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1.0 Project Objectives and Requirements

Author: Robert Wuest
Coauthor: Stacey Bagg

1.1 Background

The Multidisciplinary University of Colorado ybrid Student Rocket Project, or Ma€H

SR1, is an ongoing undergraduate project that is developing a hybrid rocket that can achieve
spaceedgealtitude for the University of Colorad@U). The successful completiari such

a rocket would aiduture CU resarch efforts. In addition, it should be noted thatyhbrid

rocket with this capabilitjhas not been built and flown by any university within the United
States at this point, making this project a novel and highly ambitious concept. Started in
2001, the pject has been progressed tlgbuhe work of separate teams composed of
students in the Aerospace Engineering Seniojets course We are the seventh such team

to work on MaCHSRL1. In this format, the completion of the rocket by a single team is
infeasible. Howeverach team has worked towards the eventual goal by designing,
building, and testing various components. Past projects have tested prototype engines,
varying in thrust, up to 5,000¢lb The previous two teams have workedaostaleddown

300 Ih engine. The goal of this work is to refine the systems in this size engine up to launch
capability. In the future the systems can be scaled back up for larger designs.

development plan for the 300 Hocketis shown inFigurel.

Phase A — 2004-2005
Phase B — 2005-200

Phase C 2007-2008
Phase D -TBD
Phase E - TBD

Flight Readiness Test

System Integration

Component Design

A A/B

Figure 1: Development Plan

For the 300 lbenging several key systems have already been designed to be used in an
actual launchincluding the combustion chamber and nozZDeie current circumstancethe
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majarity of the physicalcomponents built by previous teams have been discarded. For this
team we will design and builgpbon severadystemgfeed, injection and ignition systens)

the overall rocket moves closer to completion. Additionally, we will relaiil of the

heritage systems ssto accurately assess the total rocket performance.

1.2 Objectives

For the scaledlown hybrid motor, the muliyear project goal is to design a flight ready
hybrid rocket to deliver a 1 |b payloadaa altitude of 15000 ft.

To accomplish this goal, the 20@D08 project objectives are to design, build, test and

i ntegrate a feed, i njection and ignition
combustion chamber, nozzle and fuel/oxalizomponent designs for a reliabieysable300

Ibs rocket motor.

1.3 Top Level Project and System Requirements

The top level and system level requirements are summariZeablal.

Table 1. Requirements

Top Level Requirements

0.PRJ1| Rocket motor must produce 27Qdih thrust for 15 seconds

0.PRJ2 | Total rocket mass must be within-29 Ib,

System Level Requirements

0.SYS1| The feed and injection systems must provide the combustion chambersiedds
flow of N,O at a flow rate of 1L.3-1.5 Ih,/s with a discharge coefficient of 6068

0.SYS2| The injection system must induce a pressure drop-@520

0.SYS3| The ignition system must produce greater than 27.8 BTU of energy and less {
500 psi @ pressure in the combustion chamber

The top level requiremensPRJ1and0.PRJ2were derived from the project goal of
propellinga 1 I, payload to a 15000 ft altitude. It can be seeRigure?2 that a
performance analysisag completed on the system, and it was foundntiegtting these two
top level requirements would satisfy this goBbr a more detailed requirements flolown,
see Appendix A.2.

sub
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Feak height as a function of Rocket mass and thrust

320 ¢

300

2a0

260

240

Rocket Thrust (Ibf)

220

200 ¢

180 1

1 1 1 1 1 2
70 80 a0 100 110
Rocket wet mass (Ib)
Figure 2: Altitude, Thrust, and Mass

The systemdvel requirements for the new systems were derived from the top level
requirements. Injector plate specific0usY S1lwere found from an inspection of empirical
data of thrust versus oxidizer mass flow rate which was extrapolated to meet atBAGstb
value(seeFigure6). The second system level requirem@BYS2 is added for the injector

as a traditional pressure drop in liquid rockets for proper functioning of the rocket. Without
this pressure drop, chugging and béickv of the oxidizer becomeoncerns. The final

system level requiremer@,SYS3 was defined for our new ignition technique. It was found
through an analysis of the energy required to dissociate incoming oxidizer plus the energy
required to vaporize grear than 2% of the HTPBHydroxkterminated polybutadiendyel.

The 500 psi requirement stems from the operating pressure of our combustion chamber, so
that our combustion chamber is not damaged during ignition.

2.0 Systems Architecture
Author: Stacey Bgg

2.1 System Description

The system consists of two 0.8 ¢arbon fiber tanks, each of which has a fill/purge
valve, which are connected together and to the feed systéfrinmh piping. There is
another solenoid valve between the two tanks to isthat® for filling. There is a solenoid
valve leading from the two tanks to the feed system to initiate the flow of oxidizer through
the system. The feed system consistafichpiping from the oxidizer tanks to the
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injection assembly, and includes a romotion flowmeter to measure the mass flow rate of
the liquid oxidizer, as well as a pressure transducer to measure the pressure of the oxidizer
above the injection assembly. The injection assembly consists of the titanium injector plate,
and aluminum g@lte housing and connections to the feed system and combustion chamber.
Cerafiber insulation is used to guard the aluminum from the combustion temperatures near
the combustion chamber. The injector plate is intended to accelerate the velocity of the
oxidizer, spraying it into the combustion chamber in very thin streams that are easy to
evaporate. A pressure drop is also induae@sgshe injector plate, whicbnsureghatthe

system will work properly with no backflow or chugging-Tpe Thermocouples Wbe

placed on either side of the injector plate to ensure that liquid is flowing through the plate
rather than a mixture of gas and liquid, which would indicate a phase change in the feed
system. The carbon fiber combustion chamber is composed oé@pnbustion section, a

fuel section and a pesbmbustion section. The precombustion section is intended to mix
and heathe vaporized fuel and oxidizer, and the postcombustion section is meant to
recirculate and combust any remaining fuel/oxidizer metuFhe combustion chamber uses
phenolic insulation to guard the carbon fiber from the combustion temperatures. The exhaust
gases are then accelerated out the graphite nozzle, which is connected to the combustion
chamber via aluminum housing.he systenassemblyan be seen below Figure3.

