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Executive Summary 
Lead Author: Stuart Tozer 

The Hybrid Sounding Rocket (HySoR) Program at the University of Colorado Boulder has 

completed its fifth semester of work and significant progress was made, moving the project 

closer to its first launch. Prior to the Fall 2012 semester, the HySoR project suffered testing 

failures at each of its three static test fires. Most recently, in April 2012, errors in the machining 

and assembly of the rocket structure were believed to have caused multiple pressure ruptures in 

the oxidizer system. In addition, a failure of the ignition system resulted in a cold flow of 

oxidizer through the combustion chamber after the main valve was opened. 

 

The Fall 2012 HySoR team added eleven new members to bring the total team size to fourteen 

aerospace engineering graduate students. With the largest HySoR team to date, the expectations 

were high. The three main project objectives were: verify ignition and initiated pyrolysis of the 

fuel; verify remote actuation of the oxidizer main valve, and; measure the thrust output of the 

firing rocket. 

 

The first problem that was tackled by the HySoR team was to design, build, and test a remote 

main valve actuator (MVA). The MVA was designed such that the heaviest oxidizer component, 

the electronic actuator, could be mounted to the ground support equipment or a tripod external to 

the rocket. In this configuration, a detachable actuator interface was required to allow the rocket 

to launch after the main valve is opened. In addition to the MVA, the HySoR team developed a 

mechanism for detaching the oxidizer fill line from the rocket plumbing, dubbed the quick 

disconnect (QD). Both the MVA and the QD prototypes were verified at two cold flow tests in 

the Fall 2012 semester. 

 

In order to prevent a failed ignition, the Fall 2012 igniter redesign employed a circular slice of a 

solid rocket motor that was nested on the top of the fuel grain. This was primarily a mitigation 

strategy for the failure at Static Test Fire #3 when the igniter dropped into the fuel port and 

blocked the nozzle throat. Additionally, the instrumentation subsystem was overhauled to 

increase the sampling rate from 2 Hz to 10 Hz and to provide a more robust cabling system, both 

in terms of organization and in terms of noise reduction in the sensor signals. 

 

On December 1
st
, HySoR conducted its fourth static test fire (STF 4) at the Frontier Astronautics 

test facility in Chugwater, WY. Test operations proceeded on schedule and all systems 

performed nominally up to the point of motor firing. After roughly half of a second of full thrust, 

a compound structural failure of the rocket frame and combustion chamber end caps caused the 

rocket to separate from the test stand and plummet into the flame trench. 

 

The oxidizer, ignition, injection, and instrument subsystems are currently in a design freeze and 

will be flight-ready after minor updates. Failure analysis of the fuel and rocket structure 

subsystems at STF 4 will have to be completed before moving forward with those re-designs. In 

the Spring 2013 semester, parallel work on the ground support equipment, launch platform, 

electronics and payload subsystems and the addition of a flight controls subsystem will be 

critical for moving the HySoR project closer to a launch date.  
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1.0 Project Overview 
Lead Author: Stuart Tozer 

The Hybrid Sounding Rocket (HySoR) Program at the University of Colorado Boulder was 

created to develop a safe and inexpensive hybrid sounding rocket platform to carry scientific 

payloads to high altitudes for various research applications. The program has been under 

development since the fall semester of 2010, and is funded by the United Launch Alliance 

(ULA). The project is supported by the Department of Aerospace Engineering Sciences at the 

University of Colorado Boulder and several industry affiliates. 

1.1 Project Objectives 

The ultimate goal of the HySoR project is to design, build, and launch a hybrid rocket to an 

altitude of at least 100 km. In its current design iteration, the HySoR project is targeting 

delivery of a 2 kg atmospheric dropsonde payload to an altitude of 10 km. At the beginning of 

the Spring 2012 semester, it was decided to switch from regulated oxidizer system to a 2000 psi 

unregulated blowdown system in order to achieve the desired mass flow rate. At Static Test 

Fire 3 in April 2012, HySoR failed to ignite the HTPB fuel and suffered a rupture in the 

oxidizer main valve and fill line. In order to address these failures, the three project milestones 

for Fall 2012 were: 

 

1. Verify ignition and pyrolysis of the HTPB fuel grain. 

2. Verify remote actuation of the main valve and integrity of the oxidizer system. 

3. Measure the thrust output 

 

 These objectives must be satisfied before the HySoR project can move towards a launch. 

1.2 Project Sponsors 

The project received $15,000.00 from its primary sponsor, the United Launch Alliance (ULA), 

for the 2012-13 academic year. HySoR teams have also received technical advice and 

professional insight from ULA engineers attending design reviews, test readiness reviews 

(TRRs), and semester close-out presentations. HySoR is also supported by the University of 

Colorado Boulder Engineering Excellence Fund (EEF) and was awarded $14,977.00 in the 

spring of 2012. 

Professor Lakshmi Kantha has acted as the project customer on behalf of ULA since HySoR’s 

inception in Fall 2010. Additionally, Dr. Kantha and Joe Tanner of the University of Colorado 

Boulder Aerospace Engineering Sciences department have served as faculty advisors for the 

project. HySoR is also supported by technical advisors Matthew Rhode of the Aerospace 

Machine Shop and Trudy Schwartz of the Aerospace Instrumentation Lab. 
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Figure 1-1: Organizational chart for the Fall 2012 HySoR team. 
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2.0 Systems Architecture 
Lead Author: Jeffrey Grundtisch 

2.1 Semester Summary 

The immediate goal of the project was to conduct a successful static test fire (STF) by the end 

of the Fall 2012 semester. A static test fire is essential to the advancement of the project and 

will serve to verify the operation and performance parameters of the integrated rocket motor. 

The recorded thrust profile, along with other datasets, will be used to characterize the rocket 

and allow the team to begin taking steps towards FAA clearance for launch.  

 

In order to realize this goal, special focus was placed on the fuel, oxidizer, and structures 

subsystems this semester. Great strides were taken to meet the previous semester’s goal of 

delivering a flight-ready rocket. Among the tasks completed to realize this goal were a ground-

based oxidizer main valve actuator and a breakaway mechanism for the quick-disconnect fill 

cable. The data acquisition hardware and LabVIEW software was also completely overhauled 

to meet the requirements of the evolving system. 

 

Two major cold flow tests (CFT) were conducted to verify all of these new components within 

an integrated system that included the oxidizer, injection, and structures subsystems. The cold 

flow tests were a success and gave the team high confidence moving towards static test fire for 

the fully integrated system. However, in the end the team was not able to achieve the goal of a 

successful static test fire this semester at STF 4. This was largely due to reliance on an outdated 

design from the original pressure-regulated propulsion system. An epoxy interface on the 

combustion chamber failed along with the support structure when the system was placed under 

thrusting loads and the higher blowdown pressure. The blowdown propulsion design replaced 

the pressure-regulated design in January 2012 as a mitigation of issues following STF 2. Full 

analysis of the STF 4 failure is still in progress. 

2.2 System Overview 

In this section, the full rocket system is broken down into subsystems, and the role and 

components of each are briefly discussed, as shown in Table 2-1. The ground support 

equipment (GSE) was contributed to HySoR by the HALO (HySoR Apparatus for Launch 

Operations) senior design team of the University of Colorado Boulder in Spring 2011. The 

HTPB fuel casting process is heritage documentation inherited from the Mach-SR1 senior 

project teams of the University of Colorado Boulder that were in progress over the previous 

decade. 

 

The following subsections give an introduction to the subsystems and briefly describe the 

components involved. Detailed diagrams, schematics, and descriptions can be found in each 

subsystem section later in this report. 
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Table 2-1: Subsystem Descriptions 

Subsystem Full Name Purpose 

INS Instrumentation Data acquisition and remote operations 

OXD Oxidizer 
Deliver pressurized liquid oxidizer to combustion 

chamber 

INJ Injection Diffuse oxidizer flow into combustion chamber 

IGN Ignition Pyrolyze fuel grain and dissociate oxidizer molecules 

FUEL Fuel Combust with oxidizer to produce thrust 

STR Structures 
Support frame for rocket motor and all on-board 

components 

GSE 
Ground Support 

Equip. 
Apparatus for integrated system testing and launch 

EPS 
Electronics and 

Power 
In-flight data acquisition and PRS control 

PRS 
Payload and 

Recovery 

Deploy payload at apogee and splashdown at ground 

level 

 

 Instrumentation Subsystem 2.2.1

The instrumentation consists of the data acquisition hardware, software, and various sensors 

that are distributed among different subsystems. The system uses LabVIEW software and 

various National Instruments cRIO hardware to export commands and import data. The 

commands are digital voltage signals that may actuate a valve or ignite an e-match. These 

events control the sequencing of operations during a test. The data that is read into LabVIEW 

for observation and recording comes from a mix of load cells, pressure transducers, and 

thermocouples. 

 Oxidizer Subsystem 2.2.2

The purpose of the oxidizer subsystem is to flow pressurized nitrous oxide into the 

combustion chamber using a blowdown propulsion scheme. The system previously used a 

pressure regulated scheme, but mass flow rate restrictions through the in line regulator proved 

to be too great and necessitated removal of the regulator. 

 

The oxidizer subsystem components can be split into two categories – those on the rocket and 

those that remain with the GSE. The rocket holds the oxidizer tank, various plumbing and 

fittings, a solenoid valve, a pressure transducer, and the main valve. The pressure transducer 

measures the pressure in the tank during fill operations and blowdown. 

 

The GSE oxidizer components are all mounted on an aluminum plate, referred to in this report 

as the valve table. The valve table houses various solenoid valves and steel-braided hoses, an 

air-driven liquid pump, and a pressure transducer. This pressure transducer is a redundancy 

while the fill line is connected from the valve table to the rocket, but measures an individual 

pressure once this connection is severed. 
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Other oxidizer components that will be described in this report are the quick disconnect 

mechanism (QD), which breaks away the fill line from the rocket prior to engine firing, and 

the electric main valve actuator (MVA), which operates the main valve from the rocket 

exterior. These two components interface with the rocket on the stand but are not carried on 

board. 

 Injection Subsystem 2.2.3

The purpose of the injection subsystem is to diffuse and atomize the oxidizer flow into the 

combustion chamber so it can be dissociated and combust. It must do this while withstanding 

the high pressure and low temperature from the oxidizer tank and high pressure and high 

temperature in the combustion chamber.  

 

The three main components involved are the injector end cap, injector housing, and the 

injector plate. The end cap and housing are machined from aluminum stock whereas the 

injector plate is machined from titanium. 

 Ignition Subsystem 2.2.4

The ignition subsystem serves two functions. One is to pyrolyze the fuel grain so that it may 

combust with the incoming oxidizer flow. The second is to initially dissociate the nitrous 

oxide molecules so that the combustion reaction can take place.  

 

The igniter is constructed from a section of a hobby rocket solid motor, a pair of e-matches, a 

pyrogen catalyst, and a thermocouple. The thermocouple provides digital feedback so the 

instrumentation is informed automatically of the result of ignition. 

 Fuel Subsystem 2.2.5

The fuel subsystem is tasked with casting the HTPB fuel grain into the combustion chamber 

and integrating the chamber with the injection subsystem, ignition subsystem, thermal 

protection systems, and the nozzle. Since this subsystem integrates and interfaces with so 

many others, many of the components involved overlap into other areas. The overall 

integration process of the combustion chamber is too complex to be described here in this 

section. See the fuel subsystem section of the report for more details. 

 

 Structures Subsystem 2.2.6

The structures subsystem provides the skeleton frame that fits all of the rocket components 

together. It consists of five support rings, three longerons, and three U-channel beams. These 

pieces are screwed together with several shear blocks and shear pins. All of these items are 

machined from aluminum stock. See the structures subsystem section of the report for a 

detailed schematic and discussion of the load paths. 
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 Ground Support Equipment Subsystem 2.2.7

The GSE subsystem serves as a test apparatus for integrated subsystem tests. It consists of a 

trailer bed, a launch tower, a launch rail, and a support structure for reinforcement. This 

system has been used for numerous cold flow tests over the past three semesters, and it will 

likely be utilized for the eventual launch of the HySoR rocket pending a redesign. See the 

oxidizer subsystem section of the report for more details on cold flow tests and the GSE. 

 Electronics and Power Subsystem 2.2.8

The purpose of the EPS is to record in-flight data from various onboard sensors and control 

the payload events. The design consists of multiple integrated circuit boards that provide 

battery power to the system, trigger in-flight events through a timing sequence, and read in 

data from sensors throughout the rocket. These sensors include accelerometers and 

gyroscopes to characterize the trajectory, and strain gauges, pressure transducers, and 

thermocouples to gather information on the state of the rocket components throughout the 

flight.  

 

Several problems surrounding the EPS system arose during the Spring 2012 semester and the 

decision was ultimately made to replace the designed EPS boards with a COTS flight 

computer. The rationale for this decision stems from the boards being outdated and 

overdesigned for the current blowdown system. The original design dates back to Spring 2011 

and was manufactured in Fall 2011, when EPS was required to perform many pre-launch 

functions that are now performed more simply by the ground station LabVIEW software and 

instrumentation. This left the boards unnecessarily complex for their new roles. Further 

frustrations with incorrect schematics and an inability to upload software to the control board 

eventually led the EPS boards to be abandoned altogether in favor of a relatively simple 

COTS solution.  

 Payload and Recovery Subsystem 2.2.9

The current payload for the project is a dropsonde that will be deployed from the rocket at 

apogee. A deployment and recovery system was designed and manufactured by the SPEAR 

senior design team at the University of Colorado Boulder in Spring 2012. This design featured 

a series of pyro-triggers that separated the nose cone, deployed a series of chutes, and finally 

lifted the payload from the top of the rocket body for descent and splashdown. 

 

However, much like the original EPS design, there were several problems with the design 

proposed by SPEAR that would prevent it from interfacing properly with the rocket. Among 

these issues were unnecessary complexity and a questionable design that relied upon a series 

of unpredictable and unverified events. More details can be found in the report and CD that 

SPEAR submitted to the aerospace engineering department in Spring 2012. A new payload 

deployment system will need to be designed from scratch unless a COTS solution is 

discovered soon. 
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2.3 System Status 

The following section describes the status of each subsystem in relation to the lifecycle of the 

project and briefly describes the tasks that lie immediately ahead. Subsystems in a design 

freeze are deemed “completed” and will mostly require maintenance and for one-time-use parts 

to be manufactured for future trials. Subsystems in the analysis/redesign/rebuild category still 

require work. They will need to undergo failure analysis, redesign, or restructuring and then 

verified through testing a model. New subsystems that will need to have some sort of role next 

semester are introduced last. 

 Design Freeze 2.3.1

The oxidizer subsystem has undergone an extreme amount of refinement in the course of 

2012. Since the system has been modified to a blowdown propulsion scheme, eight individual 

cold flow tests have been conducted on seven test dates. Four of these tests (including the 

most recent three) have been completely successful, and the data collected at each test has 

further verified the oxidizer components and the team’s understanding of the system. Major 

milestones out of this semester include verifying the MVA and QD mechanisms under 

operational conditions, characterizing the operation of the liquid pump, and investigating a 

theory that may explain unusual behavior during fill operations. The most immediate task for 

oxidizer moving forward will be to proof the oxidizer tank, which suffered an impact at STF 

4. 

