Flow through Aluminum feed lines.
o No convection from the surface of the

feed line.
® Results: , 0.01 0.015 0.02 0.025 0.03 0.035
o Fastest change in temperature is around i
90°C/s, center of aluminum wall. 30

e Requirements:
o 45 Hz sampling rate is enough to capture
2°C increments during the fastest -50
changes in temperature.
o Accuracy must be at least 2 °Celsius.
o Must endure -130 °F temperature - 70
boiling point of N_0.

Tcenter
S

.....

l 1
0 5 10 15 20 25 30
t(s)
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Accuracy of handheld thermocouple: 1°F
Accuracy of HICKAM thermocouple: 3°F

Thermocouple Verification Final Accuracy: 3.16°F

Sampling Rate: 15 Hz

Satisfied DR 6.6.5: Accuracies < 4°F Chamber,

Thermocouple Verification Boiling

° .
220 5°F Plumbing
200 ¢ 80 - Thermocouple Verification Ice Bath
I _ ——— Thermocouple 1
180 | 75 Thermocouple 2
e _ ° X Thermocouple 3
Ty Actual Temperature:202.4°F | 20| _  Thermosouple 4
0 160 Thermocouple 5
3 65 + Thermocouple 6
g = ——— Thermocouple 7
g_ 140 E 60 - ——— Thermocouple 8
i —— Thermocouple 1 = o
——— Thermocouple 2 o
120 Thermocouple 3 g' 50 Actual Temperature: 37.8°F
—— Thermocouple 4 lg

——— Thermocouple 5

100 Thermocouple 6 45
—— Thermocouple 7
——— Thermocouple 8 40
80 1 1 1 1 1 1 J =
0 10 20 30 40 50 60 70 35

Time (s)

30

0 20 40 60 80 100 120 140 160
—

Time (s)
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Sensor Requirements: Combustion
Chamber Pressure Transducer

Observations:

Pressure Results for Hot-Fire 1

1400 - o Pressure peaks between 0.1-0.5 second time frame
M Tank Pressure o Fluctuation of ~10 psi during steady burn
1200 |- g Regulator Pressure =
\\\\ Chamber Pressure Resu |t S
s N0 Injector Pressure *
1000 o ‘--‘\ - - . . .
P > To determine accurate maximum combustion
E " T chamber pressure, we would need minimum 50
e e | ; samples in 0.4 seconds
% soo o Must resolve the combustion chamber pressure to
& within at least 10% of 10 psia to capture fine
changes in combustion chamber pressure
400 ~ i
10 psi )
. Requirements:
200 | ” . . .
| ~0.1-0.5 second o Sampling Rate: minimum 125 Hz
0 i : : i o Resolution: minimum 1 psi
0 5 10 15

Time (sec)

Figure 72: Pressure Data for Hot Fire 1

07-08 Mach-SR1 300Ibf Engine Successful Hot Fire Test 2 Data

SD TO Test Results SE PM




07-08 Mach-SR1 300Ibf Engine Successful

Sensor Requirements: Load Cell
Hot Fire Test 2 Data

Determines Accuracy

Hot fire 2 Thrust 'ObsewatiOnS'

*Thrust peaks between 0.5-1 second

time frame

Determines Resolution *Fluctuation of ~40 |bf during steady
burn

*Results:
*To determine accurate maximum
thrust, we would need minimum ~30
samples in 0.5 seconds
*Must resolve the thrust to within at
least 25% of 40Ibf to capture fine
changes in thrust

. : . . *Requirements:

0 5 1P (second;)s 20 25 «Sampling Rate: minimum 60 Hz

*Resolution: minimum 10Ibf

300

Thrust (Ib-f)

Figure 80: Thrust Profiles for 2 Hot Fires
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Instron Load Cell Accuracy: 17 lbs

Loa d Ce‘ | Ve r|f|cat|0 [ HICKAM Load Cell Accuracy: 21 Ibs

Final Accuracy: 2.7%

1000 Loaq Cell Verlflc?tlon

Sampling Rate: 1.616 kHz

200 Satisfied DR 4.4: Accuracy < 2.75%
800
700

—~ 600 r

500

Load (Ibs

400

300

200

100

Instron Load
Measured Load

0 50 100 150 200 250
Time (s)

SD TO Test Results SE




Sampling Rate error calculation

The error in the sampling rate was found using the following equation:

+ fa
fo= I3 ) = fs fa
Where f, is the error in the frequency, f; is the sampling frequency, and f, is the frequency

daCcuracy.

This error was then converted to a percent, for readability.




Cold Flow Observed Results

* Oxidizer was not properly pressurized due to incorrect installation of relief valve RV-1

* Pre-injector pressure at PT-4 not measured due to incorrect installation of relief valve RV-2
*  "Main Valve" was found to have a leak while actuating
* Rocket motor was found to have a small leak between injector and endcap

* Mass flow rate measured at 0.89 Ibm/s, 100% of model prediction

* Successful liquid flow through injector plate for approximately 12s




Cold Flow Trial 2 Data Results

Load Cell Data

16 T T T T 1460 Injector Plate Pressure Transducer Data
14} -
1200
20T 1
10 - i 1000 -
= 8 T e
) 2 800 [
® 6F E 2
B & 5
O %)
gt - ®© 600 f
o
&f | 400 |
B 4
200
-2 I | \
e _5\"-'— - ————— 4 e S i 48 58 s GOt &
_4 1 1 1 1 1 1 O 1 1 1 1 1 1 ]
0 100 200 300 400 500 600 700 0 50 100 150 200 250 300 350
Time [sec] Time [sec]

b P S D S T0 S TestResults b st 5w




"Hot Fire” Accelerometer Results

Accelerometer Data

16
.MVW
T*Y\‘_'L vl e ) )
15 ‘V"M}[ Test time period
14 +
D13F
=
lo i
2 .l Hot Fire 1
o
§ 1.1
1+
09 F
0.8 L 1 ! Il - L 4
0 100 200 300 400 500 600 700

Time [sec]




Combustion Chamber Pressure
Transducer
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Combustion Chamber Pressure

Transducer




Cost without Donation Estimation
T oowr | Domon | Gtmaedcow

Swagelok Denver Feed system materials $6,000

Emerson MFM transmitter and ProLink $10,000
software

Omega Pressure transducers, high temp $800
thermocouple material

McGuckin Gift card $150

Aerospace Department Additional funds $3,000

FSI Cerafiber S$500

ITLL DAQ System, LabView, MFM $25,000

Aerospace Department Labs Load cell, thermocouple materials, $1,600

(Trudy and Matt) pressure transducers, stock material

SD T0
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