Figure 3: Rocket Assembly

Nitrous oxide will be loaded into each individual oxidizer tank, and then the fill/purge valves
will be closed. The solenoid valvetieen the tanks will be opened so the oxidizer can mix.
The solenoid valve in the feed system will then be opened to initiate the operation of the
hybrid motor. The ignition system will be used to initially evaporate some HTPB, dissociate
the NO and igiite the mixtureof the twa After ignition, heat from combustion walstain

this process. Combustion will raise the temperature and pressure inside the combustion
chamber, and exhaust gases will be forced out through the nozzle. The cordergrigng

nozzle will accelerate the gases to supersonic speeds, which will create our thrust. After
operation, the nitrogen purge may be used to clear the system of any remaining flame.

The test stand will be composed of an inner and outer frame, a configufeat was chosen

to eliminate any loadsom being transferred to tHeed system and oxidizer tanks. The feed
system will be connected to the test stand at the injection system interface. This will place
the entire force of the thrust on the nozzlembustion chamber injection system, and inner
frame only, which will eliminate possible damages to any system. The inner frame will push
against the outer frame at the load cell point, transferring the force of the thrust to the load
cell so it can be nasured. Bearings between the inner and outer frames will ensure that the

4
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force acts in only one direction. -tgpe thermocouples will aldoe used to create a system
temperature profile, which can be usedléderanalysis. At certain points, the

AES 4018, Senior Projects 1, Fall 2007

thermacouples must be placed on the outside of the rocket (at the oxidizer tanks and

combustion chamber) so as not to compromise the integrity of any pressure vessels by
drilling into them. This will not be a problem because a simple thermodynamic analysis will
allow the team to approximate the inner temperatures of the vessels based on heat transfer to
the outside. Pressure transducers will also be used at two points to measure pressures in the

system, a i dst. Table2 tists the derss@an 6 s

which wil

used during our hefire test

| al so

Table 2: Hot-Fire Sensor Summary

Temperature profile of
system

8 Thermocouples
9 2 for each oxidizer tank
1 1 above injector plate
1 1 below njector plate
1 1 on combustion chambe
1 1onnozzle

Pressures of oxidizer
entering system

2-3 Pressure transducers
1 1-2in feed system
9 1 below injector plate

Oxidizer mass flow rat

1 Micromotion mass flowmeter

Force of thrust

1 Load cell

2.2 System Desgn-to Specifications

T

Theoverall system is designed to Bg-98 Ib,, based on our initial mass budget

calculations. Thiss within the mass range of &, 1 99Ib,, which is required to taka

1 Ib payload to 15000 fO[PRJZ2.

The sysem diameter waseasigned to < Tches,sincea greater diameter would induce

too much drag to take the rocket to the f&@0QO ft goal [GL

The system was designed to produce an avehagstof 300 Ih, ensuring that the rocket

motor will produce the minimum requir@¥0 I of thrust D.PRJ].

The system was designed to have an oxieizduel ratio of 5.56.6, and provide enough
oxidizer at an appropriate rate for 15 seconds of 2Afdbst. This amount was

determined to be > 20 Ibs oM at a mass flow rate af33 Ib/s D.PRJ]

2.3 Sub-System Designto Specifications

2.3.1 Oxidizer Tank and Feed System

It was determined that two carbon fiber NOS tanks should be used to hold the oxidizer. The
total combined volume of these tanks is ~*1dnd together theyotd 21-25 Ik, of N,O

[0.PRJ] The twotank design was determined from the system diameter and weight
requirements [G1]. The feed system will be constructed from COTS piping and remotely
operated valves. The total dry mass of the oxidizer tanks andystsim will be less than
30 Iy, as outlined in our preliminary mass budg@PRJ2. The hybrid rocket motor will be

5
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a pressurded system, and the tanks will be initially pressurized to BBOO psi to ensure
that the appropriate mass flow rate throtigghinjector is accomplishe®.5YS1.

2.3.2 Injection System

The injection system will be composed of a titanium plate and aluminum housing and
connections to the feed system and combustion chamber. The total hole area of the plate is
designed to be beeen 0.020.04 irf to maintain the desired mass flow rate of oxidizer

through the injector].SYSJ]. The discharge coefficient is designed to be ~0.7 for sufficient
flow velocity into the combustion chamb&.$YS], and this parameter will be determined

by empirical tests (prototype injector plate testing). The total weight of the plate, the housing
and the connections must be less than 5.&dldletermineddy our preliminary mass budget
[0.PRJ2.

2.3.3 Ignition System

The new ignition system consistbusing a pyrogen to ignite our motor. This pyrogen must

be capable of dissociating any oxidizer coming into the system as well as sublimating >2% of
the HTPB fuel 0.SYS3. The worstcase scenario was determined to be an igniter time of

0.01 seconds, arder of magnitude greater than expected. Using the amount of oxidizer
entering the system during this time, the igniter needs to produce 10.8 REdbhpietely
dissociatat. To vaporize greater than 2% of the fuel, the igniter needs to produce an
addtional 17 BTU. Finally, the pressure from ignition must not exceed 500 psi to maintain
combustion chamber integrit [SYS3.

2.3.4 Combustion Chamber

The combustion chamber desigmand buildto specifications remain unchanged from

previous years, asraquirement from the customer. The design pressure of the combustion
chamber is 500 psi to produce the necessary thrust, Wwibtaf 3 [0.PRJ]. The total

volume of the chamber, including the precombustion section, the postcombustion section, the
portand the fuel volume is ~0.15'ftand the chamber holds73.lb,, of HTPB fuel which is
designed for 300 llof thrust for 15 second®[PRJ]. The total weight of the combustion
chamber will be less than 7.3,llasallottedin our mass budget.

