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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 — 2005-2006
Phase C - 2007-2008
Phase D - TBD
Phase E - TBD

Flight Readiness Test

Aerodynamic
System Integration Shell

Command
and Sensor
System

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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Peak height as a function of Rocket mass and thrust
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70 a0 a0 100 110
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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 roimotion 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 induaer@dsghe 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 m&tuFhe 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 valve eten 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 ignie the mixtureof the twa After ignition, heat from combustion walustain

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

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

to eliminate any loadsom being transferred to tleed 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 nozztembustion 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 mesared. Bearings between the inner and outer frames will ensure that the
force acts in only one direction. -tgpe thermocouples will aldoe used to create a system
temperature profile, which can be usedl&eranalysis. At certain points, the

thermoouples 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
| al so ai dst Table2tists the ders@ano s

system, which wi
used during our hefire test

AES 4028, Senior Projects Il, Spring 2008

Table 2: Hot-Fire Sensor Summary

system

Temperature profile of

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

entering system

Pressures of oxidizer

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

Oxidizer mass flow rat

1 Micromotion mass flowmeter

Force of thrust

1 Load cell

2.2 System Desiqh-to Specifications

1 Theoverall system is designed to B®-98 Ib,,, based on our initial mass budget
calculations. Thiss within the mass range of 1,1 99 Ib,, which is required to taka

1 Ib payload to 15000 fO[PRJ2.

1 The sysem diameter was d@ned to < inches,sincea greater diameter would induce

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

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

motor will produce the minimum required@ Ity of thrust 0.PRJ].

1 The system was designed to have an oxieliaduel 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 0f33 Ib/s D.PRJ]

an
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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 they tb21-25 Ik, of N,O

[0.PRJL The twoetank 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 andystsin will be less than

30 Iby, as outlined in our preliminary mass budg@fRJ2. The hybrid rocket motor will be

a pressurded system, and the tanks will be initially pressurized to BBOO psi to ensure

that the appropriate mass flow rate through injector 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 been 0.020.04 irf to maintain the desired mass flow rate of oxidizer

through the injector].SYS]. 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 consistsusing 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. Theinitial calculations assumed a worsise scenario where an

igniter time 0f0.01 secondgvas usedan order of magnitude greater than expected. Using

the amount of oxidizer entering the system during this time, the igniter needs to produce 10.8
BTU to completelydissociatat. To vaporize greater than 2% of the fuel, the igmiesds to
produce an additional 17 BTU. Finally, the pressure from ignition must not exceed 500 psi
to maintain combustion chamber integriy$YS3. After testing the igniter, it was

determined that it deflagrates much slower than expected, leadirggtiieements to

disregard pressure builgp in the chamber, since pressure would be given time to flow
through the system, and increase igniter mass to account for a greater volume of oxidizer
flowing into the system during ignition.

2.3.4 Combustion Chamber

The combustion chamber desitnand buildto specifications remain unchanged from

previous years, as a requirement from the customer. The design pressure of the combustion
chamber is 500 psi to produce the necessary thrust, \wibsof 3 [0.PRJ]. The total

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



Spring Final Report MaCH-SR1 AES 4028, Senior Projects Il, Spring 2008

2.3.5 Nozzle

The nozzle subsystem will consist of a graphite converdingrging nozzle, surrounded by
an aluminum casing which also connects the nozzlestadmbustion chamber. The
aluminum part of the nozzle was designed to not melt at combustion temperatures up to
550CF [0.PRJL The divergence angle of 13.&was used in previous years to produce the
desired 300 lpof thrust P.PRJ]. The total weighof the nozzle and casing must be less
than 4 Iy, asallottedin our mass budge®0[PRJ2.

3.0 Development and Assessment of Design Alternatives &
Design-to Specifications

3.1 Combustion Chamber and Nozzle
Author: Wesley Haigh

Unfortunately, no feasibldesign alternatives for these ssystems exist due to the pyramid
nature of the MaCFBR1 multiyear project and rocket design in general. If progress is to be
made towards the flighteady rocket goal, the chamber and nozzle absolutely must remain
largelyunchanged from the proven 202806 design. Any significant changes to these
components can affect temperature, pressure, size, and resulting thrust produced by the
system. In other words, a completely different rocket will result if alternatives angeplurs

and the multiyear project will not have made progress towards its goal. For these reasons,
t hi s ye aSRbteamMidl i plement the same combustion chamber (including HTPB
fuel characteristics) and nozzle used by the 22086 team, whose baseliaed improved

Combustion Chamber

Figure 4: Baseline Combustion Chamber, Nozzle, and End Fitting Design
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e / Inlet

Throat

Exit
'y

Injector Housing
1000 psi Pressure

3 9.67cm (3.808 in) MReliefvalve 59
(@)~
End Fittings Extended 0.35 in.
y
(C) 2005-2006 Design 2004-2005 Design

Figure 5: 20052006 Team Nozzle (a) and Combustion Chamber (b,c) Improvements

It should be noted that improvements were made to the-2008 design by the 2062006

team which included the addition of a chamber noenié fitting extensionfd.35 in and a

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

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

engaged during assembly. The rupture disk was designedvenpiatastrophic chamber

failure during test firing. Thus, the 20050 06 t eamdés combusti on <c¢haml
become even more desirable to t factwmofgadeyr 6 s t e
[FOS] of 3) and reliability along with 7 colteive 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 changedhif is due to the fact that any changes to the fuel will result in

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

and nozzle.