 

The instrumentation subsystem has been completely overhauled this semester. The LabVIEW 

software has been greatly improved, but more importantly the hardware change from cDAQ 

to cRIO has opened up the potential for higher sensor sampling rates – which is an issue that 

has plagued this team in semesters past. Other milestones include a complete reorganization 

of wiring schemes featuring greater modularity and noise reduction. The most immediate 

work for the instrumentation moving forward will be to repair the components of the 

hardware that were damaged prior to STF 4, and combine the hardwire switch commands 

with the LabVIEW front panel commands and data acquisition. 

 

The injection subsystem has undergone slight redesigns each semester of the project in 

response to design changes in other subsystems. It remains overdesigned, and if there is to be 

any mass saved between the current rocket and the launch model, then it will likely come out 

of the injection system (or the nozzle). The titanium injector plate interfaces directly to the 

pre-combustion chamber TPS and forms a seal to prevent a leak path of hot exhaust gases at 

the top of the combustion chamber. If the TPS or combustion chamber design is altered, then 

the injection interface will need to be redesigned. Otherwise, the only remaining task for 

injection moving forward will be to machine new injector housings for integration with future 

combustion chambers. The injector end cap and injector plate could be used multiple times for 

different housings. 

 

The ignition subsystem igniter design has remained largely unchanged since Spring 2011. 

While ignition itself has been proven to be robust, the interface between the igniter the fuel 

grain had never truly been designed prior to this semester. At STF 3, the igniter fell out of its 

position inside fuel grain port and burned up in the throat of nozzle without pyrolyzing any 
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fuel. To mitigate this, a seat was cast into the top of the fuel grain where the igniter is 

mounted into the fuel. The new ignition design has been verified in a series of bench tests and 

at STF 4. The most immediate work for ignition moving forward will be to construct new 

igniters if required for any future tests. 

 Analysis/redesign/rebuild 2.3.2

The fuel subsystem is currently the area the needs the most analysis. There are five major 

problems that have come to light this semester and need to be addressed. First, the fuel casting 

process has yielded variable results during three major fuel casts. A trade study was 

completed to determine the best combination of HTPB ingredients, but casting problems still 

lingered for the best proven combination. Second, the epoxy joint that connects the injector 

and the nozzle to the combustion chamber failed at STF 4 and will need to be replaced with a 

mechanical system to compress these two parts together. This may require a redesign of the 

injection subsystem. Third, preliminary failure analysis has indicated that the combustion 

chamber pressure may be higher than previously modeled. It is important to determine the 

magnitude of the chamber pressure so that a properly engineered system can replace the 

insufficient epoxy joints. Fourth, the TPS remains untested under nominal combustion 

chamber conditions. It would be beneficial to verify this system with a smaller scale test than 

STF. Fifth, the nozzle design has been essentially untested and untouched since Spring 2011. 

The nozzle design should be reconsidered following the switchover to the blowdown system 

and new combustion chamber pressures. 

 

The structures subsystem will need to be redesigned in light of the STF 4 failure. The primary 

failure can be traced to insufficient structural support in bending and shear. This came about 

because the load paths are different for STF and launch, and the analysis focused on the 

launch configuration. The most immediate work for structures moving forward is to redesign 

a stronger rocket frame and then machine the necessary components. Other future work 

includes designing a flight-ready nose cone, rocket skin, and rocket fins. 

 

The GSE subsystem has not been worked on since Spring 2011, though it has been utilized for 

cold flow tests every semester since then. Although the system is well-suited for these smaller 

multi-subsystem tests, it will need a lot of work before a launch will be feasible. Tasks 

include expanding or reinforcing the trailer frame, increasing the size of the launch tower and 

rail, and designing a hold-down system for the rocket so that the MVA may open fully before 

takeoff. This final task of designing and implementing a hold-down system is likely to 

dominate the future efforts of this subsystem.  

 

The EPS and PRS together will need to be designed from scratch or a COTS solution will 

need to be found. These systems will need to be tested together, but most operations could 

probably take place without regular involvement of the other subsystems. 

 

A new flight control subsystem will likely emerge next semester with the purpose of 

performing analysis for the in-flight rocket, including stability, trajectory, vibrations, and 

thermal loads. This work will be coupled with structures in the design of the exterior rocket 

surfaces. The amount of work in this area is currently expected to be substantial, and a 

potential critical path towards launch.  
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2.4 Concept of Operations 

The majority of the time spent at STF is during the setup of the system on the test stand and the 

leak checks that double-check the oxidizer plumbing prior to fill and pressurization. After this 

has been completed, the team assembles in the remote operations area of the Frontier 

Astronautics facility to begin fill and pressurization. The GSE technician monitors and operates 

the instrumentation that controls the system during operations. The pressure in the fill line is 

monitored while the rocket fills with nitrous oxide from a bank of K-bottles. When the pressure 

onscreen indicates that the nitrous oxide has reached vapor pressure in the valve table, the GSE 

technician opens the air drive valve that starts the liquid pump. Pumping continues until the 

load cell technician indicates that the fill mass has been reached. 

 

The system is allowed to settle for a few minutes prior to pressurization to ensure that the tank 

weight is staying constant. Then the GSE technician opens the high pressure valve to start 

pressurization of the nitrous oxide using helium. Pressurization is deemed complete when the 

pressure reaches roughly 2000 psi. If the pressure decreases afterward, the test conductor may 

instruct the GSE technician to cycle pressurization until the tank pressure is acceptable to 

proceed. 

 

After the safety officer has completed his final safety checks prior to ignition and blowdown, 

the test conductor instructs the GSE technician to begin ignition. The GSE technician says the 

word ‘HOT’ to indicate that the temperature at the igniter thermocouple has reached 200 °F, 

and the webcam technician says the word ‘SMOKE’ to indicate that the webcam is showing 

signs of successful ignition and pyrolysis. The LabVIEW software automatically opens the 

main valve five seconds into successful ignition, and the lead oxidizer technician flips the main 

valve actuator’s hard switch override as a backup to ensure the main valve actuates. 

 

Once the main valve is open, the injector atomizes the nitrous oxide flow which combusts with 

the pyrolyzed HTPB producing high temperatures and pressures in the combustion chamber. 

The motor continues its burn until all oxidizer in the tank is depleted. Then the GSE technician 

opens the purge valve so nitrogen can purge the rocket and put out any residual combustion. 

Once the purge is completed, the rocket can be removed from the test stand, the valve table can 

be purged of all remaining pressurized gases, and the instrumentation can be disassembled. 

2.5 Systems Engineering Lessons Learned 

1. It is the responsibility of the Systems Engineer to be privy to all interfacing components 

and design rationale within the system. All of this information should be well-organized 

and clearly documented so that it may be passed down between semesters without being 

forgotten. 

2. The team should be working toward verifying performance parameters as determined by 

the software model. The correct mode of operations should be to test to a model and not 

to test for the purpose of collecting data that is not necessarily indicative of nominal 

performance. 
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3. The SE needs to have regular meetings with each interface grouping to ensure 

compatibility and equal progress among subsystems. SE should be the first person to 

point out where manpower is lacking. 

4. The requirements for the project are important to consistently update and reference 

whenever large design changes take place. The current requirements document is in need 

of a serious overhaul. 

5. The SE needs to manage and verify the various ICDs that will govern the overall system 

integration. 
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3.0 Oxidizer 
Lead Author: Bryce Schaefer 

Co-Authors: Collin Bezrouk, Brian Kohler, Brian Michels, Thomas Snow, Chris Webber 

The goal of the Oxidizer subsystem is to verify the delivery of the oxidizer fluid (N2O) to the 

combustion chamber. All system equipment that comes into direct contact or is intended for use 

with nitrous oxide belongs to the Oxidizer subsystem. During the fill process, the oxidizer tank is 

filled with nitrous oxide and pressurized to operating pressure (2000 psi) with gaseous helium. 

Once the fill weight has been achieved, and ignition has been signaled, the liquid nitrous oxide is 

delivered to the combustion chamber through the injector plate via the rocket plumbing- the 

overall requirement of the Oxidizer subsystem is to ensure these operations perform smoothly. 

For full system requirements, refer to Appendix A: System Requirements. 

3.1 Subsystem Requirements 

Table 3-1: Updated Oxidizer subsystem requirements 

Requirement Description Verification 

OXD 1 All equipment for use with high pressure 

oxidizer shall have the ability to operate 

remotely 

Demonstration; Follow the test 

procedures; Verification with 

various sensors 

OXD 1.1  The oxidizer tank shall have the ability to 

be remotely filled to a site-designated 

oxidizer weight 

Verified through design and 

testing 

OXD 1.2  The oxidizer tank shall have the ability to 

be remotely filled and pressurized to no 

less than 2000 psi 

Verified through design and 

testing 

OXD 1.3  Oxidizer flow shall be initiated by the 

actuation of the main valve with a 

ground based actuator 

Verified through design and 

testing 

OXD 1.4  The Oxidizer subsystem shall have the 

ability to be discharged of pressurized 

fluid by means other than the main valve 

at any time 

Verified through design and 

testing 

OXD 1.5  The oxidizer fill line shall have the 

capability to be remotely disconnected 

without exhausting oxidizer 

Verified through design and 

testing 

OXD 2 Oxidizer subsystem diagnostics shall be 

recorded and saved to external memory 

Verified through data acquisition 

and instrumentation 

OXD 2.1  Oxidizer weight shall be recorded during 

the fill process 

Verified through data acquisition 

and instrumentation 

OXD 2.2  Pressure shall be recorded during fill and 

throughout the blowdown process 

Verified through data acquisition 

and instrumentation 
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 Changes made to Oxidizer Subsystem 3.1.1

The Oxidizer subsystem has undergone multiple changes over the course of the Fall 2012 

semester. The changes implemented are presented in Table 3-2.  

 

Table 3-2: List of changes made to Oxidizer subsystem 

Item Location Action Reason 

Changed to steel 

fittings 

Rocket 

plumbing 

Hardware change Cheaper, higher pressure 

ratings 

Changed rocket 

plumbing configuration 

Rocket 

plumbing 

Architecture change Minimized weight and 

number of fittings for 

flight configuration 

Main valve actuation 

method 

Main Valve, 

GSE 

Implemented ground-

based actuator 

More powerful actuator 

used while saving weight 

Fill line disconnect Fill line Implemented spring-

loaded disconnect 

mechanism 

Movement towards a 

flight ready system 

Leak check method Entire 

subsystem 

Currently using 

hydrostatic tests for 

leak checks 

Ease of operation, and 

ability to perform checks 

up to full operating 

pressure 

 

 Current Oxidizer Subsystem Architecture 3.1.2

The current subsystem architecture includes two sections: the valve table used for fill 

procedures, and the rocket plumbing. The two sections are interfaced with a fill line that can 

be remotely disconnected to isolate the two sections. A solenoid valve on the rocket plumbing 

prevents the oxidizer from exhausting after fill line disconnection. Figure 3-1 shows a 

schematic of the Oxidizer subsystem. 
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Figure 3-1: A complete flow schematic of the Oxidizer subsystem 

 

The valve table was designed and implemented by the HALO team to aid in fill and 

pressurization operations. The valve table consists of multiple solenoid valves placed 

strategically to allow separate sections of the Oxidizer subsystem to operate at the proper 

times. A picture of the valve table is presented below. 
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Figure 3-2: A diagram of the valve table 

 

By design, the rocket plumbing is meant to efficiently deliver oxidizer to the combustion 

chamber. It is necessarily optimized to conserve mass, length, and diameter to fit inside the 

rocket with sufficient margin. The current rocket plumbing has been minimized to reduce the 

number of fittings (and incidentally joint seals) between the oxidizer tank and the injector 

plate. The current plumbing configuration is presented in Table 3-3, below. 
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Table 3-3: Current Oxidizer plumbing configuration 

Part Qty McMaster-Carr  

Part No. 

Pressure 

rating (psi) 

Price 

1/2” NPT Cross 1 50925K206 3000 $21.70 

1/2” x 1/4” NPT M-F Bushing 1 50925K349 6000 $2.16 

1/2” x 1/4” NPT M-M Reducer 1 50925K138 6000 $3.74 

1/4” x 9/16” NPT-UNF F-M 

Adapter 

2 50925K451 6000 $2.29 

1/2” NPT M-M Hex Nipple 3 50925K141 6000 $2.46 

1/2” NPT F-F Union* 1 43455K93 6000 $19.02 

1/2” x 3/4” NPT M-M 

Adapter** 

1 50925K142 5500 $4.30 

* It is recommended that this fitting be exchanged for another of its specifications, but lighter. 

It may need to be a stainless steel fitting. 

** The currently implemented fitting was purchased through Swagelok, although the one 

listed here will also work. 

3.2 Main Valve Actuation 

 Design 3.2.1

The primary goal of the Oxidizer subsystem was to design and implement a method to actuate 

the main valve before CFT 6. The requirements for this actuator are listed in Table 3-4. 

Table 3-4: Main valve actuator requirements 

Requirement Description Verification 

MVA 1.1 The main valve shall be opened 80% though 

the igniter burn 

Verified through analysis of 

ignition sequence 

MVA 1.2 The main valve actuator shall be designed to 

operate as part of the ground station 

equipment 

Verified through design 

 

Previous teams had implemented a CO2 actuator, but this method provided inadequate torque 

to open the main valve quickly. Thus, the new team decided on an external, ground based 

design. This system took advantage of the on hand Swagelok actuator. Using a ground based 

method allowed the heavy actuator to remain on the ground while the rocket left the launch 

pad. Some kind of connection had to be designed to interface between the actuator and the 

main valve. The options for the interface were discussed in great depth by the Oxidizer team. 

The overall idea was to have a rod between the main valve and main valve actuator aligned 

with the rotation axis to transmit the power. There would be a break in the rods somewhere 

near the middle that would allow the main valve and the actuator to separate at liftoff. The 

interface would therefore be two separate rods; one side would be connected to the main valve 

and one side connected to the actuator. These two rods were designed to interface such that 

they would not impede the rocket’s vertical motion. Figure 3-3 shows the initial concept. 
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Figure 3-3: Initial concept for main valve actuation 

The next step was to determine what diameter rod would be necessary to handle the loads with 

an adequate factor of safety. Swagelok defines the max torque output of the actuator at 110 in-

lbs, and also lists the max torque required to open the main valve while under pressure at 

approximately 65 in-lbs. This means the connecting rod would experience roughly 65 in-lbs 

internal torque. A basic analysis was performed on several rods made of different materials. The 

torque was varied from 100 in-lbs to 300 in-lbs and a required diameter in inches was determined 

with no factor of safety. Results of this analysis are shown in Table 3-5. 