2.3.5 Nozzle

The nozzle subsystem will consist of a graphite converdingrging nozzle, surrounded by
an aluminum casing which also connects the nozzle to the combustion chamber. The
aluminum part of the nozzle was designed to not melt at combustion tempeugttoes
550CF [0.PRJL The divergence angle of 13.&was used in previous years to produce the
desired 300 lpof thrust P.PRJ]. The total weight of the nozzle and casing must be less
than 4 Iy, asallottedin our mass budge0[PRJ2.
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3.0 Development and Assessment of Design Alternatives &
Design-to Specifications

3.1 Combustion Chamber and Nozzle
Author: Wesley Haigh

Unfortunately, no feasible design alternatives for thesesgatems exist due to the pyramid
nature of the MaCFBSR1 multiyear projet and rocket design in general. If progress is to be
made towards the flighteady rocket goal, the chamber and nozzle absolutely must remain
largely unchanged from the proven 288306 design. Any significant changes to these
components can affect tempaure, pressure, size, and resulting thrust produced by the
system. In other words, a completely different rocket will result if alternatives are pursued
and the multiyear project will not have made progress towards its goal. For these reasons,
t hi ssMa€HSRDteam will implement the same combustion chamber (including HTPB
fuel characteristics) and nozzle used by the 22086 team, whose baseline and improved
designs are shown Figure4 andFigure5 below respectively.
—Nozzle e '

= Combustion Chamber
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Injector Housing
1000 psi Pressure
Relief vValve y

!, " 9.67cm (3.808 in)
(b)

End Fittings Extended 0.35 in.

x

(C) 2005-2006 Design 2004-2005 Design
Figure 5: 20052006 Team Nozzle (a) and Combustion Chamber (b,c) Improvements

It should be nted that improvements were made to the 200d5 design by the 2062006

team which included the addition of a chamber noenle fitting extension of 0.35 in and a

1000 psi rupture disk integrated into the cylindrical wall of the injector housing. The en

fitting extension was added so that thdkidgs could compress before the threads were

engaged during assembly. The rupture disk was designed to prevent catastrophic chamber

failure during test firing. Thus, the 20050 06 t eamdés ¢ o mb uzglehaven ¢ ha ml
become even more desirable to t factwmofgadeyr 6 s t e
[FOS] of 3) and reliability along with 7 collective static test firings conducted with the

baseline chamber and nozzle design set forth with the-2008 team. In addition, utilizing

the structure of the combustion chamber and nozzle implies that the fuel composition and

fuel grain are not changed. This is due to the fact that any changes to the fuel will result in

drastic structural and requirement cpas to the entire rocket system, including the chamber

and nozzle.

Simply put, the combustion chamber and nozzle selected have already been designed to meet
the 300 Ipdesign goal. Their specifications and measured values are listedhl&l below.
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Table 3: Combustion Chamber, Fuel, and Nozzle Specifications

Combustion Chamber

Pressure

Temperature

Specifications
500 psi
5500 °F

Max Measured Values
~240 psi
~3375 °F

Mass HTPB Fuel
Mass IPDI

Mass Castor Oil
Mass Carbon Black

Specifications
84.57% of 3.75 Ib
10.34% of 3.75 Ib
0.09 % of 3.75 Ib
0.5% of 3.75 b

Measured Values
3.171b

0.391b

0.0034 Ib

0.1875 b

Throat Diameter
Exit Diameter
Expansion Ratio

Specifications
0.366 in
1.939in

7

Measured Values
0.911in

2.05in

~5.08

As can be seen in the table above, the manufactured nozzle did not quite meet its
specifications but this is largely duo difficulty in precision manufacturing. The ideal values
are used in theoretical calculations and any discrepancies, such as these, can be addressed

during post analysis of final test results.

3.2 Injector System

Author: Stacey Bagg

The design of thenjection system stemmed from the system level requirements of providing
a mass flow rate of.13-1.5 Ib,/s of oxidizer through the injection plate, a discharge
coefficient of 0.7 for the plate, and providing a2%% pressure drop across the plate.

Theprimary motivation for the pressure drop is to provide stable combustion. A pressure

drop that

S

t oo

ow may al l

ow

for

Achugging

the oxidizer to enter the combustion chamber with an alternating highwardssure,

inducing frequencies into the thrust and then into the entire structure. Chugging can tear
apart the rocket if the vibrations are strong enough, or if the frequency is coupled with the
natural frequency of the structure. Backflow into thel@ertanks is also a concern,

because of the risk of introducing contaminants into the oxidizer tanks; nitrous oxide is inert
when it is pure, but once contaminants are introduced it becomes highly volatile.

The discharge coefficient was determinedrfreeveral sources. Tiwtial source was

previous

yteespecificaiions, etelie they had assumed a discharge coefficient

around 0.7. This was backed up by references citing discharge coefficients being between
0.6-0.9 for most liquid rockeinjectors®™. Finally, it was found that a higher heeansfer

rate to the combustiothamber and injector plate léal higher performance injectors. A

higher heat transfer rate can be accomplished by increasing the velocity of the oxidizer flow,
which isdoneby having a higher discharge coefficieas shown ifEquationl.
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v=C, /2%”3

Equation 1: Velocity of Oxidizer Flow

The desired mass flow rate was found from an analysis of emmlataiprovided from the
past t wo trecketmsotor h8t Or@tests.bThis data, seeRigure6, shows that the
relationship betweetihe mass flow rate of oxidizer drthethrust can be assumed to be a
linear relationsip.

Oxidizer Flow Rate Effect on Thrust

~=Linear Trandline

w=g=rot-Fire Test Dota

Thrust (Ibf)

1.1 1.4 1.3 1.4
Oxidizer Flow Rate (lbm/s)

Figure 6: Oxidizer Mass Flow Rate vs. Thrust

When this data is extrapolated to a thrust of 3@0tlban be seen that an oxidizer mésw
rate of 1.33 Ip/s is desirable. For the minimum required thrust of 27 Qlibass flow rate
greater than 1.13 Jifs is necessary.

After the desired pressure drop and discharge coefficient are determined, the effective
injector hole area can be determined by the desired mass flow rate of oxidizer. This is done
usingEquation2.

A:L
Cy+/2rDP

Equation 2: Injector Hole Area
After the total effective hole area is found, the injector plate design must be determined.