Simply put, the combustion chamber and nozzle selected have already been desiggetd
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

Specifications Max Measured Values
Pressure 500 psi ~240 psi
Temperature 5500 °F ~3375 °F

Fuel

Specifications Measured Values
Mass HTPB Fuel 84.57% of 3.751b  3.171b
Mass IPDI 10.34% of 3.751b  0.391b
Mass Castor Oill 0.09% of 3.75 Ib 0.0034 Ib
Mass Carbon Black 0.5% of 3.75 Ib 0.18751b

Nozzle

Specifications Measured Values
Throat Diameter 0.366 in 0.91in
Exit Diameter 1.939 in 2.05in
Expansion Ratio 7 ~5.08

As can be se®in the table above, the manufactured nozzle did not quite meet its
specifications but this is largely due to difficulty in precision manufacturing. The ideal values
are used in theoretical calculations and any discrepancies, such as these, can legladdress
during post analysis of final test results.

3.2 Injector System
Author: Stacey Bagg

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

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

drop that is too | ow may adpresswe disturbandesdausg gi n g
the oxidizer to enter the combustion chamber with an alternating high and low pressure,

inducing frequencies into the thrust and then into the entire structure. Chugging can tear

apart the rocket if the vibrations are strampugh, or if the frequency is coupled with the

natural frequency of the structure. Backflow into the oxidiaaks is also a concern,

because of the risk of introducing contaminants into the oxidizer tanks; nitrous oxide is inert

when it is pure, but ax® contaminants are introduced it becomes highly volatile.

The discharge coefficient was determined from several sourcesniffdesource was

previ ous yoespecificdiions, eigere they had assumed a discharge coefficient
around 0.7. Thisvas 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 léa higher performance injectoré

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 empirical data provided from the
past t wo trecketmsotor h8t Or@tests.bThis data, seeRigure6, shows that the
relationship betweethe mass flow rate of oxidizer drthethrust can be assumed to be a
linear relationship.

Oxidizer Flow Rate Effect on Thrust

300

280
/%5 B2
260 —&-Linear Trendline
/ —+—Hot-Fire Test Data

240

220

Thrust (1bf)

200

180 5-'06

160

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Oxidizer Flow Rate (Ilbm/s)

Figure 6: Oxidizer Mass Flow Rate vs. Thrust

When this data is extrapolated to a thrust of 3@0tlban be seen &b an oxidizer masiow
rate of 1.33 Ip/s is desirable. For the minimum required thrust of 2¥,Gllmass flow rate
greater than 1.13 Jifs is necessary.

After the desired pressure drop and discharge coefficient are determined, the effective
injectorhole 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 isuiad, the injector plate design must be determined.

Three design alternatives were consideredhald design, an-8ole 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 total effective hole 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 reasonBrst so that the oxidizer is very close to the fuel grain
which reduces the boundary layer thickness, helping combustion, and second so that the
holes are not directly over the fuel grain, causing the grain to block the oxidizer flow. The
oxidizer must belesigned to go directly down the fuel port for the most stable combustion,
as shown irFigure8.

N
\
Ol =
\_\
Y

™= Hot gas re-circulation zone

a.) Stable Combustion

Figure 8: Stable Combustion Diagram

The possibility of a phase change wassidered, for analysis purposes, in the oxidizer

above the injector plate. It wassumed for all theoretical calculations that the oxidizer
passing through the plate was liquid, but there is a good possibility of the oxidizer becoming
gaseous before th@ate. Upon visually inspecting the injector plate from the 20086

team, it appeared that the titanium had 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
consideration, the hole area necessary for a gaseous oxidizer would be about three times
greater for the required flow rat&igure9 showsthe hole area comparisoassuming an

injector plate with 8 holesThesecalculationsvere made with the assumptionaof

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

11
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Figure 9: Injector Hole Diameter Based on Phase of Oxidizer

It can be concluded 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, regubrust significantly.

As mentioned before, the final design will assume that there is no phase change, but this
model will help the team if there is insufficient oxidizer flow through the injector.

3.3 Feed System
Author: Leon Slavkin

The objectiveof thefeed system is to store and deliver nitrous oxide tanjeetorsafely
while minimizing pressure losses and providing sensor interfadesfeed andnjection
assemblyareshown below irFigure10.

Figure 10: Injection System Assembly

3.3.1 Oxidizer Tank Selection

The most difficult component to obtain for a flight ready rocket is the oxidizer tank because
of the high cost to manufacture a tank for the narrow rocket diameter. TheQl®5ean
attempted to solve this problem by designing their own composite oxidizer tank. Their design
included using 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 théaifatka pressure test. Upon their
advice, this ye@s MachSR1 team will purchase a COTS oxidizer tank. An extensive search
of existing feasible tanks produced three possible options. First is an aluminufNSSs

a brandname that specializes in Nitrous Oxidaks)tank used in automobiles. The second

is also a NOS tank but made out of carbon fiber; because of the size of 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 shawin Table4.

Table 4: Oxidizer Tank Options

Specs:
Tank Mass 25.11b 8.751b 75 1b
Diameter 8in 6.625 in 5in
Cost ~$250 ~$1100 ~$500
Too wide for Too heavy for
| flight, Volume Stacked flight,
Disadvantages configuration,
too small for Exceeds mass

More complex

nominal oxidizer 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 mur rocket a trade study was performed to determine the
predicted altitude allowable by each tank option. First an equivalent system mass was
determined. This value corresponds to the mass of the tank and oxidizer as well as all
necessary components toplament the design. The two carbon fiber tim&d the smallest
equivalent system mass of 44.7 Ib, mainly because an individual tank only weighs 8.75 Ib

13