Table 3-5: Required diameter (in) with different materials and applied torques 

Applied Torque (in-lbs) Al-6061-T4 Mild Steel Al-7075-T6 40-50 Carbon Steel 

100 0.277 0.217 0.211 0.190 

150 0.317 0.248 0.242 0.218 

200 0.349 0.273 0.266 0.240 

250 0.376 0.294 0.287 0.258 

300 0.399 0.313 0.305 0.274 

 

At this point the team chose to go with an Al-6061-T4 since it could clearly handle the loads, 

was lighter than steel, and was relatively cheap. Next, the interface between the main valve rod 

and the actuator rod was considered. The interface needed to be robust enough to handle the 

loading during actuation, while also having enough clearance to allow the necessary separation. 

Two different concepts were considered. The first was a “flathead screw” type interface, where 

the female end is milled out to form a slot. The male side of the interface has a rectangular cross-

section that protruding from the rod which would clearance fit into the female connection. This 

configuration is shown in Figure 3-4. The second option was a dovetail interface. In this 

configuration the male interface is slightly tapered outwards and the female connection follows, 

Figure 3-5. The advantage of the dovetail connection is that is limits any transverse separation. 

 Interface Shaft  
 

Swagelok 

Electric 

 Actuator 

Main 

Valve 

Oxidizer 

Tank 

Injector 

  

Actuator 
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Rocket 
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In the event that the actuator moved in the transverse direction the connection would not be 

broken. The tight connection of the dovetail design is also its downfall. The team was worried 

that when separation started the connection might bind, causing adverse stress on the interface 

rods. Therefore, the straight connection type was chosen, with the idea in mind to make the stand 

sufficiently resistant to winds and vibrations. 

 

 

Figure 3-4: Straight configuration 

 

 

Figure 3-5: Dovetail configuration 

The next step was to analyze the different connections. The different connections are the 

Interface between the main valve and the main valve rod, between the main valve rod and the 

actuator rod, and between the actuator rod and the actuator. These connections are shown in 

Figure 3-6. The assignment was handled by the team's mission design analyst. Each rod and 

connection was modeled in ANSYS, and analyzed using the FEA simulation tool. The overall 

result is that the 0.5 inch rod would not experience any plastic deformation. One concern for the 

system is low cycle fatigue, since this is possible in aluminum. To mitigate this concern, the 

team decided to simply do a visual inspection of the main interface after each use. Images of the 

calculated stress concentrations are shown in Figure 3-7, Figure 3-8, Figure 3-9, and Figure 3-10. 

 

   

 

 

View from above 

  

 

 

 

 

 

View from above 
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Figure 3-6: Final main valve actuation system 

 

 

 

Figure 3-7: Stress mapping for female side of main interface 
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Main Valve 

support structure 

not shown 



19 

 

 

Figure 3-8: Stress mapping for male side of main interface 

 

 

Figure 3-9: Stress mapping for rod at main valve connection 
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Figure 3-10: Stress mapping for rod at main valve actuator connection 

Once the design was finalized the team ordered the necessary aluminum stock and cutting bits 

to manufacture the rods. The team also ordered the necessary dowel pins for connecting the 

main valve to the main valve interface rod and connecting the actuator to the actuator's rod. The 

machining was performed by the aerospace machine shop and was as expected. The exact 

dimensions, components, materials, and assembly can be found in the CAD folder on the 

HySoR server. Information on the main valve stand can be found in the structures section of the 

server.  

 

 Testing 3.2.2

Once the system was assembled the performance needed to be verified. The design operation 

of the system is to be attached to the main valve stand, but the stand was not yet finished at 

the time of this test. Therefore, a test stand had to be manufactured specifically for this test. 

The main function of the stand was to rigidly hold the main valve and main valve actuator at 

the proper orientation and location, Figure 3-11 and Figure 3-12. The test was performed with 

both full pressure behind the valve and no pressure. First the system was operated with no 

pressure behind the valve to verify the overall functionality. The second run performed done 

with full pressure behind the valve to verify the valve could actuate under pressure. There 

were leaks found on some of the plumbing during leak checks, but the Oxidizer Team Lead 

and Safety Officer determined the test could be performed under these conditions. These tests 

verified functionality of the MVA under full pressure. The full, detailed test procedure was 

developed and is available on the HySoR server. 
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Figure 3-11: MVA test schematic 

 

 

 

Figure 3-12: MVA test layout 
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3.3 Quick Disconnect Mechanism 

 Overview 3.3.1

This mechanism, shown in Figure 3-13 below was designed to detach the oxidizer fill line 

from the tank upon completing pressurization of the rocket. It operates by actuating the sleeve 

of a quick disconnect fitting, subsequently releasing the fill line from the rocket plumbing. 

The mechanism consists of two plates that are driven apart by a compression spring. When set 

for operation, the spring is compressed and a burn wire is woven through holes in the corner 

of the plates and tied off around a screw.  

 

 

Figure 3-13: The quick disconnect mechanism design iteration #1 

 

The QD (quick disconnect) fits in line with the oxidizer fill hose, as seen in Figure 3-14 

below. In the figure, the top setup shows the QD in a stowed configuration. When signaled, 

the burn wire holding the spring in compression is melted and the spring extends to the 

deployed position, seen at the bottom of the figure. When extended, the QD pushes the sleeve 

of the quick-disconnect fitting and pushes the hose away from its connection point. 
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Figure 3-14: The QD mechanism shown in compressed and extended configurations 

 

 Design 3.3.2

The design of the QD comes down to identifying the needs of the device that is to be designed 

and then designing the device to meet these design criteria. The design requirements are listed 

in Table 3-6 below and are the basis for the design of the QD mechanism. 

 

Table 3-6: QD Design Requirements 

Requirement Description Verification 

QD 1.1 The spring shall provide at least 10 lbf to 

detach fill line 

Verified through design 

and testing 

QD 1.2 The mechanism shall be properly secured to 

the launch stand such that the fill line is not 

damaged during release 

Verified through design 

and testing 

 

Aluminum was chosen as the material for the plates due to its high machinability and 

availability. Originally 1/8 in thick stock was chosen to allow it to fit in-between the solenoid 

valve and the collar. However since there was plenty of margin and1/4 in thick stock was 

readily available this was used to produce the QD.  A groove was machined into the 

aluminum plates to act as seats for the spring. When compressed with the aluminum and the 

spring the height of the mechanism is approximately 1 3/8 inches. The spring that would be 

used needs to be sufficiently strong. A force analysis was completed and a spring was 

purchased from McMaster-Carr to satisfy the design requirement that had a spring force of 
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approximately 50 lbs. This would allow for a large safety factor in disconnecting the fill line. 

In order to hold together the springs a wire would be needed that could release tension. It was 

decided to use a burn wire technique. Instead of sending current through the whole wire that 

was holding the two plates together and perhaps needing an extremely large current source it 

was decided to locally heat two locations on the QD with a highly resistive heating element. 

Thus a non-conductive, 117 lbf test braided fishing line was chosen to hold the spring in 

compression. The heating element to be used was Nichrome wire. This is often used in hair 

dryers and has a very high resistivity. A power analysis was performed based on the 

resistivity of Nichrome to ensure the heating element would perform as expected. The melting 

temperature of Nichrome is approximately 1400 C which is well beyond that of the fishing 

line. All these materials are shown below in Table 3-7.   

 

Table 3-7: List of QD Materials 

Item Description P/N 

Burn 

Wire 

Cat fishing line with 117 lbf test line McGuckins CatFish Line 117 

lbf test 

Plates Two squares of 1/4" inch thick aluminum 

approximately 4x4 inches 

McMaster 1/4" stock Al 6061 

Heating 

Wire 

Nichrome wire 22 gauge use 2 inches in both 

burn locations 

N/A 

Electrical 

Tape 

Electrical tape N/A 

Spring Compact spring  McMaster 96485K121 

 

The QD was machined and then tested. There were two tests during which issues arose, and 

which required a modification of the design. Electrical shorts had the potential to cause the 

QD not to discharge if the current going through the Nichrome wire was shorted. This 

happened when the wiring touched the aluminum plates. Thus the plates were insulated using 

electrical tape. The solution was simple yet effective. Additionally all connections made to the 

QD were secured to the plates and secured as to not come loose before detonation. 

 

The next design alteration came from the fact that the QD was not being pushed straight off 

the solenoid valve. The QD was still performing properly, since the spring force was much 

greater than the force required to push off the collar on the fill line. However it would be 

beneficial to have the QD plates released straight off from the solenoid valve just in case the 

force required to push off the quick disconnect collar was to increase. This would increase if 

there was still pressure in the fill line. This resulted in a modification of the plate that would 

push up against the solenoid plate with a hexagonal keyhole that was loosely fitting over the 

solenoid fitting. Thus, it would be forced to disconnect parallel to the fill line. This design 

modification is captured in Figure 3-15, on the following page. 
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Figure 3-15: QD plate change for design configuration 2. 

 

The hexagonal keyhole fits loosely over the solenoid fitting. As the rocket structure design 

goes through iterations this fitting has the possibility to change. The solenoid is rather large 

and it is possible it might not fit inside the rocket skin. If this solenoid or fitting changes the 

QD must be re-tested.  

 Setup 3.3.3

The QD stowing procedure begins with fitting the spring between two plates such that it rests 

in the cut out groove. The spring may be secured to these plates with an adhesive if desired 

(currently electrical tape is used as to electrically insulate the plates). Next the burn wire is fed 

through the holes at the corner of the plates. Then, small pieces of sheet metal plate are placed 

on the outside of the plates to cover the holes so that the spring can be compressed using a 

simple C-clamp. Tighten down the C-clamp until the spring is fully compressed. Now the 

leads of the burn wire are pulled taught so that the string is in tension in all areas. The wire 

needs to be wrapped twice around the securing screw. Tighten down the securing screw to 

lock in the burn wire. The C-clamp can now be removed and the spring should remain fully 

compressed. This can be seen in the rough schematic below, shown in Figure 3-16. 

 

 

Figure 3-16: QD Set-Up procedure. 

Inscribed Hexagon 

.85 inches 
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The QD now needs to be wired correctly in order to ensure a successful activation and 

removal of the fill line. This is done by wrapping the Nichrome wire around two ends of the 

burn wire in between the spring plates. Two inches of burn wire should be used on each side. 

As soon as the Nichrome burns through the burn wire, tension is released from the line and 

the spring expands. The final product released from tension is shown in Figure 3-17 below. 

 

 

 
  

Figure 3-17: Final QD design configuration 2 

The most important part of the set-up is the wiring. In order to make sure that no electrical 

shorts exist, electrical tape is important to use to secure the Nichrome wire electrical 

connections to the plate itself to act as strain relief. 

 Testing 3.3.4

The QD design verification process was a series of tests performed on the QD mechanism. Of 

the six tests, two were shakeout tests to prove design concepts on the mechanism design. The 

other four tests were completed using the fully constructed mechanism. The tests are listed in 

Table 3-8 order of completion with a brief description of the test objective. 

Table 3-8: Summary of Quick Disconnect Tests. 

Test # Objective 

QDT-1 Calculate the stiffness of the burn wire and verify it can hold the desired 

loads. 

QDT-2 Verify the burn wire concept by melting the burn wire under tension. 

QDT-3 Verify QD deployment by setting and melting burn wire. Ensure wire does 

not interfere with deployment. 

QDT-4 Demonstrate QD can withstand loads for a sustained load with changes in 

temperature. 

QDT-5 Demonstrate QD deployment in CFT and STF configurations. 

QDT-6 Test for QD ability to remove fill hose from rocket plumbing with fill line 

pressurized at 2000 psi. 
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QDT-1 

Overview 

The test was designed to see if the selected wire would be able to handle the designed load 

generated from the spring. In the design the spring was documented to exert a load of 50 lbs. 

The selected burn wire was catfish line which is a nylon line that was designed to hold a load 

of 117 lbs according to the manufacturer.  

 

A test specimen of the nylon line was cut measuring 12 inches. Various loads were applied to 

the nylon specimen and the results from the test were recorded. The stretching would need to 

be minimal to make sure that the spring would remain compressed. Due to the compression 

distance of the spring and distance between the collar of the fill line and solenoid valve some 

stretching would be allowed.  

 

Results 

The string was put in tension by different weights and the amount of stretching for the 12 in 

specimen was recorded. These results are tabulated in Table 3-9 below. 

 

Table 3-9: QDT-1 Test Specimen Length 12 inches. 

Force Stretching (inches) 

15 lbf .375 

15 lbf .325 

40 lbf .5625 

40 lbf .525 

 

This behavior was noted to be elastic and the nylon string returned to its original length after 

the force was relieved. When factoring this approximately to the 1 inch length that the burn 

wire will take up in the compressed state, this translates to an elongation of .04 inches in the 

burn wire as a worst case scenario, if the burn wire experiences the maximum 40 lbf. The wire 

should be seeing an even distribution of the spring load so approximately 12.5 lbf. This .04 

inches of elongation is well within the design margin set aside for the compression of the 

spring. 

 

QDT-2 

Overview 

The melting of the burn wire needed a proof of concept. This would require that the Nichrome 

wire could melt the desired wire with a 12 V power source. In order to run this test some 

preliminary numbers were run in order to ensure that when the voltage was applied across the 

Nichrome wire the max amperage of the power supply was not exceeded. Based on these 

calculations it was provided that the overall length of the burn wire should not exceed 1/8th 

inch. This would ensure that power source would not see amperage higher than 5 amps. All 

that was needed for the test was to prove that the Nichrome wire could be used to melt the 

burn wire rapidly. 
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Results 

The Nichrome wire successfully melted through the burn wire. The documentation of these 

results is shown in Table 3-10 the table below. 

 

Table 3-10: QDT-2 Burn Test 

Length of 

Nichrome 

Comments 

2 in Burned Completely 

3 in Burned Completely 

4 in Burned Completely 

5 in Burned Completely 

6 in Burned, took longer 

melted to Nichrome 

7 in Burned, took longer and 

melted to Nichrome 

 

QDT-3 

Overview 

The QD needed to be tested that it could successfully deploy and detach the fill line. In order 

to do this the fill line was connected to an empty pipe fitting with the QD machined and fully 

loaded. After it was set up the burn wire was in tension and the Nichrome wire was connected 

to a power source. No test considerations were needed.  

 

Results 

The first design iteration of the hole that pressed up against the collar of the fill line was not 

sufficiently large enough. While it pushed down the collar the bearings inside the fill line still 

rubbed against the QD plates not allowing the fill line to be successfully released. Thus, the 

hole on this plate was let out by .005 inches on the radius. Now the plate would still be small 

enough to push against the collar, but large enough to allow room for the bearings to release 

from the fill line. 

The results from the second design iteration were successful. In all five tests of the release the 

burn wire melted as expected and the fill line was disconnected from its male connector. With 

the success from this test it gave the team confidence that the QD would be successful in the 

deployment of the QD in the actual configuration that would be seen in CFT and STF 

configurations.  

 

QDT-4 

Overview 

In order to make sure that the QD performed as desired at the test sites, it was important to 

expose the QD to many different movements and vibrations that would be seen at transport as 

well as the temperature changes accompanied with being placed on the oxidizer system which 

sees high variations in temperature. Therefore a binary test was developed. The QD was 

placed in a backpack and transported around campus for 3 days fully loaded and compressed. 
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Any changes in the distance of the compressed were documented. After this the QD would be 

place in a freezer for a 12 hour period. Any changes here were documented as well. 