Three design alternatives were consideredhald deign, an 8hole design, and a ible
design. These designs are pictured belowrigure?.

10
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Figure 7: Plate Hole Designs

To find the area and diameter of each hole in each pattern, the totaveffesg area was
divided by the number of holes. As is shown, the hole patterns follow the pattern of the fuel
port This is for two main reasonfiist so that the oxidizer is very close to the fuel grain
which reduces the boundary layer thickness,ihglpombustion, and second so that the

holes are not directly over the fuel grain, causing the grain to block the oxidizer flow. The
oxidizer must be designed to go directly down the fuel port for the most stable combustion,
as shown irFigure8.

- —

Fuel grdlﬁ

>

| » Injected oxidizer

a.) Stable Combustion

Figure 8: Stable Combustion Diagram

The possibility of a phase change was considered, for analysis purposes, in the oxidizer
above the injector plate. It wassumed for all theatieal calculations that the oxidizer

passing through the plate was liquid, but there is a good possibility of the oxidizer becoming
gaseous before the plate. Upon visually inspecting the injector plate from th@ QD®5

team, it appeared that the titamiunad become hot enough from combustion temperatures to
anneal. Heat transfer through the plate would have prohibited the oxidizer on the other side
from being liquid, as it would be far past its critical point temperature. Taking this into
considerationthe hole area necessary for a gaseous oxidizer would be about three times
greater for the required flow rat&igure9 shows the hole area comparisoassuming an

injector plate with 8 holesThesecalculationsvere made withhe assumption o

combustion chamber pressure of 500 psi, and density gDdiessure plots varying with
temperature can be found in Appenéix8.

11
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Hole Diameter using Liquid and Gaseo
Oxidizer

5.9
5.4
4.9 <

4.4 — — Gaseous N2t
3.9 N

3.4 > Liquid N20

24 -
1.9 ~

1.4

Hole Diameter (mm

0 10 20 30 40
Temperature (deg. C

Figure 9: Injector Hole Diameter Based on Phase of Oxidizer

It can be conclded that if there is a phase change before the injector plate, there will be a
flow rate of around one third of the expected oxidizer flow rate, reducing thrust significantly.
As mentioned before, the final design will assume that there is no phase,dharityées

model will help the team if there is insufficient oxidizer flow through the injector.

3.3 Feed System
Author: Leon Slavkin

The objective othefeed system is to store and deliver nitrous oxide tanjeetorsafely
while minimizing pressur@sses and providing sensor interfac&sefeed andnjection
assemblyareshown below irFigure10.

Figure 10: Injection System Assembly

3.3.1 Oxidizer Tank Selection

The most difficult component tobtain for a flight ready rocket is the oxidizer tank because

of the high cost to manufacture a tank for the narrow rocket diameter. The Q®%am
attempted to solve this problem by designing their own composite oxidizer tank. Their design
included ugg a carbon fiber wrap with aluminum end fittings held together by carbon fiber

12
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straps. This design proved to be unsuccessful as théaidetka pressure test. Upon their
advice, this yed@s MachSR1 team will purchase a COTS oxidizer tank. An exters»asch
of existing feasible tanks produced three possible options. First is an aluminufNSSs

a brandname that specializes in Nitrous Oxide tartlsk used in automobiles. The second
is also a NOS tank but made out of carbon fiber; because sizéhef this tank, two tanks
would be needed. The final option is an altered aluminum pipe with welded end caps. A
summary of these options alongth the specs is shawn Table4.

Table 4: Oxidizer Tank Options

Specs:
Tank Mass 25.11b 8.75 b 75 Ib
Diameter 8in 6.625 in 5in
Cost ~$250 ~$1100 ~$500
Too wide for Too heavy for
Disadvantages flight, Volume corﬁ‘;[gg:(:t(ijon flight,
too small for ' Exceeds mass

nominal oxidizer More complex budget by 300%

Equivalent
System Mass 49.3 b 44.7 b 96 Ib
(ESM):
Expected 11370 ft 15520 ft 9110 ft
Altitude:

In order to select the best tank for our rocket a trade study was performed to determine the
predicted altitude allowable by each tank optiinst an equivalent system mass was
determined. This value corresponds to the mass of the tank and oxidizer as well as all
necessary components to implement the design. The two carbon fibehaanthe smallest
equivalent system mass of 44.7 Ib, maingcause an individual tank only weighs 8.75 Ib

which is significantly less than the other options. Using the equivalent mass the total mass for
the rocket was computed for each option, as well as the predicted thrust. This combined with
the rockefs diameer and assumed drag coefficient of 0.35 yieldedtkeicted altitudes

shown in Table4 as determined by the Matlab code alt.m availabkppendix A.3.5 A
requirement of a 15,000 ft altitude was set by the customer, thuslthfzasible option is

the two carbon fiber tanks.

13
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3.3.2 Selection of Feed System Components

Swagelok company products will be used for the tubing and connections. Tubing for the feed
system is 1/2 inch diameter steel piping with a thickness of 0.035sin€hes is the largest
diameter available and thus will be used for our design because of the highnis3&dlss

flow rate. The operating pressure of this tube is 2600 psi and the burst pressure is 10,000 psi.
The tubing is designed to sustain a FOS.d@wagelok gageable tube fittings will be used

for each component connection. faisdard Gring adaptor is selected to prevent leakage

from vibration and thermal expansion. Sesw.swagelok.confor details on the

components of the feed system. A Swagelmsgpure regulator will also be used to limit the

flow of oxidizer during the first half of operation3.he basic design feed design is shown

below inFigurel1l.