 

Results 

Throughout the entirety of the test the QD did not change its compression distance and 

remained in its original configuration for the entire test. This was expected. The distances 

between the plate and the spring were recorded at many different time intervals and the results 

were consistent. The QD should be able to handle all loads and temperature variations that 

would be seen at any HySoR test. 

 

QDT-5 

Overview 

This test was the most important test to prove that the QD would release properly. This was 

the configuration that would be present in the same configuration that would be used for 

future HySoR tests. The test schematic showing the layout of the test is provided in Figure 

3-18 below.  

 

 

 

Figure 3-18: QDT-5 Test Schematic 

 

The test needed to be performed at the operating pressure of 2000 psi for the test below. For 

simplification purposes the valve table can be bypassed and connect the fill line straight from 

the regulator to the rocket solenoid if desired. This is a more dangerous test and the 

appropriate safety precautions need to be taken into account if running the test this way.  

 

Steps: 

1. Make sure all solenoid are in the closed position (No voltage applied) 

2. Set up QD to a given power supply 

3. Secure rocket solenoid (for this test was secured in a vise) 

4. Open K bottle and set regulator to 2000 psi. Hold pressure in line for 2 minutes 

5. Close K bottle 

6. Open rocket solenoid and dump the pressure (stand back) 
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7. Make sure everything has performed as desired 

8. Release the QD 

9. Document results 

 

 

 

Figure 3-19: The setup of QDT-5 

Results 

The process worked as expected. The QD successfully released with three trials. This was in 

design configuration 1. Design configuration 2 was tested this same well as way and 

succeeded with two trials. This was the same conditions that the QD would see at CFT as well 

as STF. This provided that the QD was ready to be used in the field. 

 

QDT-6 

Overview 

This test was looked at from curiosity standpoint of using the QD in some unforeseen abort 

scenario. This test involved testing the QD release with 2000 psi in the line. This was not 

what the QD was designed for, but would be beneficial to know. This test was only run with 

design configuration 1. The setup was the same to QDT-5 except that as the line was filled 

with 2000 psi and was not released before the QD was tested. The test failed and stemmed to 

the final design change to configuration 2.  

 

Results 

Ultimately the test failed. The QD plates separated but did not separate straight off the 

solenoid. The plates were slightly crooked and would not allow the fill line to release. Extra 

force is required with pressure in the lines. This can be seen clearly in Figure 3-20 below.  
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Figure 3-20: QD at 2000 psi stuck on fill line 

This failure sparked the design change for configuration 2. However since these conditions 

would not be seen there wasn’t enough time to test the new configuration in this abstract abort 

scenario. If plans change to ever use the QD this way, this test will need to be repeated. 

 Summary 3.3.5

The QD is in a design freeze. It had successful deployments at both CFT 6 and 7. It has yet to 

be tested at STF, but the variables that would affect the QD are not much different at the STF 

configuration. The HySoR team can say with confidence that the Quick Disconnect 

Mechanism will work as desired. If the orders of events in the fill process are altered 

significantly the design specifications should be revisited in the QD design in order to ensure 

the specs match what will be desired with an altered fill process. The QD is a simple design to 

solve a problem that will help advance the current rocket design to reaching a closer flight-

ready state. No more work is needed on this system component at this time. Therefore no 

continuation document will be provided and the fill line disconnect portion of the Oxidizer 

system is complete. 

 

3.4 Cold Flow Test 6 

At the beginning of the semester, it was determined that the HySoR team shall perform two 

separate Cold Flow Tests throughout the semester. The tests had to be performed in separate 

configurations in order to meet different requirements. The objective of CFT 6 was to capture 

mass flow rate data by using load cell measurements. In order to record load cell data, the 

rocket exhaust must be diverted into the horizontal direction, thus providing no reaction forces 

in the vertical direction. All previous CFTs have been performed in this configuration by using 

a ½” braided hose to divert the flow.  
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The Cold Flow Test 6 (CFT 6) setup and system checks went very smoothly, with only a few 

things to note. First, there were difficulties encountered when attaching the flex hose to the 

rocket plumbing, as seen in Figure 3-21. Since the rocket assembly was so low to the ground, 

some team members pushed the (hanging) assembly to the side so OXD lead could thread the 

hose on without having to bend it. Since the hose prefers to bend only in certain directions, care 

was taken to rotate the tank as necessary, so the hose would point toward the injector housing. 

 

 

Figure 3-21: Rocket plumbing at CFT 6 

The remainder of assembly and leak checks went smoothly. Leaks found during leak checks are 

recorded in Table 3-11, on the following page. 
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Table 3-11: Leaks found during CFT 6 

Leak Check Pressure 

[psig] 

Location Fixed Notes 

N2 system purge 130 N2 bottle CGA fitting  Y  

N2 system purge 280 CO2 manifold, bottle 1 fitting N Deemed insignificant  

High pressure N2 400 N2 CGA Y  

Pump air drive 100 Air line needle valve Y  

 

 

Figure 3-22: CFT 6 leak locations. 

 

Tank fill also went as expected, although the cross fitting pressure transducer captured an 

unusual amount of pressure drop after the first pressurization sequence. After the high pressure 

valve was closed and the desired pressure was reached, the usual 10 minute wait period 

commenced. During the wait period, equalization occurs in the tank and pressure is expected to 

drop slightly and subsequently hold. Usually after this period, a small number of additional 

pressurizations are required to bring the system to or slightly above 2000 psi.  
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During the CFT 6 equalization, pressure continued to drop at a steady rate and did not settle 

immediately. This behavior is likely due to system equalization with a large amount of ullage 

volume. The CFT 6 sequence is presented in Figure 3-23. 

 

 

Figure 3-23: CFT 6 tank pressurization curves. 

 

While pressure measured in the cross fitting was dropping, it was observed that the tank mass 

was not changing, indicating that there was a leak in the ground system and not on the rocket 

plumbing. It was decided that the tank should be re-pressurized up to about 2100 psi, allowed 

to settle briefly, and then quick disconnect and cold flow should occur. The second 

pressurization curve can be seen in Figure 3-23, and the steep sloping pressure drop is not seen 

afterward. Quick disconnect occurred and cold flow proceeded as normal. At the time of cold 

flow, tank pressure was about 2060 psi. 
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Figure 3-24: Rocket plumbing pressures during CFT 6. 

Rocket plumbing pressure during cold flow is given in Figure 3-24. Cross fitting pressure is 

measured upstream of the main valve. Injector plate pressure is measured downstream of the 

main valve. During this test, the injector plate pressure transducer was not connected correctly 

and no data was recorded. Mass flow data, measured from the load cell from which the tank 

hangs, will be shown subsequently. First, a problem with the plumbing should be discussed. 

 

From video evidence, it can be seen that a leak was present somewhere near the injector 

housing inlet (HySoR, 2012). One still from the video is presented in Figure 3-25. 

 

 

Figure 3-25: CFT 6 plumbing leak during flow.  
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It can be seen from video evidence that a significant leak was present somewhere between the 

top of the injector end cap and the end of the flex hose. During disassembly, OXD lead 

observed that the union fitting felt too loose. While the exact culprit has not been definitively 

found, this fitting is primarily suspected. Subsequently, CFT 7 videos showed clear evidence 

that no leaks existed in the rocket plumbing or injector (HySoR, 2012). It is recommended that 

future teams perform leak checks on as many downstream fittings as possible prior to a major 

test. A better view of the injector area is shown in Figure 3-26. 

 

 

Figure 3-26: Injector housing at CFT 6 prior to flex hose attachment. 

  

Mass flow data from CFTs 5 and 6 are presented in Figure 3-27.  

 

 

Figure 3-27: Mass flow rates at CFTs 5 and 6.   
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It was expected that mass flow rates should remain consistent with CFT 5 data, since few 

changes were made to the physical system since CFT 5. However, a higher peak is seen at an 

earlier point in the flow, and the tank is emptied much earlier. The true causes for these 

discrepancies are not yet fully understood, but some factors may have influenced the flow. First 

and foremost, the leak observed in the plumbing would have increased mass flow rate by some 

unknown amount. The seemingly minor changes made to the plumbing architecture may have 

also influenced the data if the new plumbing parts have higher cumulative discharge 

coefficients. Mass flow rates found in CFT 6, if accurate of the current design, are not desired 

for flight. Since the main valve takes about 3 seconds to fully open, the rocket would need to be 

held down during most of the peak mass flow period and thus, most of the peak thrust period. 

 

Some recommendations are presented to get a better understanding of mass flow rates: 

1) If possible, freeze all plumbing and injector designs so that no further changes are made. 

2)  Repeat the test with an additional cold flow. 

3) Conduct a “hot flow” test, which would primarily be a test of the combustion 

chamber/nozzle assembly during combustion. In such a test, the tank would be hung 

vertically and connected to the injector/combustion chamber/nozzle assembly via a flex 

hose. In this way, a static test fire and mass flow measurement could occur 

simultaneously. 

4) Improve models of the rocket plumbing and injection system based on the current designs 

to see if any fundamental changes are present. 

 

If CFT 6 mass flow rates are indeed correct, some changes to the system will be required. One 

possible suggestion is to add some low-discharge plumbing that further restricts mass flow rate 

to the desired amount. 

3.5 Cold Flow Test 7 

Cold Flow Test 7 (CFT 7) was performed with similar objectives as CFT 6, but used the flight 

configuration oxidizer plumbing. An objective unique to CFT 7 was to attempt to record a 

pressure spike caused by liquid CO2 impinging on the top of the injector plate when the main 

valve is actuated. This objective required a data rate that was not achievable by the current 

instrumentation system, so the test verified the integrity of the injector system against this load. 

CFT 7 did not attempt to record the weight of the tank during blowdown since the vertical 

orientation of the injector generated thrust in the vertical direction, which would cause 

erroneous measurements from the load cell. 

 

During the fill process, the pump experienced an anomaly where it continued to run, but was 

not pushing CO2 into the tank. This occurred as the pressure in the tank approached 1100 psi. 

After the anomaly, the pressure on the rocket side of the pump began to equilibrate towards 

vapor pressure, around 700 psi. This is shown in Figure 3-28 where the valve table pressure no 

longer oscillates due to the pump while the pump is still running. The root cause of this 

anomaly has not been determined, but two hypotheses have been presented. First is that there 

was not enough air drive pressure supplied to the pump to drive it past the 1100 psi. Second is 

that the CO2 may have entered a two-phase regime inside the pump; without liquid inside the 

pump cavity the pump cannot pressurize the gaseous CO2, and therefore the pressure gradient is 

lost. Tests were performed (0) to determine the cause of the issue, and to mitigate the risk of 
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future occurrences. Since the tank had been filled to within 5% of its target mass and was not 

losing any mass at the time of pump failure, the decision was made to proceed with 

pressurization and blowdown.  

 

 

Figure 3-28: Pressure on the valve table during the fill process and after the pump anomaly 

The blowdown phase of the test proceeded nominally. Main valve actuation and quick 

disconnect both performed as designed. The pressure data during blowdown was collected by 

two pressure transducers: one above the main valve (cross fitting) and one below (injector 

plate). This data is shown in Figure 3-29 and although it does not reveal a pressure spike when 

the main valve opens, data rates necessary to capture such spikes were beyond the capabilities 

of the instrumentation system used. The pressure reaches local vapor pressure of the CO2 (630 

psi) after approximately 17 seconds. The cold flow simulation code predicted that it would take 

approximately 25 seconds for blowdown, which means that the discharge coefficient needs to 

be increased from 0.2 to 0.3 to match the test data. All test objectives were met successfully. 

 

 

Figure 3-29: Pressure during blowdown in CFT 7  
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3.6 Liquid Pump Analysis and Testing 

In performing the Cold Flow Tests during the semester the Oxidizer team realized that the air-

driven liquid pump may not be meant to operate as previously expected. The off-nominal 

behavior during CFT 7 was cause for concern, especially with STF 4 planned to occur in the 

following weeks. Because the team could not afford to have a failure at STF 4 caused by the 

liquid pump, it was decided that significant efforts should be made to better understand the 

pump behavior and operation. The following two sections outline the research performed by the 

Oxidizer team and the Mission Design analyst.  

 Local Vapor Pressure Hypothesis 3.6.1

In all tests that involve the use of the pump to fill a pressure vessel, the switch from passively 

filling to pump-aided filling is made when the pressure in the tank and valve table shows a 

quick increase over the period of about 10 seconds, followed by a leveling off. This effect 

during CFT 5 is shown in Figure 3-30 where the red and blue curves represent the pressure in 

the tank and valve table, respectively, and the green curve is the weight of the rocket. The 

dashed orange line signals when the pump is turned on. 

 

 

Figure 3-30: Pressure and weight curves during oxidizer tank fill 

The explanation for this phenomenon is that the gas has condensed into a liquid and is ready 

to be pumped. Looking at the load cell data (green), the jump in pressure is accompanied by 

an increased mass flow rate into the tank. Since this was still during passive fill, it can be 

assumed that the speed of the fluid did not suddenly increase and so it must be that the density 

of fluid flowing into the tank has increased. The gas condenses back into a liquid because 

there is a difference in vapor pressure on the two sides of the system that are equilibrating, as 

shown in Figure 3-32. Liquid is driven from the K-bottle by the vapor pressure inside the 

bottle and through a siphon tube, where it expands to fill the volume of the tank. Expanding a 

gas is an endothermic process, causing it and its surroundings to get colder. Passive fill will 

cease when the pressure in the tank matches the vapor pressure in the K-bottles. However, 

since the gas is cold from expansion, its vapor pressure has decreased below the driving 

pressure. Thus, the gas begins to condense, making it suitable for pumping. 
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Figure 3-31: A basic schematic of the fill process 

To verify this effect, pressure and temperature data from CFT 1 and 5 as well as STF 2 were 

reviewed. At CFT 5, the pressure jump seen goes from 680 psi to 760 psi, which corresponds 

to the vapor pressures on the tank side and K-bottle side, respectively. Using a vapor pressure 

curve for CO2, these vapor pressures mean the K-bottle gas was 61.4°F and the tank gas was 

51.9°F, a temperature difference of 9.5°F. The temperature data from a thermocouple located 

on the rocket plumbing measured temperatures of 62.4°F just prior to fill and 54.6°F at the 

time of the pressure increase, a difference of 7.8°F or 18% deviation from the expected value. 

The temperature outside the rocket plumbing was expected to be higher than inside since 

there was a heat load from the sun, which may account for this error. Analysis of data from 

CFT 1 and STF 2 show the same effect and errors as low as 8%. 

 

 

Figure 3-32: Temperature data from the exterior of the rocket plumbing during CFT 5  
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 Small Scale Pump Test  3.6.2

During the fill stage at CFT 7, the air-driven liquid pump failed to increase the system 

pressure beyond 1100 psi. The failure was cause for concern that the pump suffered 

mechanical damage, and no longer functioned correctly. The Oxidizer team devised this small 

scale test to determine if the pump was still functioning properly as well as verify the pump’s 

capability to provide output pressures up to (and possibly beyond) 1100 psi. A secondary goal 

of this test was to verify our predictions for the flow regime in the lines (Section 3.6.1).  

 

The pump was purchased to expedite the fill process by actively pressurizing the fluid in the 

pump cavity far above vapor pressure, thus creating a large pressure gradient to drive fluid 

into the oxidizer tank. The pump is manufactured by Hydraulics International, Inc. (HII) 

model 3L-SS-14-R. The “14” designation states that the pump operates at a 14:1 ratio of 

compression to air drive pressure. Driving the pump while there is still gas in the lines can be 

harmful to the pump – this was fully understood after numerous discussions with HII about 

proper pump operation. Figure 3-33 illustrates the setup of this test.  

 
Figure 3-33: Schematic of small scale pump test 
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The setup of this test is very similar to that of a leak check. Four CO2 bottles are needed to 

connect to the manifold, one N2 bottle for leak checks, and one breathing-air bottle to drive 

the pump. The test is essentially run like a cold flow test except, in this case, only one CO2 

bottle is opened since it is such a low volume test. For this small volume test, the Oxidizer 

team used the NOS tank in order to conserve CO2, and to expedite test operations. The NOS 

bottle was purchased from Holley Products model 14748-NOS. 

 

After leak checks and before the actual test was started, CO2 was allowed to flow freely 

through the system (only the liquid and dump valves were open) to see if it was possible to 

chill the lines, thus lowering the local vapor pressure and ensuring liquid would be in the lines 

once the pump was turned on. Flowing the CO2 through the system did not chill the lines on 

the valve table as expected. Because the CO2 was expanding out of the dump valve which was 

open to ambient conditions, only the line after the dump valve actually became chilled.  From 

this, it was determined that a more complex system and procedure would be needed if it was 

decided that chilling the lines on the valve table was necessary. From here the test went 

almost exactly as any cold flow would go except, as mentioned before, only one CO2 bottle 

was actually opened. 

 

The pressure data over the majority of the test is shown in Figure 3-34 as well as zoomed in 

figures of the vapor pressure spike and the pump operations (Figure 3-35 and Figure 3-36).  

 
Figure 3-34: Cross-fitting pressure (PT3) 

Because this was a much smaller volume than any cold flow test, the time it took to fill was 

much less than cold flows. Also, because the team was unsure of the maximum pressure of 

the NOS bottle, it was difficult to determine the fill limit, thus how long the pump should run. 

It is now known that the NOS bottle has a burst pressure of 3000 psi. 
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Figure 3-35: Vapor pressure spike and unusual over-shoot 

 

Figure 3-36: Pump operation timeframes 
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The main result that came out of this test was that the pump was still functioning within a 

specified range, and therefore the exact reason for failure at CFT 7 cannot be directly 

determined. However, there were other shortcomings of this test. Since the pump failed 

around 1100 psi at CFT 7, one of the goals of this test was to verify the pump up to at least 

that pressure. Because the Oxidizer team was unsure of the maximum pressure of the NOS 

bottle at that time as well as its maximum fill mass, they were only able to reach 

approximately 1000 psi. The test was successful in that it verified the pump was working 

properly and wasn’t damaged beyond working order; however, it gave very little toward 

determining the actual cause of failure at CFT 7.  

 

There are two different theories offered by the Oxidizer team that attempt to explain the pump 

failure at CFT 7. The first addresses the possibility that during the operations of CFT 7, the 

Oxidizer Team Lead failed to open the air-drive needle valve far enough to supply the drive 

pressure line with enough volume to maintain a constant drive pressure. HII specified that the 

drive line should be provided with 15-25 SCFM of air during operation. Restricting flow 

through the needle valve may prevent adequate air supply during operation, thus causing a 

pressure drop at the pump air inlet. The possibility of this has been mitigated by specifying 

the number of turns required to provide adequate air supply. The air drive pressure was 

recorded during the small scale test, and the data is presented in Figure 3-37.  

 

Figure 3-37: Pump air drive pressure during operation 
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The data presented in the figure above shows that the supply pressure is not stable in nature. It 

should be noted, however, that the frequency of this plot has no meaning due to the low 

sampling rate (10 Hz) compared to the pump cycle rate (~7 Hz). The data is highly aliased. 

Furthermore, HII specifies that the pump should not cycle higher than 100 cycles per minute, 

while during this test the pump cycles at a rate of 420 cycles per minute. The cause of this 

high cycling rate is yet to be determined. If one assumes 80-85 psi as the mean of the data, the 

output pressure should be in the range of 1120-1190 psi. The issue of supply pressure and 

volume could be remedied by increasing line size, needle valve size, and air-drive regulator 

flow capacity.  

 

The second theory that may explain the CFT 7 pump failure is the possibility of vapor 

formation in the pump cavity during the fill process. The pump is designed to interface with 

½” lines on both the supply and outlet ports. Because of this, there is the possibility of a 

sudden expansion at the pump inlet, and thus a phase change in the pump cavity, leading to 

cavitation inside the pump. If this occurred, the pump would instantly lose outlet pressure due 

to the compressibility of the vapor and fluid would no longer flow through the lines. This 

problem may be solved in either of two ways: the line size could be increased to ½” to keep 

the fluid from suddenly expanding inside the pump cavity, or a procedure could be 

implemented to flush the vapor out through the dump line. In the former, the fill process 

would implement larger capacity lines, thus expediting the fill process, but would require a 

large hardware migration to accommodate the increased flow rate. In the latter solution, there 

is no direct way of keeping the vapor from forming, but it is the easiest solution to implement. 

A procedure has been devised for this solution.  

 

The proper operation of the pump is something that requires more research and discussion 

with HII in order to ensure proper performance, and its implementation in the Oxidizer 

subsystem cannot go without further analysis.  

 

3.7 Static Test Fire 4 

The goal of the Oxidizer subsystem at STF 4 was to once again verify the integrity and 

performance of the rocket plumbing, verify the performance of the MVA system, and to 

validate the use and operation of the air-driven liquid pump. The QD was not used in STF 4 

because it would revoke the ability to purge the combustion chamber after firing.  

 

Leak checks performed smoothly, without any leaks found on the rocket plumbing. Prior to 

arrival at Frontier Astronautics, it was determined that thermocouples should be placed on the 

liquid pump inlet and outlet fittings, in order to determine if cavitation was occurring within the 

liquid pump. If so, the pump fittings would become very cold, and the Instrumentation team 

would know to perform the vapor flush procedure. The pump fill proceeded as normal, and the 

pump temperature data is shown as Figure 3-38. 
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Figure 3-38: Pump temperatures during fill 

The thermocouple data shows the extent of the cooling that occurs on the pump body shortly 

after fill begins. The large temperature drop occurs because of the large expansion into the 

pump cavity. The temperature drop allows for the vapor pressure of nitrous oxide to fall below 

the vapor pressure in the K-bottles, thus driving the condensation that occurs near 30 minutes. 

The fill performed nominally, and the liquid pump successfully met the fill requirements. It 

should be noted, however, that because of the use of N2O, the overall pressures experienced 

during the fill process were quite low (a maximum of 800 psi on the cross fitting), and thus the 

pump’s operation beyond 1100 psi has not yet been verified. 

 

The failure at STF 4 had adverse effects on all subsystems, but the total damage to the Oxidizer 

subsystem was rather small compared to the damage inflicted on other subsystems. During the 

failure, the rocket plumbing stayed fully intact, except for the cross fitting transducer, which 

was sheared off by the tank ring. The oxidizer tank was well protected, and sustained minimal 

surface damage. There were two large abrasions on the tanks surface that were significant. The 

first abrasion, shown in Figure 3-39, was a scuff that was about 1 square inch in area that just 

managed to break through the epoxy and fray some of the underlying fibers. The second 

damage area is located on the tank’s top surface on the round portion. It is a small crater (<0.5 

square in) that didn’t break the surface of fibers, and is shown in Figure 3-40. Both of these 

surface damages were deemed acceptable by the Carbon Overwrapped Pressure Vessel 

Inspection Guide (found on the server in the Oxidizer Folder). Upon further inspection, it has 

been determined that the tank will need to be hydro tested, and possibly X-rayed to attempt to 

reveal internal damage.  
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Figure 3-39: A surface abrasion on the front face of the oxidizer tank 

 

 

Figure 3-40: A small crater found in the tank's surface 

Shortly after the structural failure occurred, the fill line was sheered at the quick disconnect 

fitting, and needs to be replaced. The whipping motion of the fill line caused significant 

damage to some of the fittings on the valve table, which will need to be replaced prior to its 

next use. Figure 3-41 shows the bend angle inflicted on the compression tube fittings.  
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Figure 3-41: The bent compression tube fittings on the valve table 

It seems as though all solenoid valves, regulators, and the liquid pump sustained no damage, 

and are all suitable for use. Beyond the damage inflicted physically to the system, the Oxidizer 

subsystem performed exactly as planned. Because of the success experienced at STF 4, the 

Oxidizer subsystem architecture has been determined to be frozen. The plumbing will not 

change configuration unless deemed necessary, or a major project requirement is changed. This 

will allow future oxidizer teams to easily purchase sets of rocket plumbing for implementation 

on future designs. It is at this point in time that the power of the Oxidizer subsystem shall be 

laid dormant, and its fate lies in the hands of the capable subsystems surrounding it, until the 

need arises for it to make its appearance once again.  

3.8 Oxidizer Lessons Learned 

1. Hydrostatic tests are an effective way of performing leak checks up to operation 

pressures. In the past, leak checks were performed with nitrogen up to 250 psi. This 

method requires large amounts of gas, while hydro tests can be performed with distilled 

water, and without the oxidizer tank. 

2. Spare parts are essential. There are several single points of failure that currently exist in 

the Oxidizer subsystem, namely: the tank adapter fitting (custom machined), solenoid 

valves, liquid pump, oxidizer tank, certain o-rings or seals.  

3. COTS hardware cannot be viewed as a black box. Hardware purchased needs to be 

thoroughly understood before it can be implemented in the system architecture.  

4. Every design change needs to be thoroughly examined to determine full system 

implications. For example, the lack of system analysis performed after the change from a 

regulated system to a blowdown system was the main cause for the failure at STF 4. 

5. Carefully plan the positioning of the rocket plumbing with respect to the structure of the 

rocket. Failure to prepare for integration with the rest of the rocket leads to problems 

later, especially when the main valve actuator rod has to align with a certain spot on the 

launch tower. 
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4.0 Injection 
Lead Author: Meagan Slater 

4.1 Redesign 

Given the success of the injector system during CFT 5 and STF 3, the injection system design 

was frozen at the beginning of the semester. However, due to integration with the newly 

developed thermal protection system (TPS), slight changes had to be made to the injector 

system. The changes include: thickening the lip on the injector housing, changing the location 

of the O-ring grooves on the injector plate, ¾ NPT fitting in the end cap, and drilling 12 

clearances holes in the injector plate.  

 Relevant CAD files 4.1.1

Table 4-1: List of injector housing CAD files 

Part File # 

Injector 

Housing 

ISS 400-1.6 Injector Housing.SLDPRT 1 

Injector Plate ISS 400-3.6 Injector Plate.SLDPRT 1 

End Cap IIS 400-2.3 Injector End Cap.SLDPRT 1 

Graphite 

Gasket 

IIS 400 4.1 Graphite Gasket.SLDPRT 1 

 Injector Housing  4.1.2

The change made to the injector housing was an increase of the lip thickness from 0.25 inches 

to 0.35 inches. This change was made to allow for integration with the thermal protection 

system (see section 6.4 for overview of TPS system.) This change increased the factor of 

safety (FOS) at 2000psi from 1.74 to 2.04.  

 

Figure 4-1: Injector Housing Redesign 
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 Injector End Cap 4.1.3

The only modification to the injector end cap was increasing the size of the NPT fitting from 

½ inch to ¾ inch. This change was made because an error occurred while tapping the ½ in 

NPT, and could not be fixed without increasing the size of the NPT fitting. It was decided that 

increasing the size of the fitting would not affect the oxidizer mass flow rate. Machining a 

new end cap was not possible given our strict testing schedule. Next semesters’ team should 

consider switching back to ½ NPT since the fitting is much cheaper than the ¾ inch adapter.  

 

 

 
 

Figure 4-2: End Cap Redesign  

¾ inch 

NPT 
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 Injector Plate 4.1.4

Two changes were made to the injector plate: moving the O-ring groove and drilling 12 

clearance holes with a #31 drill bit. The O-ring groove change was made in response to the 

addition of the clearance holes, and clearance holes were a result of the new thermal 

protection system (see Fuel section.) The FOS remained unchanged between the two designs 

at 1.94, under 2000 psi conditions.   

 

 

 

 

Figure 4-3: Section view of old injector plate (left) and new injector plate (right)  

 

 

  

Figure 4-4: Top view of old injector plate (left) and new injector plate (right) 
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4.2 STF Failures  

One of the main failures at STF 4 was the epoxy joint failure between the injector housing and 

the combustion chamber. While it is still unknown whether or not the epoxy joint was the first 

failure, it is clear that the joint was not able to withstand the conditions seen during 

combustion. This failure may have been a result of the following: poor application of epoxy, 

poor preparation of surfaces, thermal expansion, high combustion chamber pressure, low epoxy 

shear strength, or any combination of the above. Since the epoxy failed in adhesion with the 

aluminum injector housing and nozzle connector, the failure was most likely due to poor 

application or poor preparation. The epoxy may withstand the combustion conditions if applied 

and prepared properly, however, since this process varies significantly and proper testing and 

modeling cannot be applied to this joint, it should be redesigned. Several designs have been 

briefly discussed by this semester’s team, including threaded rods to connect the injector 

housing and nozzle, however, due time restrictions this team has not been able to provide a full 

redesign before submitting the report. This redesign is a major priority for next semesters’ 

team, and while the new design might be simple, it should not be implemented until it is fully 

tested and modeled. 
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5.0 Ignition 
Lead Author: Tyler Mixa 

Co-Author: Brian Kohler 

5.1 Requirements 

The ignition system functions to pyrolyze the fuel grain prior to the introduction of liquid N2O 

into the combustion chamber. The current design uses e-matches and pyrogen to ignite a slice 

of solid hobby rocket motor, letting it burn for 6 seconds before the introduction of N2O to 

ignite the fuel grain. This design was verified in Static Test Fire (STF) 4.  

 

Table 5-1: Ignition System Requirements. 

Subsystem Level Requirement 

IGN 1  Igniter shall initiate combustion of fuel and oxidizer 

 IGN 1.1 
Igniter shall provide a minimum of 90 kJ enthalpy to the combustion 

chamber prior to and during oxidizer main valve actuation 

 IGN 1.2 
Igniter shall raise the combustion chamber temperature above 200 °F to 

initially dissociate nitrous oxide during main valve actuation. 

 

5.2 Igniter Re-design 

The ignition system underwent a significant redesign to account for the system failure observed 

in STF 3. A larger hobby rocket motor was selected, having a larger diameter than the cross 

port of the fuel grain and a higher energy output for its mass than the previous motor. The 

Ignition team designed and revised the configuration through a series of tests, described below. 