%
<

-

@ <

-

Figure 11: Basic Feed Design

E<D
¢
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3.4 Ignitio n System

Author: Bradley Crittenden
Coauthor: Robert Wuest

The ignition system for the MaGBR1 hybrid rocket must reliably and safely ignite the

motor with consistent results. Previous teams ladhva&ttempted to desigmniqueigniters,

with no successT he failure of previous igniters has been traced to a few primary conditions
that must exist for combustion to occur. Not only does the HTPB fuel need to be vaporized,
but the flow of cold nitrous oxide must be dissociated and the combustion chambeemust b
pressurized. The televel requirements of safety and reliability flow down to form a set of
specific requirements, as defined by this

a. Greater than 2% of the HTPB fuel must be vaporized.

b. Any oxidizer entering the preombustion zone must lagssociated.

c. The combustion chamber must be pressurized to approxinmaseththe
expected chamber pressure during motor operatibith is500 psi

Two ignition system designs have been explored by previous MalRHteams, and two
others were discoved through researchlable5 summarizes the advantagesla
disadvantages of each system.

Table 5: Ignition Alternatives
System Advantages Disadvantages

Steel Wool/LOX | Low cost, relatively reliable  Potenial damage to nozzle
Low energy and temperature
outputs, does not function

Heater Wire Low cost, safe

Simple, high temperature

Handling of combustibles
output

Pyrotechnic

Primarily used for LOX
Electric Spark Safe, well documented | motors, not legitimatér N,O
systems

Electric spark was immediately dismissed due to its application. The heater wire system
failed to pressurize and heat the-pmambustion zone sufficiently for ignition to occur, and

was therefore also dismissed. The pyrotechnic ignfi@tem was chosen for this MacCH

SR1 team because it has shown to be extremely reliable for nitrous oxide systems, it will not
damage the nozzle, and it is fairly well documented and simple to construct.

For the specific pyrogen in the pyrotechnic ignggstem there were several options. The
pyrogen is the material that ignites in the pyrotechnic igniter system.

The first option was grchasing a commercial model rocket engmese as a pyroger his
optionwas disregardeldased on the difficulty ianalyzing a ommercial rocket engine and

the difficulty of making any modifications. Commercial rocket engines are designed to work
with the rockets made by the same company or a specific class of rockets. Details on their
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chemical makeup and energy put are not readily availéda A commercial rocket engine

would require testing, not design, to check if it meets requirements. Also if the tests proved
modifications needed to be made, this would be near impossible as the engines are made to
be used as and altering one could rdsin it becoming inoperable or unstable.

The second option was to manufacture a custom pyrogen. This optinredetinding a

suitable compositioranalyzing the outputs, and designing it to meet thairements.The
composition found was a mixture of magnesium powder, potassium nitrate, and epoxy. The
magnesium nitrate burns fast and hot, with the potassium nitrate sasvargoxidizer, and

the epoxy as binder that allows it to hold shape andgeeg stable.This composition was
chosen since it is powerful, fast burning, and has been used in hybrid engines with the same
types of fudf). The chemical reaction for this pyrogen is shown belo®igure12.

4KNO;+ 10Mg = 2K,0+ 2N+ 10MgO+ energv

Figure 12 Chemical Reaction for Pyrogen

3.4.1 Heat of Formation Analysis

To see how much energy this pyrogen would produce, heat of formation analysis was used.
Heat of formation is the energy available in each mdé&of propellant.The heat of

formation that results from the combining or separating of compounds has been found
empirically and these values are used to provide an approximation of the total energy input or
output of a chemical reaction. The equatised to get the total energy is showiEguation

3.

D_h Oreacu'on - D_If Oproducls' D_h Oreactams

Equation 3: Heat of Formation ©

Shown below inTable6 are the values used for the heataiatiod”. Using thesevalues
gives this pyrogen an energy output of 1542.58Tiis assumes the number of moles used
is the same as iRigure12 and that all reactants are sokdhile all products are gas.

Table 6: Heat of Formation Values

Molecule Heatof formation (ki/mol) # of Moles

KNO, 494.0 4

Reactants
Mg 0 10
K,0 -74.09 2
Products N, 0 2
MgO 58.16 10

3.4.2 Safety Concerns

All pyrotechnics will be produced according to a detailed procedure approved ®ythe
Environmental Health & SafeffeH&S), as well as the ITLL laboratory coordinators.
Primary concersiinclude the handling of magnesium which can put combustible partgulate
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in the air, and the combination of dry magnesium and potassium nitrate powaders
spontaneously combusthese two will be kept separate until combined safely in the wet
epoxy biner. In order to minimize risks associated with the ignition system, hazards and
mitigation strategies have been identified and are list@dlte7.

Table 7: Pyrotechnic Safety Concerns

Hazard AUEEEE Concern Mitigation
Component
Absorption or | Mg, Mg reacts with| Store components in
contact with Pyrogen H20, sealed containers,
water producing avoid contact with
flammable skin or damp surfaceg
gases
Open flame or | Mg, Unplanned Build igniters in a
spark Pyrogen ignition well ventilated area tqg
avoid floating Mg
powder, avoid any
potential ignition
source
Exposure to Mg Gradually Store components in
oxygen forms Mg sealed containers
oxide

3.5 Test Stand
Author: Jared Santistevan

The test stand requiremsrdre as follows:

Securely and safely hold each subsystem.

Measure thrust via load cell.

No load transferred to feed system or oxidizer tanks.
Mount to Lockheed MartilLM) test facility.
Withstand 350 Ip

arwnE

The preliminary design choices of the tststnd consisted of two forms, four material shapes,
anddifferent materials. The two different options of the test sthesign werdo either have

the test stand in a vertical or horizontal configuratidimnere were advantages and
disadvantages to botlAdvantages of the horizontal design were that the rocket thrust could
easily be obtained without considering weight of rocket or loss of oxjdinéke the vertical
configuration. The horizontal design is also easier to measure thrust in that #tecond

be attached to a frame with simple rolldrat would be provided by LMDisadvantages are
that the rocket is not in a flight ready position and it would be difficultsta gravity fé

system for thdiquid oxidizer.

Advantages of the vedal design were that the rocket thrust could be measured in a flight
ready position. Liquid oxidizer could be fed to the rocket motor easily in a vertical position.
One disadvantage is that we would have to construct our own test stand so that we could
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mount our whole rocket. Another disadvantage is that the thrust would have to somehow be
transferred to the load cell.