The central port of the igniter is filled with pyrogen where the two e-matches are secured, one 

connected from above and one from below. The top of the igniter is coated with MetaCaulk 

1000 to reduce heat release toward the injector plate. The igniter is secured to the fuel grain 

using small dots of 5-minute epoxy at various points around the circumference of the igniter. 

The igniter is seated in a cylindrical cutout directly above the cross port of the fuel grain, 

resting on the fuel grain’s 4 wedge-like corners around the cross port. For STF, a K-type 

thermocouple was secured to the bottom of the igniter. The two e-matches and the 

thermocouple are strain relieved directly on the igniter using 5-minute epoxy. The full STF 

configuration is shown in Figure 5-1, on the following page.     
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Figure 5-1: Igniter and fuel grain interface in STF 4 configuration. 

 

5.3 Ignition Testing 

 Igniter Materials   5.3.1

The hobby rocket motor used for the igniter is a Pro-75 C-Star M2250, manufactured by 

Cesaroni Technologies in Ontario, Canada. Previous configurations of the HySoR ignition 

system used Pro-54 Blue-Streak I150 and J293 motors, but these were deemed inadequate due 

to their small diameter of 54 mm which allowed them to fall through the fuel grain during 

ignition. After consulting with Cesaroni propulsion designer Jeroen Louwers, the team 

determined that the Pro-75 C-Star models meet the design requirements of the current 

configuration. They have a larger diameter than the fuel port (75 mm or 2.95 in vs. the 2.5 in 

diameter fuel grain cross-port) so they remain in place during the ignition process. They also 

have a 25% higher enthalpy release for a given mass, the highest energy output available from 

a Cesaroni rocket motor. The team purchased a 4-grain (24.45 in) section of igniter to make 

sure there was enough for testing. 
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The motor and e-matches were purchased through Joe Hinton, a local distributor and 

hobbyist. Of the C-Star models available, the M2250 model was selected because it was the 

only one in stock and lead times are other models were not acceptable, given HySoR’s short 

schedule. According to Mr. Louwers, all of the C-Star models have equal energy output, but 

the M2250 has a faster burn time than the others. If a longer burn time is required and the 

lead-time is reasonable, the future teams should consider purchasing the C-Star M1830 

propellant type. Upon receiving the motor, the team discovered that the dimensions quoted on 

the specifications were for the motor casing, not the motor itself. The 2.95-inch model had an 

actual diameter of 2.48-inch, just large enough to meet the system requirements. The 

QuickDip Pyrogen was purchased from Quickburst in Texas as in previous terms. It was 

mixed following the instructions in the package.  

 

 Ignition Test 1 5.3.2

The first ignition test served to verify the configuration of the new igniter. Utilizing cameras 

and no other instrumentation, the ignition team determined that the igniter burns without 

falling through the fuel grain port. The team also established that MetaCaulk 1000 and 5-

minute epoxy would not clog the nozzle. 

 

Two 1in disks of old fuel grain were epoxied together for an igniter stand. A cylindrical hole 

was cut over the cross port of the top grain to mimic the configuration of the STF fuel grain. 

A 1.25-inch length of igniter was cut using a band saw and covered with a layer of Meta 

Caulk 1000 on the top surface. It was then glued into the opening in the top grain using a ring 

of epoxy. The old pyrogen was mixed with acetone the morning of the test and used 

immediately, contrary to the instructions to wait a full 24 hours. A single e-match was 

inserted into the pyrogen and its leads were connected to a DC power supply set to 12V. The 

igniter stand was propped up on two hollow aluminum rods and secured with C-clamps. The 

space under the igniter was marked off at 1in lengths to get a visual indication of flame length 

from the camera footage. The setup is shown in Figure 5-2, Figure 5-3, and Figure 5-4. 

 

The first two attempts to light the igniter failed. After the first attempt, no continuity was 

measured on the e-match and it was determined that they were either defective or the pyrogen 

was too saturated with acetone. After drying out the pyrogen with compressed air and adding 

two new e-matches, the second test failed but the e-matches still had continuity, indicating 

that they had not fired. It was determined that the DC power supply was not supplying enough 

current, so the e-matches were connected to a battery which immediately produced a 

successful ignition.  

 

The igniter burned for 10 seconds and produced a flame extending 18 inches down to the 

table below and 2 feet up to the fume hood above. The igniter remained in place during the 

entire burn, and the fuel grain below was completely intact. The MetaCaulk 1000 crumbled 

enough that it would be blown out by the oxidizer. 
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Figure 5-2: Igniter during assembly for Ignition Test 1. 

 

Figure 5-3: Igniter test stand configuration for Ignition Test 1. 

 

Figure 5-4: Igniter location in fuel grain for Ignition Test 1. 
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Figure 5-5: Top view of residual Meta Caulk 1000 after Ignition Test 1. 

 

 

Figure 5-6: Bottom view of igniter test stand after Ignition Test 1. 
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 Ignition Test 2 5.3.3

After observing an increase in flame length over the previous igniter, the Ignition team tested 

three sizes of solid rocket motors to determine what length of igniter provides a reasonable 

safety margin without damaging the titanium injector plate. Using a PEP simulator, the team 

determined the approximate enthalpy change (usable energy release) per mass for the C-Star 

and Blue-Streak motors. The Ignition subsystem continuity document contains detailed 

information regarding the use of this software. Using the approximated energy release of the 

previous motor as a baseline, the team tested three motors with targeted lengths of 0.25 in, 0.5 

in, and 0.75 in on the same test mount used in Ignition Test 1 (the actual lengths came out as 

0.29 in, 0.41 in, and 0.79 in, respectively). The component masses of the three igniters are 

listed in Table 5-2. A small section of phenolic was used to mount an old injector plate at the 

correct distance above the test mount to simulate STF configuration. A k-type thermocouple 

was secured to the top of the injector plate to determine its temperature. Due to concerns 

about clogging the fuel grain nozzle, the igniters were secured to the fuel grain mount using 

small dots of epoxy around their circumferences, rather than using a complete ring as in 

Ignition Test 1. The e-matches and the thermocouple were wired through the valve control 

box and controlled via LabVIEW, still using a 12 V battery for the e-matches. The test 

materials and test stand configuration are shown in Figure 5-7, Figure 5-8, and Figure 5-9. 

 

Table 5-2: Ignition Test 2 Testing Matrix. 

Config. Thickness 

(in) 

Burn Time 

(s) 

Grain Mass 

(g) 

Meta Caulk Mass 

(g) 

Pyrogen Mass 

(g) 

1 0.27 10 31 1 5 

2 0.412 8 46 1 5 

3 0.783 7 75 1 10 

 

The team started with the smallest motor and tested the others once the smaller sizes were 

shown not to damage the injector plate. During all three tests, the injector plate’s upper 

surface never went above 200 °F and the plate maintained its structural integrity without any 

visible signs of deformation. The holes in the injector plate became clogged during each test, 

but the residue was removed with low-pressure compressed air, indicating that they did not 

present an issue for oxidizer flow once the main valve is opened. During each test, small 

pieces of the igniter fell through the fuel grain cross port at the end of the burn. The ignition 

team hypothesized that this was due to the lack of a complete ring epoxy seal around the 

igniter, but they determined that the loss of heat release in the ignition process was minimal. 

In the test of the largest igniter, the leads of the e-match were touching, producing a short that 

overheated several components of the valve control box. The thermocouples gathered data for 

the 0.41 in igniter (See Figure 5-10) and the 0.78 in igniter (See Figure 5-11), but the 0.78 in 

igniter data seemed to experience a time delay for one of the thermocouples such that the 

maximum temperature for the ignition could not be determined. 

 

The observed burn time of the igniters decreases with increasing igniter size. At the time of 

the test, it was theorized that the extra heat release of the larger igniters was reflected back by 

the injector plate, causing them the burn faster. Burn time must be measured for all igniter 

sizes before use in a static test fire. 
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Figure 5-7: Test materials for Ignition Test 2. 

 

 

Figure 5-8: Igniters used in Ignition Test 2. 
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Figure 5-9: Test stand for Ignition Test 2. 

 

 

Figure 5-10: Injector plate temperature during 0.41" igniter burn, Ignition Test 2. 
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Figure 5-11: Injector plate temperature during 0.78” igniter burn, Ignition Test 2. The 

delay in the readings for the second thermocouple (red) resulted in inaccurate data. 

 Ignition Test 3 5.3.4

The Ignition team determined that a 0.75 in igniter should be used for STF 4. To determine 

the exact burn time, which determines when the main valve opens during STF, the team tested 

four similar 0.75 in igniters to determine the approximate burn time for that length/mass of 

igniter. 

 

All four samples were attempted to be cut to the same length. Due to the difficulty of getting 

an accurate or precise cut, the lengths of the sections were off by at most 0.1 inches, Table 

5-2. Another minor variation was that two different grain stocks were used to generate the 

slices. One of the grains was for the bottom of a motor assembly and the other was for the top 

of the grain; therefore, they port diameter was different. The overall mass was logged so this 

is the important value for energy release. Then the fire caulking was applied. Each section 

appeared to get an even and similar coat (See Figure 5-12). Table 5-2 shows the exact 

variation. Next the e-match was attached using standard five-minute epoxy. Up to this point 

every sample was the same, within the team’s capability. 

 



62 

 

 

Figure 5-12: Igniter assembly used for Ignition Test 3, prior to pyrogen installation. 

Next some slight variations in assembly were added in order to see if these variations would 

result in a significant change in the burn time. These variations included filling a port with 

pyrogen and putting the fire caulking on both the top and bottom. The rationale behind filling 

the port with pyrogen was to see if more pyrogen would burn hotter initially. If the pyrogen 

burned hotter it would increase the temperature during the igniter burn, which should shorten 

the burn time. The rationale behind putting fire caulking on the top and bottom was to insulate 

the bottom. The goal was that once the bottom was insulated the burn would be purely radial. 

This would make characterizing the regression easy since the vertical burn component would 

be eliminated. 

Table 5-2: Ignition Test 3 Test Matrix. 

 

Config. Thicknes

s (in) 

Burn 

Time (s) 

Grain 

Mass 

(g) 

MetaCaul

k Mass (g) 

Pyrogen 

Mass 

(g) 

Details 

1 0.635 9.48 70.8 2.5 6.7 Larger port 

2 0.673 7.3 72.6 3.3 9.7 Larger port, caulking 

on top and bottom 

3 0.743 8.32 86.1 1.8 9.7 Port filled with 

pyrogen 

4 0.727 8.08 85.2 1.3 6.9 Standard assembly 

 

After the test the videos were played frame-by-frame to determine the burn time. The burn time 

was defined as starting at the instant any type of spark or flame was seen. The stop of the burn 

time was defined as the instant the flame had significant length reduction. In all the tests it went 
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from its full three feet to about one foot in less than 0.1 seconds. The time of burn data had a 

larger deviation than expected. It appears that the minor modifications made to the assemblies 

were insignificant since the different burn times had no correlation. The average of the four 

burn times were 8.295 seconds, which was called 8 seconds. Using 8 seconds, the 80% burn 

time was defined as 6.4 seconds, which the team conservatively called 6 seconds in order to 

prevent the igniter from finishing its burn before the flow of oxidizer was started. The 80% 

burn time was defined on a system-level as the time in which the flow of oxidizer would start. 

So this test determined the point at which the main valve was opened at STF 4.  

5.4 STF 4 

 Final Configuration 5.4.1

Based on the results of the testing, the team selected to use a 0.75 in section of igniter in STF. 

With an expected burn time of around 8 seconds, it was determined that oxidizer flow should 

begin 6 seconds into the burn to start roughly 80% through the ignition sequence to ensure the 

flow begins before the igniter burn begins to drop from its high temperature. The Oxidizer 

Team determined that oxidizer flow begins roughly 1 second after the main valve begins to 

open, resulting in the decision to activate the main valve 5 seconds into the ignition sequence.  

 

For STF 4, three igniters were constructed in identical configurations as shown in Table 5-3: 

one for an open burn test prior to STF, one for the test itself, and one as a backup. The igniters 

had a slightly revised configuration: each igniter used two e-matches, one mounted from the 

top and the other from the bottom, and there was also a thermocouple attached to the bottom 

of the igniter. In addition to these changes, the Meta Caulk 1000 was applied to the top of the 

igniter after the e-match had been strain-relieved to the top such that the e-match wire is 

covered with caulking along the top surface of the igniter (see Figure 5-13, below). 

 

 

Figure 5-13: Top (A) and bottom (B) views of STF 4 igniter, showing caulk covering the e-

match on the top surface and the extra strain relief on the bottom. 

 

(A) (B) 
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Table 5-3: STF 4 Igniter Configurations. 

Config. 
Thickness 

(in) 

Mass of 

Grain (g) 

Mass of 

Epoxy (g) 

Meta Caulk 

Mass (g) 

Pyrogen 

Mass (g) 

1 0.717 83.3 1.2 1.6 9.4 

2 0.729 85.5 1.8 2.2 10.2 

3 0.711 81.8 2.3 2 11.1 

 

After the three STF 4 igniters were assembled, one of the igniters was prepped and installed 

into the fuel grain. Unlike in previous tests, the diameter of the fuel grain opening was 2.5 

inches, leaving very little clearance for the 2.48-inch diameter igniter. As an extra precaution, 

the e-match coming from the top of the igniter was also strain relieved on the igniter’s lower 

surface to protect it from dislocating during the installation process (See Figure 5-14).  

 

 

Figure 5-14: Top (A) and bottom (B) views of the igniter    

   after installation into STF 4 fuel grain. 

(A) 

(B) 
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 Assembly Issues and Solutions 5.4.2

During the assembly process, mistakes in the igniter assembly procedure came to light. The 

two e-matches must be placed on separate sides of the igniter, and the point where they are 

bent to stick down into the pyrogen cannot be the point behind the head where the wires are 

exposed – this part of the e-match is easily damaged and could result in a failed test. Epoxy 

bubbles used for strain relief must not be applied to the igniter surface directly after mixing – 

it must have a minute or so to harden, otherwise the bubble will flatten out and it will not 

bond properly (several strain relief bubbles could be pulled off with minimal force and needed 

to be replaced). The wires being strain relieved must be at the bottom of the bubble, as close 

to the surface as possible. The revisions of the design are shown in Figure 5-15, below. 

 

Figure 5-15: Cross-sectional view of STF 4 igniter configuration. 

 Igniter Test at Frontier Astronautics 5.4.3

Prior to the static test fire, one of the three igniters was tested in the flame trench to verify that 

the igniters didn’t undergo any damage during transport to Frontier and to see if the igniter 

thermocouple would take usable data before it failed under the high temperatures. The igniter 

was hung into the flame trench by its e-match and thermocouple cables. As expected, the 

igniter went through its full burn and dropped into the flame trench once the thermocouple’s 

epoxy gave out. However, no video our photographs of this test took place, an oversight that 

needs to be remedied in future tests. 