The four types of material shapes to be considered waearhs, square or rectangular
tubing, angle, and channel. The types of nialt@rere limited to steel and aluminum. The |
beam and tubing configurations are ideal for maximum strength but are rather expensive.
Angle is the cheapest but is harder to mount to. Channel cmse than angle but still has

lot of strength and thexidizer tanks could easily mount to it.

4.0 Project Feasibility and Risk Assessment

Author: Wes Haigh
Coauthor: Stacey Bagg

The MaCHSR1 rocket engine proposed thus far is still feasible with plans in place to

mitigate the technical risks involved indition to a completed prototype test verifying the
injector plate design. The ignition system was to be prototyped and tested using a calorimeter
built by t SRS tegmewite the injddtoiCHyistem was to be prototyped tested
using the Armfield idraulics bench located in the ITLL. Unfortunately, the ignition system
prototype and test had to be rescheduled for next semester due to safety concerns. However,
the injection system was successfully tested and a design was selected which will provide an
adequate flow and pressure drop of nitrous oxide into the combustion chamber, preventing
any risk of poor flow or pressure variation.

4.1 Technical Risk Assessment and Mitigation

Technical risks are associated with MaSR1 hybrid rocket development areting.
Those that were identified are showrTiable8 along with their mitigation plans and
priority. Those items of high priority are marked with an X. This priority was determined
based on a ranking scheme of high, mediunipwrcriticality and likelihood of occurrence.
High priority items are defined as items whose criticality and likelihood are both either
medium or above. The chart ranking each of these risks can be found in Appendix A.8.
Project related risks are listed section 9.3 while health and safety risks can be found in
section 9.4.
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Table 8: Technical Risks and Mitigation

COMPONENT JRISK ASSESSMENT |MITIGATION PLAN |PRIORITY
Ignition System (IG)
1G.1 Damage to adjacent systems |Prototype testing X
1.) Prototype testing, or
1G.2 Insufficient heat produced 2.) Steel wool ignition system X

Feed System (FD)

Heated valves or valves designed to withst

FD.1 Frozen valves minimum expected oxidizer temperatures X
Sensor detect, close oxidizer valves, open

FD.2 Backflow nitrogen purge valve X

Injection System (IN)

IN.1 Poor flow/pressure variation |Prototype testing X

Use thinner coating of epoxy to ensure
Injector housing seal breaks |combustion chamber fits snugly into injecto

IN.2 during hot-fire housing during assembly X

Oxidizer Tank (OX)

1.) Pre-test each tank at Lockheed Martin
Dual oxidizer tanks explode |2.) If failure occurs during pre-test, borrow

OX.1 when filled with oxidizer Lockheed Martin tank(s) temporarily

Data Acquisition/Electronic Controls (DA)

Include redundant sensors (esp. where

DA.1 Sensor malfunction backflow may occur)
True measurement amplitude

DA.2 outside of expected amplitudqSet requirements above those expected
True measurement frequencyj

DA.3 higher than expected Ensure sampling above nyquist frequency

Test Stand (TS)

Friction between sleeve and
TS.1 mount points Utilize ball bearings in place of pin X

Inability to transfer load

between injector housing and
TS.2 inner frame Further structural analysis

Other (O)

Atmospheric Variation
(Pressure, Temperature,
0.1 Density) Measure during testing for post-analysis

Damage to components durinfEnsure plenty of packing material when
0.3 transport to test facility packaging components X

4.2 Prototype Test Results

Two systems were prototyped to reduce risk on our projgut.ignition system prototype

test was not completed this fall due to insufficient analysis of the testing methed.

injector systenprototype test was completbdcausen all of our analyticatalculations
discharge coefficient was assumed and not nadgsknown. The team therefore wanted to
test several different plates for discharge coefficient in order to empirically determine which
plate will give us the characteristics we want. The Armfield Hydraulics bench in the ITL
was used for this test. #ibe was connected to the bench, which was then connectdd to a
Y>to-3 inch metal expander. This was connected to a small metal piping section, which was
glued in to & Y2to-4 inch PVC expander section. The plate was held in place by a-screw
circular cap, and a neoprene gasket was used so no water leaked. The test setup can be seen
in Figurel13.
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Figure 1‘3: Injection Plate Prototype Test Setup

The pump on the hydraulics bench was used to ceeptessure differential which forced the
water through the injector plate. The water then filled the reservoir in the hydraulics bench
as it passed through the plate. The pressure differential and the amount of water in the
reservoir were measured witbspect to time, using a stopwatch and video cameras for
accuracy. Test was concluded aftes B of water accumulated in the reservoir. Using
Equationd, the discharge coefficient for each plate could be found.

co—_ ™
" AJ2r(OP)

Equation 4: Coefficient of Discharge
Nine different plates were tested, in a 3x3 matrix varying total effective hole area and

number of holes. The different hole patterns are showdgime14. The testing matrix and
results are shown ihable9.
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Figure 14: Plate Hole Designs
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Table 9: Prototype Injector Plate Test Results

Plate Number| Drill |Diameter (in)| Holes | Ai (in"2) | Cd
#1 34 0.111 4 3.87E02 | 0.41
#2 39 0.0995 4 3.11E02 | 0.55
#3 44 0.086 4 2.32E02 | 0.53
#4 47 0.0785 8 3.87E02 | 0.47
#5 50 0.07 8 3.08E02 | 0.60
#6 53 0.0595 8 2.22E02 | 0.71
#7 52 0.0635 12 | 3.80E02 | 0.52
#8 54 0.055 12 | 2.85E02 | 0.58
#9 56 0.0469 12 | 2.07E02 | 0.65

Confidence in the discharge coefficients is to within07, based on the measurement
accuracies of pressure to within +1 psi, volume of water to within £0.05 L, and time to within

+0.1 seconds. A full matrix of measured resoén be found in Appendi&6. The results

show that higher gvalues were obtainable with smaller total effective hole areas, for all hole
patterns. The discharge coefficient range was-@41, with an average of 0.56. The

results are plotted iRigure15.
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Injector Plate Prototype Test
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Figure 15: Injector Plate Prototype Test Results

The plate chosen for our design is thkde design with a total effective hole area of 0.022
in?, which had the most ideal discharge coefficiefi.71.

5.0 Design Elements
5.1 Mechanical

5.1.1Combustion Chamber
Author: Richard Bell

The combustion chamber will be manufactured in a manner identical to that used by the
previous team, since no changes have been made to the design. The entll loaps wi
manufactured using the standard lathe as in previous years, though a program for the
automatic CNC lathe may be written to better facilitate remanufacturing the part by future
teams. The Hlass phenolic insulation will be purchased-prelded in tie tube geometry
specific to its use and cut to length as necessary. The composite shell will herappdd

around the phenolic insulation to allow direct bonding between the insulation and the shell
itself.

5.1.2 Fuel
Author: Richard Bell

The fuel willbe mixed and cured in essentially the same fashion as it has been in the past. A
detailed procedure for how to do this is give\ppendix A.5.1 The fuel will be curd
inside the combustion chambegter the chamber has been manufactutedeeds tde
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cured at 135°HA45° F for 7 days in a simple curing oven built for this purpose out of
plywood, insulation, and heat lamps. The mandrel used to create the cross pattern in the
center of the HTPB fuel will be made of Teflon, purchased in cylindsieetions and milled

into a pattern matching the interior of the fuel. These sections will be held together during
curing by three short wooden dowels run through the center of them. A wooden plug and a
foam core separator will be bolted to the bottora otesign identical to that used by the
previous two MaCHSR1 teams, shown ligurel16. This design is covered in detail in the
20042005 Fall Report.

Figure 16: Fuel mandrel design

5.1.3 Injector Syst em
Author: StaceyBagg

Initial calculations were done for the Preliminary Design Review (PDR) assuming a
combustion chamber pressure of 500 psi, an oxidizer pressure of 700 psi, and a density of
NO of 0.027 Ikyin® (density at room temperature). Thesécalations gave an initial

estimate for total hole area of 0.028.irA further analysis accounting for various

temperatures of liquid oxidizer (and therefore various densities and pressur€y) olb i

keeping a constant combustion chamber pressus@®ps] revealedan optimal hole area
0.0230.031 irf for relevant temperatures of ®0°F. Below 60°F, the oxidizer pressure

became too low to maintain greater than 20% above 5008es AppendipA.3.9 for plots

used for these analyses. The finallayas i s wa s Hbiw-down dRaysibfem thes
20052006 MaCHSR1 projectwhich was a much more accurate prediction for the behavior

of the system. This code gave total injector are@s0#20.035 irf for our desired thrust

values.

These hole &as were used to determine the hole diameters of our prototype test plates. The
prototype test was then used to find which hole area and plate pattern gave the best discharge
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coefficient. It was found that thel®le pattern with a total hole area of 222 irf gave the

most ideal discharge coefficient of @, othis pattern will be used. First, ¥ inch titanium
plate will be machined into the 2.75 inch circular disk. The holes will then be milled into the
plate using carbid# 53 drill bits. The finbplate is shown irFigurel17.

Plate Thickness =0.25 in.
All Dimenstons Shown are in Inches

Figure 17: Injector Plate

This plate will be integrated into the previously designed injector housing. The housing is
shown below, irFigure18.

A " Pressure Transducer

, a2
T =2in f [ \ e .
Wi | [ \ Injector Housing Top/
&\ [ | (La—T 1 To Feed System
, m ( n | - -
| { N | | . Port Diameter =0.78 in
i 0 | v

; Diameter =4.72 in

\\J

I". _,Jﬁ ".lll \ O—Il{jng

\ " O- ng Inject
/ Cerafiber Insulation Injector Housing plj:tz *

O-Ring Safety Burst Disk
Figure 18: Injection System

The team believed it was unnecessary to change any other major component of the injection
system, since no other component has failed in the past.
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5.1.4 Feed System
Author: Leon Slavkin

Prediced minimum pressure drop ouvése valve leading to the injection systaras

calculated by usingquation5.
2

R

Qo

GPM
c,

Equation 5: Pressure Differential

DP =

O

GPM is US volumgic flow rate (Gallms Per Minute)C, is the factor that will determine
the volume passing capacity of the valdsing a computational model of the system, it is
predicted that thexidizerwill flow between 1.21.5 Iby/s (9.7 GPM). The average pressure
dropoverthis valveat the average mass flow rate of 1.33dkis 44 psi.

The design goal of the feed system was to deliver oxidizer into the combustion chamber at an
average mass flovateof 1.33 Ihy/s with as little variation from this value as possible. In

order to acomplish this, a regulator is used and the oxidizer is pressurized to 1000 psi.
Without these improvements the mass flow profile for an unpressurized and unregulated
system would vary significantlgver time as demonstrated Bigure19. Only the

pressurized and regulated scenario produces a consistent flow that remains within 20% of the
desired average mass flow rate.

ne Mass Flow Rate for Various Feed Designs

Fresurized and Regulated

Fressurized but NO Regulator
2r — M Pressurant or Regulatar .
20% Margin

—
m

—_

hlass flow rate (lbmis)

o
i

I:I | |
0 5 Time [sec) 10 15
Figure 19: Mass Flow Rate
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The specific pressurized and regulated values were detertmninding conditions where

the pressure drop across the plate remained above 20%, and where the average mass flow
ratewas exactly 1.33 |s. To have a pressure drop just over 20% at the start of the burn the
regulator pressure was set to 673 p¥ith this value the corresponding initial pressure of

the oxidizer was set to 1000 psi to provide the desired mass flow conditions. Shown below is
the pressure drop profile across the injector plate over time, signifying that we do meet our
requirementsofeeP bet 88 n 20

Pressure drop across Injector Plate
29 T T

28

27

26

25

24

Percent Drop (%)

23

22

21

;
0 5 10 15
Time (sec)

20

Figure 20: Pressure Drop across Plate

5.1.5 Ignition System
Author: Bradley Crittenden

More important thanugcessfully igniting the rockes the integrity of the rocket. Therefore
the ignition system wasegigned to fit within the combustion chamber design pressure,
which is 500 PSI. The heat of formation analysis discusse®l4d] is the basis for the
igniter analysis. The following assumgtis were made for the analysis

1. The reactants react completely
2. The system reaches equilibrium
3. The products are ideal gasses

These assumptions allow the use of the ideal gas law, and ®atonl aw of parti al
shown inEquaion 6.
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PV =nRT
I:)total:P1+PZ+"'+F)n
Equation 6: | deal Gas Law and Daltonés Law of Par
Daltondés | aw allows us to sum the pressures

combustion of the reactant®, is the pressure of a single gas product. When #el ghs

law is written as above, the const&is the universal gas constant, which is not specific to
the gas used. Another useful equation shows the equilibrium temperature in the closed
volume, based on the specific heats of each prpdbotvn inEquation?.