 STF 4 Ignition Performance  5.4.4

The ignition sequence began as planned with the e-matches firing simultaneously to start the 

ignition process. The thermocouple immediately measured temperatures above 200°F and 

smoke was visible on the webcam live video feed, meeting both criteria to open the main 

valve at 5 seconds. Unlike the previous tests, a piece of the igniter fell through the nozzle at 

the beginning of the ignition sequence (see Figure 5-17). The igniter continued to burn until 

the main valve opened, indicating that if the piece that fell out was part of the solid rocket 

motor, it was not large enough to shorten the burn time or harm the ignition sequence. 
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Another piece of igniter fell out at the end of the sequence, as expected based on the 

observations of previous ignition tests. Black smoke was visible at 3 seconds, indicating that 

pyrolysis was taking place as expected before the main valve was opened (see Figure 5-16). 

Once the valve opened, the igniter successfully lit the fuel grain, causing the brief appearance 

of Mach diamonds below the nozzle before a structural failure compromised the test. 

 

As far as ignition is concerned, the test was a success; the igniter performed as expected and 

successfully lit the fuel grain without falling through before the end of the burn sequence. At 

this point in time, the identity and cause of the first piece that fell out of the ignition system is 

unknown. Whether it was a piece of pyrogen (most likely), igniter, or fuel grain has yet to be 

determined. 

 

 

Figure 5-16: Igniter pieces falling out at the beginning of the STF 4 ignition sequence. 
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Figure 5-17: Igniter pieces falling out at the end of the STF 4 ignition sequence. 

 

 

Figure 5-18: Black smoke that was visible 3 seconds into STF 4 ignition sequence. 
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5.5 Ignition Lessons Learned 

1. The lead-time of materials ultimately determines what the team can and will purchase. 

Check into lead-times of all items to ensure that options being considered are realistic. 

2. Any change to the instrumentation should be executed with caution. If a test fails 

inexplicably, changes to the system relative to the previous test are a good first place to 

check for sources of the failure.  

3. Document everything thoroughly as you're doing it. No exceptions. 

4. The dimensions of rocket motors listed on suppliers' website (e.g. Cesaroni) should be 

confirmed prior to purchasing. 

5. Cameras and full documentation are essential to all tests, even for tests that seem to have 

binary success criteria.  

6. Manage wiring with extra care to avoid creating shorts and damaging components.  

7. Never assume that a planned task will simply happen when you get to it; organize, plan, 

and prepare for the unexpected. Surprises are the only certainty with test operations.  

8. A successful test doesn't mean everything worked perfectly; it just means nothing that 

went wrong was big enough to cause a catastrophic failure. An unsuccessful test, 

however, ALWAYS indicates something that needs to be fixed or improved. 

9. The learning experience is the biggest takeaway from any project, not the project 

outcome. A 'failed' test is only a failure if you fail to remember all of the successful 

accomplishments that went into it. 

 

5.6 Future Plans 

The cause of the first piece of igniter that fell through at STF must be determined. Further 

analysis is needed to see if this is an acceptable anomaly or something that needs to be 

addressed though changes to the design of the igniter. There are several possible explanations 

for this event.  

 

First, it is possible that a piece of pyrogen may have come loose when the pyrogen was initially 

lit by the e-matches. This is the most likely theory since the pyrogen is only attached to the 

igniter by its own adhesion. After drying, the pyrogen becomes very brittle and could break off 

from the force of the ignition. Since the igniter continued to burn for a full 5 seconds, it is 

unlikely that the piece which fell through was a part of the solid rocket motor - this would have 

greatly shortened the burn time if the igniter was no longer in one piece, and more pieces would 

have likely fallen through but that was not observed. 

 

However, a small piece of the solid rocket motor may have dropped down with a piece of 

epoxy as it fell. This was the first test of the new igniter with epoxy securing the thermocouple 

and e-matches to the bottom surface of the igniter. As observed in the STF 4 igniter test, the 

thermocouple remained attached to the igniter through most of the burn, indicating that the 

epoxy seal was strong enough to take some of the solid rocket motor with it if the thermocouple 

was forcibly blown down the fuel grain. 

 

It is also possible that the piece observed falling at the beginning of the ignition was a piece of 

the fuel grain that came loose. The STF 4 fuel grain showed signs of air bubbles within the fuel 
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that could have caused structural instability due to the non-uniform density and load-bearing. 

However, the piece observed falling had a blue flame, giving the team reason to believe that it 

was either a piece of the solid rocket motor or pyrogen since the fuel grain shouldn't be burning 

that hot at the beginning of ignition. 

 

If the fallen piece of igniter is deemed to be a problem, several fixes are possible that could 

mitigate the issue. The team could use a fully epoxy ring around the outside of the igniter. This 

has been shown to reduce the number of pieces falling out during ignition, but it risks clogging 

the nozzle if it comes loose once the oxidizer is flowing. The size of the igniter or the amount 

of pyrogen could also be reduced, limiting the force of the ignition to reduce the chance of a 

piece of igniter or pyrogen coming loose. The cause and source of the falling piece of igniter 

need to be fully analyzed in the spring in order for the igniter design to be frozen. Given the 

success of the system in STF 4, it is unlikely that large revisions need to take place in order for 

the igniter to work reliably in future tests. 
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6.0 Fuel Subsystem 
Lead Author: Jack Mills 

Co-Author: Meagan Slater 

This section describes the progress of the Fuel subsystem during the Fall 2012 semester. For a 

complete report on design decisions and analysis prior to the Fall 2012 semester, reports from 

previous semesters can be consulted. 

6.1 Fuel Subsystem Overview 

The most significant update to the Fuel subsystem was the re-design of the Thermal Protection 

System (TPS). In addition, the top of the fuel port was modified for the new ignition system, 

discussed in section 5.0. An overall view of the fuel subsystem is given in  

Figure 6-1, below. 

 

 

 

Figure 6-1: Fuel subsystem overview and interface with oxidizer plumbing and tank 
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6.2 Sample Fuel Cast 

At the beginning of the Fall 2012 semester, it was decided to cast a sample fuel grain. The 

reasons for casting this fuel grain were: to practice the casting techniques, test a new curative 

(Papi 94), to supply modified fuel ports to the ignition subsystem for testing, and to determine 

the bond strength between HTPB and graphite (graphite was being considered as an option for 

a thermal protection material, and we wanted to verify that it forms a bond with HTPB: it 

does.) The mandrel was modified to provide a 2.5-inch diameter circle for the igniter, and had a 

repeating pattern of: circle-cross port so that the fuel grain could be sliced into small sections 

and used for multiple ignition tests. The sample casting procedure is documented in FAB 

FUEL 3.3.2 - Sample Vacuum Fuel Cast.docx.  

 

Figure 6-2: Mandrel design for sample cast 

The main reason for switching to a new curative was the long lead time for isophorone 

diisocyanate (IPDI). When Sigma Aldrich was contacted at the beginning of the semester, the 

team was told that purchasing IPDI would require a background check and this could take up to 

a month. Given the original STF date, there was concern that the IPDI would not arrive in time. 

Fortunately, the existing HySoR account (see invoice Sigma-Aldrich$174_SLATER 

Nov2012.pdf) could be used to expedite the background check process and purchase the IPDI 

with overnight shipping.  

 Sample Casting Results 6.2.1

The sample fuel grain was carefully monitored for two weeks preceding the cast date, and the 

oven temperature was recorded up to three times a day. After approximately four days it 

became apparent that the fuel was not curing properly. Unlike past semester cures, it reached 

a point where it stopped hardening and it remained in a gooey state. The surface was crunchy 

while the HTPB below the surface closely resembled pitch. Given the failure of the sample 

fuel cast, the team decided to perform experimental sample casts to determine the failure, as 

discussed further in Section 6.3. 
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6.3 Fuel Experiment 

Because of the failure of the initial sample cast, a small fuel experiment was performed to 

determine the reason of the failure. In addition to determining the reason for the failure, 

different ingredients were mixed to see if other fuel mixtures were possible. In order to 

emphasize the fact, all fuel casts in the past have been done using R45-HTLO as the fuel, and 

IPDI as the curative. For a full list of all of the ingredients, please reference previous fuel 

making procedures found on the server under FUEL\FAB FUEL\FAB FUEL 3.4-Full Size Fuel 

Cast. As discussed above, potential sources of the sample cast failure included that the R45-

HTLO was expired at the time of the cast and the curative was changed from IPDI to PAPI. 

 

From the expected failure sources, different fuel/curative mixtures were chosen in order to 

determine the cause of the failed cast. The following table describes the different fuel/curative 

mixtures that were included in the experiment as well as why each of the combinations was 

chosen. 

Table 6-1: Fuel Experiment Descriptions 

Exp. 

No. 

Fuel Curative Catalyst? Temp. 

(ºF) 

Reason 

1 R45-HTLO PAPI94 No 140 
Control. This is the same 

mixture as the sample cast. 

2 R45-HTLO IPDI No 140 

Determine if the new PAPI 

curative was the reason for the 

bad fuel cast 

3 R45 PAPI No 140 

Determine if the expired R45-

HTLO was the reason for the 

bad fuel cast. 

4 R45 PAPI No 70 

Determine if a room temperature 

cure is better for curing with 

PAPI94. 

5 R45 IPDI No 140 

Determine if IPDI and new R45 

are a viable option for fuel 

casting. 

6 R45 PAPI Yes 140 

Determine if using a catalyst is a 

viable option for fuel casting. 

This could be useful especially 

in order to increase the rate of 

the fuel curing. 

7 R45 PAPI Yes 70 

Determine if using a catalyst 

curing at room temperature is a 

viable option for fuel casting. 

Same reasons as number 6 but 

would not require the use of the 

oven. 
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This test was largely qualitative, as no numerical data was collected. The team checked on the 

sample fuel casts daily in order to document the history of the cast. The entire procedure used 

to complete this sample fuel cast can be found on the server under FAB FUEL 3.5.0 – Small 

Fuel Cast Experiment.docx. The fuel experiment yielded some interesting results. A description 

of each of the mixtures is given below as well as pictures of the surface of the sample. 

 

Table 6-2: Fuel Experiment Results 

Exp. 

No. 

Results Picture 

1 

The surface and consistency of this cast 

were found to be much better than the 

sample cast, even though the same mixture 

ingredients and ratios were used. While the 

final product appeared better than the 

initial sample cast, the fuel below the 

surface was still slightly gooey and would 

stick to a surface that was pressed upon it. 

As expected, this mixture should not be 

used in the full size casts 

 
 

2 

The surface and consistency of this cast 

were very similar to the successful casts in 

the past. The surface was very smooth and 

was not gooey or tacky at the top. In 

addition, the cast felt very solid throughout 

and was cut open in order to verify this. It 

is recommended that this mixture be used 

to cast all future fuel grains. 

 

3 

This cast also did not cure in the 5 days 

allotted for the cure. The top was tacky and 

wet to the touch. While the mixture began 

to harden, it never fully cured, even weeks 

after the casting. This mixture also should 

not be used in future fuel grains. 
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4 

This cast was extremely similar to 

Experiment 3. As expected, the room 

temperature took much longer than the 

oven cure, but the final results between 

Experiment 3 and 4 were the same. The top 

of the cast was gooey, even months after 

the fuel was cast. This mixture and curing 

should not be used in future fuel grains. 

 

5 

The final cure of this mixture was softer 

than the other experiments. While the 

surface was not gooey or sticky, the overall 

product was much less firm than expected. 

In addition, this cast took much longer than 

the others. This mixture should not be used 

in future fuel grains.  

 

6 

As soon as the catalyst was added to the 

mixture, the fuel began to noticeably heat 

harden quickly. The final product cured in 

approximately thirty minutes and resulted 

in a firm, rubbery sample. While a quick 

curing process is ultimately desirable, the 

catalyst sped the process much too quickly 

for vacuuming to occur. Thus, the majority 

of the air bubbles within the fuel would 

end up trapped within. Because of this fact, 

the catalyst is not recommended, even if 

the team is pressed for time. 
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7 

Because of limited supplies of the catalyst, 

50% less catalyst was added to this mixture 

than Experiment 6. A significant 

temperature increase was not observed like 

in Experiment 6, but the hardening of the 

fuel became apparent more quickly than 

the samples without catalyst. This mixture 

hardened at room temperature, but resulted 

in a thin film of liquid fuel at the top of the 

sample. The sample beneath the liquid was 

extremely firm and smooth, but it is 

unknown why the small film remained.   
 

While there are a lot of fuel (HTPB) types and curatives on the market, it is very important to 

control which ones are purchased and used for a fuel cast. From this experiment, the mixture of 

R45-HTLO and IPDI performed the best. Additionally, IPDI did not cure well with the R45. 

Ultimately, the results from this experiment drove the decision to buy IPDI and R450-HTLO 

for the full fuel grain. The catalyst was not chosen due to the uncertainty of its effect on the 

chemical structure of the fuel, as well as the rate at which the fuel cured when it was added. In 

future years, it is important to use the same exact ingredients in order to produce a successful 

cast. The purchasing process of this should be done early in the semester in order to avoid the 

temptation to purchase different, more readily available products like PAPI when there is 

schedule pressure. The IPDI purchasing process is given in the previous section. The supplier 

for the R45-HTLO is RCS Rocket Motors. The website for this can be found at 

http://www.rocketmotorparts.com/. 

6.4 Thermal Protection System (TPS) 

The purpose of the Thermal Protection System (TPS) is to prevent the chamber wall from 

exceeding its temperature range. The requirements of the TPS are listed in Table 6-3, below. 

 

Table 6-3: Requirements for the thermal protection system 

Requirement Verification Method Verified During 

Phenolic Tube must not exceed 150°F Testing and Modeling Static Test Fire 

Must withstand pressures of 2000 psi Testing and Modeling Static Test Fire 

 

Due to the high temperatures experienced in the combustion chamber, a thermal protection 

system is needed to prevent any breaches in the chamber wall. 

Hybrid_Static_Test_Fire_v1_2.m predicts a temperature range of 1500-5000°F for the duration 

of the burn, which greatly exceeds the maximum continuous operating temperature of the 

phenolic chamber wall (300°F), and the operating temperature (150°F) of the ES228 epoxy 

used to attach the end caps.  
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 Heuristic TPS Designs 6.4.1

In previous semesters, an ablative material was applied to the phenolic tube in the pre-

combustion chamber (see FAB FUEL 4.1.1.docx for Dow Corning 93-104 ablative application 

procedure.) Through HTPB regression rate testing and modeling (see MaCH SR-1 Final 

Report 2005-2005 and HySoR_FuelThermal.m) it was determined that no thermal insulation 

is needed between the fuel grain and phenolic tube, since the fuel grain provides sufficient 

thermal protection.  

 

The HySoR Spring 2011 team created a thermal model of both HTPB fuel and Dow Corning 

93-104 (see HySoR_FuelThermal.m and HySoR_Thermal.m.) These models predict the 

thickness of ablative needed in the pre combustion chamber to prevent the phenolic from 

exceeding 150°F. Additionally, the thickness of HTPB needed for sufficient insulation of the 

combustion chamber was modeled. Although some testing was done to validate these models 

(see HySoR – Fall 2011 Project Report.pdf), the test setup did not allow for accurate data to 

be collected.   