T :Q/a. nCp

Equation 7: Temperature from Specific Heat

WhereQ is the total energy the igniter outputs, and ﬂﬁ%n term is specific to the moles

and specific heatf each reaction product. From this temperature, the ideal gas law is used to

find the pressure of each reaction product in the volume of the combustion chamber. Then
Daltonds | aw can be used to sum theapressur e
standard atmosphere.

A program was written to do this iteratively for a range of igniter sizes, until a solution was
found that had a pressure within a specified tolerance of 500 PSI. This same code was used to
generate a pressure profile basedhesize of the igniter used, as seerfrigure21.

Requirement: Ingegrity of CC
600 : : = : :

500 / N

400 - CC design pressure .

300 - 7

200 - N

Pressure In CC (PSI)

100 - N

O r r r r r
0 0.005 0.01 0.015 0.02 0.025 0.03
Igniter Mass (Ibm)
Figure 21: Pressure Output of Igniter

Theredlines indicate the 500 psombustion chamber design pressure, which corresponds to
a 0.027 Ik igniter. Fliom this, the temperature reached with this igniter was reverse
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calculated to ensure it would not exceed the combustion chamber design tempshatune
in Figure22.

Requirement: Integrity of CC

T L L L T

5000 /

" CC design temperature |

4000

3000

2000

Temperature In CC (F)

1000

0 r r r r r
0 0.005 0.01 0.015 0.02 0.025 0.03
Igniter Mass (Ibm)
Figure 22: Temperature Output of Igniter

Clearly, the igniter mass chosen will not exceed the combustion chamber design temperature.
Therefore, the combustion chamber will not be damaged from excessive pressures or
temperatures with this igniter size. Ugithe3-1-1 (60%20%-20%) massratio of the igniter
components, and their individual densities, the volume of the igniter was found. Using this
volume, a SolidWorks model was based around the shape of the solid fuel grain used, to

ensure the pyrogen would not block any oxidizer prior tdi@gm This model is shown in
Figure23.

Figure 23: Model of Pyrogen

Althoughwe have shown this will pressuritge combustion chamber, we must ensure it
provides the energy required to dissociateititoming oxidizer and alsublimatea portion
of the HTPB fuel. This was done by assuming 50% of the igniter energy output went towards
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each of these two requirements. Although this is a rough estimate, it greome insight to
the power of this pyrgen.

To calculate the required energy the igniter must produce, we must know how much energy
Is required to dissociate the incoming oxygen and how much energy is required to vaporize
>2% of the HTPB.The dissociation energy of nitrous oxide is 77.8 BTblénsothe

required energy for the dissociation of oxidizer is knowmdafknow the amount of nitrous

oxide in the precombustion zonduring ignition From the feed system analysis, 1.33 Ib of
oxidizer will be entering the chamber every secauthe bun time of the igniter is heavily
influential on how much oxidizes in the combustion chambéf the igniter takes too long

to burn, the feed system will supply too much nitrous oxide for the pyrogen to dissociate. To
ensure ignition success, a wecste burn time of 0.01 seconds wesd In reality, most
pyrotechnic igniters have burn timesless than a few millisecondso this burn time

scenario is significantly longer than expected. Using this burn time, the mass of oxidizer
entering the chambevill be .0133 Ib, which is converted to moles using the molar mass of
nitrous oxide. It will therefore take a maximum of 11 BTU to dissociate any nitrous oxide in
the precombustion zoneSecondly, the pyrogen must vaporize more than 2% of the HTPB
fuel. The mass of the fuel was taken from previous design. Similarhetdisisociation of
oxidizer, theamount of energy required to vaporize 2% of the HTPBugsd to bel7 BTU.

If the igniter does not supply enough energy to meet the sum of these twegngrgiion

will not occur.Figure24 shows the energy output of the igniter based on its mass.

Requirement: Energy
40 T T T T T T T

35" Obtainable energy

301 g

P ,

Total required energy
20+ -

Evaporate HTPB
il / |
10k Dissociate N20 | |

5ﬁ -

Energy Output (BTU)

0 r r r r r r r
0 0.005 0.01 0.015 0.02 0.025 0.03  0.035 0.04
Igniter Mass (Ibm)

Figure 24: Energy Required

This shows bth energy requirements and the vertloed again indicates thmass of igniter

chosen. Clearly, even given the severe woaste scenario burn time of 0.01 seconds, the
pyrogen supplies enough energy to ignite the rockesummary, an igniter with a mass of
0.027 Ib will supply enough energy to dissociate thein&iti vaporize the HTPB, and also
pressurize the combustion chamber.
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5.1.6 Test Stand
Author: Jared Santistevan

The final design choice was a vertical test stavtich isbased on the MaGi3R1 2005

2006 t e a,mxcepttioheitsil bg constructeaf A36 steel channel with A36 steel
plates andedesignedbearings The test stand consists of an inner frame and outer frame
which will be discussed in more detkter. The structural integrity of the test stand was
analyzed using Euler Buckling stigth analysis for the columns and a general stress analysis
of theplates. The test stané shown inFigure25.

Figure 25: Test Stand Frames
The outer frame will have one steel plate welded at theTop. structural columns consist

of A36 steel channel (C5x6.7). The top plate contains the logdwtedih isattached with a
stud and two nutsandis shown below irFigure26.
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