 

At STF 2 an ablative/phenolic TPS system was used, and a chamber breach occurred about 15 

seconds after the main valve was opened (see HySoR – Fall 2011 Project Report.pdf for full 

details.) The ablative was applied to the phenolic tube between the graphite retainer and the 

top surface of the fuel grain. It has been speculated that the failure may have occurred at the 

junction between the ablative and the fuel grain.  

  

In Spring 2012, the fuel was cast over three inches of the ablative to avoid a leak path at the 

junction between the ablative and the top of the fuel grain. Note that the HTPB fuel and the 

ablative do not form a bond. This refined TPS system was not tested due to the ignition failure 

at STF 3. There are several concerns with this redesign including: the method of application 

of ablative, and the inability of HTPB to bond to the silicon based ablative material. The 

method of applying the ablative to the combustion chamber wall was not engineered in such a 

way to prevent variations between different applications, and there is no way to insure that 

there are no leak paths. Given the failure at STF 2 it is apparent that any leak path can result 

in a devastating chamber breach. The inability of HTPB to bond to the ablative is also a 

concern, because there is a potential flow path between the HTPB and ablative. This could 

eventually provide a leak path if the fuel regressed, and the chamber wall became exposed.  

 

Table 6-4: Past Thermal Protection Systems 

Thermal 

Protection 

System 

Combustion 

Chamber 

Material 

Burn 

(s) 

Notes: Team/Year 

1.8” G11/FR5 

Phenolic Tube 

and Dow Corning 

93-104 Ablative  

 

 

1018 Carbon 

Steel Tubing  

5 No thermal issues encountered 

during either of the two static 

test fires 

MaCH SR-1 

2002-2003 
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1.8” G11/FR5 

Phenolic Tube 

and homemade 

Fiberglass  

316 Stainless 

Steel 

5 In both tests, there was 

evidence of a burn through. A 

large fragment of HTPB was 

expelled from the chamber and 

it was theorized that the bond 

was weakened by insertion of 

the fiberglass  

MaCH SR-1 

2003-2004 

1.8”  G11/FR5 

Phenolic Tube, 

Cerafiber and 

Phenolic Tube 

and Dow Corning 

93-104 

Aluminum 

6061 

15 No anomalies or breaches were 

recorded 

MaCH SR-1 

2004-2005 

2005-2006 

Dow Corning 93-

104 and graphite 

retainer 

3/32” 

G11/FR5 

Phenolic 

Tube 

90 Combustion chamber breach 

about 15 seconds into burn 

HySoR  

Fall 2011 

 

In addition to considering cost and time constraints, various thermal models were created for 

the purpose of determining which of the thermal protection materials and configurations (see 

table 2) would provide the best thermal protection for the combustion chamber. It was 

determined that a phenolic sleeve insert would provide the most robust protection and could 

be integrated into the system within the harsh time constraints encountered this semester.  

Table 6-5: Thermal Protection Materials Considered 

 TPS Phenolic Thermal Analysis 6.4.2

A thermal finite element analysis was conducted to aid in selecting a material and size for the 

thermal protection system (TPS) in the pre-combustion chamber. It was run with ANSYS 14.0 

APDL using 8-node quad elements. Since we expect radially symmetric heating, the model 

generates a quarter of a cross-section of the pre-combustion chamber as shown in Figure 6-3, 

on the following page. The inner quarter cylinder represents the TPS system, a 1/2 in tube of 

RT-504 phenolic. The second layer is the combustion chamber wall, G11-FR5 phenolic, 

which is desirable to keep below 300°F. The outermost layer is a region of air surrounding the 

rocket. It is there to allow heat to flow out of the rocket via conduction only, the most 

conservative boundary condition available.  

 

TPS Type of Material 

Continuous Use 

Limit (deg F) Estimated Cost 

Dow Corning 93-104 Ablative 5000 $1,521.32  

Phenolic Tube Phenolic 300 $500-1500.00 

Fiberglass/epoxy  Phenolic 300 $100.00 

Ceramic Sleeve  Castable Ceramic 2700-4000 $300.00 

Isomolded Graphite Sleeve  Graphite 800 $130.00  
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Figure 6-3: Material layers in the TPS model 

 

The boundary conditions drive the direction and magnitude of heat flow through the TPS 

system. First, the edges of the quarter cylinders are given symmetric boundary conditions (no 

heat flow past these boundaries). Additionally, no heat flow is allowed beyond the layer of 

air. It is assumed that the amount of air (a 6-inch radius cylinder) is large enough to not 

conduct the heat to its outer edge, and this assumption is verified after each iteration of the 

model. Finally, the inner wall of the TPS phenolic is given a convection coefficient boundary 

condition to add heat to the system. The program is supplied with a time dependent list of 

chamber temperatures and convection coefficients to simulate the conditions the TPS phenolic 

will see during a firing. These values were predicted from the static test fire analysis, and the 

convection coefficients were doubled to add conservatism to the thermal model. 

 

The RT-504 (TPS phenolic) acts as an ablative under high temperatures, so the thermal model 

attempts to capture these effects. True ablative materials absorb heat until they reach their 

temperature of ablation. Then they absorb additional heat (known as their heat of ablation) 

while they change phase, typically charring. Then the material breaks off and falls away, 

taking all the absorbed energy with it. The thermal model captures this effect in a 

conservative fashion by making the thermal conductivity of the RT-504 grow by a factor of 

20 when the temperature of ablation, which is assumed to be around 300°C (but has not 

verified), is reached. This allows adjacent elements to experience the heat load from the 

convection boundary conditions as if the high-temperature elements have fallen away. This 

does not remove heat from the system as an ablative material would, which adds a high level 

of conservatism to the model. 
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Running the model that shows, despite all the built in conservatism, that ½ in. of RT-504 is 

sufficient to protect the outer layer of G11-FR5 fiberglass from the heat of the combustion 

chamber. The combustion chamber skin does not exceed 68°F, only 8°F above the assumed 

room temperature. Note that this thermal model does not account for the heat path through the 

injector plate and housing to the combustion chamber skin, which will contribute to higher 

external temperatures. However, this TPS system does protect the skin from the direct flame 

and high chamber pressures that have led to past failures. 

 

 

Figure 6-4: A contour plot of the temperature after the predicted 34-second burn. 

 

 Integration of TPS into combustion chamber 6.4.3

The process of machining the phenolic and inserting it into the combustion chamber is not 

trivial and should be started no less than a week and a half before casting fuel (more time 

should be allowed given the availability of the manual lathe in the aerospace machine shop.) 

The procedure for machining and inserting the TPS phenolic is contained in the document: 

TPS_Procedure.doc.  

 

Given the failure of the second fuel cast, and the high cost of the TPS phenolic, it may be 

possible to recover the TPS system by removing it from the fuel grain. This should be 

considered before making an entirely new TPS system. On the following pages, Figure 6-5 

and Figure 6-6 show the TPS integrated into the combustion chamber. 
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Figure 6-5: Integrated TPS diagram (Side View) 
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Figure 6-6: Integrated TPS diagram (Angled View) 

 Purchasing of the Phenolic  6.4.4

The RT-504 phenolic was recommended by a materials engineer from Norplex-Micarta, Inc., 

who manufactures the phenolic sleeve. The size that was ordered was 4.690” ID x 5.690” OD 

x 48.00” length. The outside diameter was chosen so that the phenolic sleeve would need to 

be turned down on the lathe to be able to be press fit into the system. Although Norplex 

manufactures the phenolic, it was ordered from Professional Plastics. 
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6.5 Nozzle/Post Combustion Chamber 

 Relevant Documentation 6.5.1

Table 6-6: Nozzle CAD Files 

Part File # 

Nozzle CHF 402-1.2 Nozzle.SLDPRT 1 

Nozzle Retainer CHF 402-2.1 Nozzle Retainer.SLDPRT 1 

Nozzle Attachment CHF 401-1.1 Nozzle Attachment.SLDPRT 1 

Graphite Gasket CHF 400-3.1 Graphite Gasket.SLDPRT 

  

1 

 

 Redesign 6.5.2

 

 

Figure 6-7: Post combustion chamber and nozzle 

 

Due to the integration of a ½ inch phenolic sleeve in the post combustion chamber, the nozzle 

had to be slightly modified. The modifications include: adding graphite gasket between the 

nozzle and TPS phenolic, and machining a flat rim on the top of the nozzle to compress the 

graphite gasket against the TPS phenolic (see Figure 6-8). 

 

 

TPS 

Graphite Nozzle 
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Figure 6-8: Modified Nozzle 

 

This modification was made on the nozzle used at STF 3. It may be beneficial to redesign this 

interface in a more robust fashion, given that next semester’s team will not be restricted to 

using an already machined nozzle.  

 

 Future Work 6.5.3

The nozzle was originally designed for the regulated system, and it has not been redesigned 

for the current blowdown system. Next semester’s team needs to redesign the nozzle for the 

conditions seen in the blowdown system. Finally, the nozzle from STF 4 has not yet been 

recovered from the flame trench at Frontier Astronautics and, therefore, has not been 

analyzed. The epoxy on the aluminum nozzle connector should be inspected to determine if 

the epoxy failed in adhesion, cohesion or some combination.  

6.6 STF Fuel Casting 

Two full-sized and fully integrated fuel grains were cast this semester. Originally, two rocket 

motors were to be fully assembled for STF 4 for firing. This section explains the procedures 

used, problems encountered, and solutions for each fuel cast. 

 

 First Fuel Cast 6.6.1

In order to begin casting fuel, the fully integrated combustion chamber was assembled. One 

phenolic insert was press fit into the pre-combustion chamber and the other was epoxied flush 

with the aft-end of the chamber. In addition, the fuel plug was re-machined in order to fit 

inside the post-combustion chamber TPS. A diagram of the aft-end of the chamber can be 

found in Figure 6-9. 

Flat rim 

modification 
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Figure 6-9: Post-combustion chamber fuel casting diagram (Setup 1) 

In this figure, it is important to note that the major change from previous fuel casts was the 

insertion of the TPS into the chamber. The putty tape applied on the outside of the chamber 

serves as a redundant seal for the fuel vacuuming process. 

 

In order to account for the new igniter seat at the top of the fuel grain, a new mandrel was also 

used. This is shown in Figure 6-10. The three sections of the mandrel were cut separately and 

epoxied together. The top of the mandrel was kept as a cross in order to interface with the 

existing mandrel holder.  

 

 

Figure 6-10: Mandrel modified for igniter seat 

Possible 

Air Path 
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Per the results of the fuel experiment, R45-HTLO and IPDI were used as the fuel and curative 

respectively. The fuel casting procedure that was used can be found on the server under 

FUEL/Fall2012/Full Size Fuel Cast_Fall2012.docx.  

 

After the mixing and pouring of the fuel, it was vacuumed for three hours according to the 

procedure. At the end of the three hours, air bubbles were still visible on the surface of the 

grain, so the vacuuming process was extended for thirty minutes. At the end of this time, 

bubbles were still visible on the surface of the fuel, but it appeared as if no air was coming 

from beneath the surface. Because of this, the vacuuming process was stopped and the fuel 

was put in the oven to begin the curing process. 

 

The fuel was monitored three times a day for the following week. Three days into the cure, 

the surface bubbles began to harden, causing the top surface to not be smooth. This raised 

concern since this had never occurred in previous casts. A photograph of the final cured fuel 

can be seen in the following figures. It should be noted that while the top of the fuel grain has 

numerous surface bubbles, the fuel plug provided a smooth surface for the bottom of the fuel 

during the cure. 

 

 

Figure 6-11: Post-combustion chamber fuel surface bubbles (fully cured fuel) 
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Figure 6-12: Post combustion chamber fuel (fuel plug removed) 

 

After inspection of the fuel grain, it was found that the top of the fuel grain had risen 1 inch 

from when it was poured. Because of this and the extended vacuum time, it was believed that 

an air leak path formed through the putty tape at the end of the post-combustion chamber (see 

Figure 6-9). This air was thought to have caused the fuel expansion as well as the increase in 

fuel bubbles seen at the surface. This was never seen in previous fuel casts because of the fact 

that an air tight seal was formed by the o-rings between the fuel plug and the outside wall of 

the combustion chamber. However, with the addition of the TPS, the o-rings formed an air 

tight seal between the fuel plug and TPS, but not between the TPS and combustion chamber 

wall. As a result of this, the second fuel cast implemented changes in order to get rid of this 

leak path. It should be noted that even though the surface bubbles raised concern, this fuel 

grain was ultimately deemed acceptable for STF 4. 

 

 Second Fuel Casting 6.6.2

In order to get rid of the air leak path seen in Figure 6-9, an additional end cap was machined 

in order to provide an airtight seal for the vacuuming process. A diagram of this end cap can 

be seen in the following figure. 
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Figure 6-13: Post-combustion chamber fuel casting diagram (Setup 2) 

 

The O-rings that block the leak path through the combustion chamber can be seen between the 

additional fuel plug and the combustion chamber. In addition to the fuel plug at the bottom of 

the chamber, a different mandrel holder was made in order to create a better seal at the pre-

combustion chamber. While a leak path at the top of the fuel grain does not introduce bubbles 

into the fuel grain, an air tight seal at the top was desired in order to create a better vacuum for 

the fuel mixing process. The process for using this new mandrel is given in the new fuel 

casting procedure. Figure 6-14 and Figure 6-15, below, show pictures of the mandrel holder. 

 

 

Figure 6-14: Modified mandrel holder 

(Top View) 

 

 

Figure 6-15: Modified mandrel holder 

(Side View) 
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Using the new fuel plug and mandrel holder, the system was assembled and tested without 

fuel. A vacuum of approximately 23 mmHg was achieved and held for 10 minutes. At this 

point, the seal was deemed acceptable and the fuel casting process was performed again using 

the same procedure as before.  

 

The vacuum process with this system went more smoothly. After the vacuum process, the 

distance from the top of the chamber to the fuel was measured to be approximately 3.5”, 

which meant no extra air volume was introduced into the fuel. Additionally, the bubbles at the 

surface of the fuel grain were smaller and began to disappear as the fuel was placed in the 

oven. Again, the fuel was monitored three times a day over Thanksgiving break. 

Approximately 4-5 days into the curing process, 95% of the surface bubbles had disappeared, 

but a firm bulge on one side of the fuel began to form. This was the first sign of a bad fuel 

cast. Over the next week, the state of the fuel continued to deteriorate. The surface broke 

when touched and the consistency of the fuel underneath remained “sticky” and somewhat 

liquid. After three weeks of the fuel condition not improving, it was determined the fuel was 

unusable. A final picture of the fuel is given in the following figure. 

 

 

Figure 6-16: Second fuel cast (Top View) 

 

The reason for the failure is still unknown at this time, especially since the same mixing 

procedures were used for both fuel casts. Some possible reasons for the fuel failure are: 

 

1. Sensitivity of the curing to temperature 

- The temperature in the oven is not monitored but has never risen to temperatures 

above those outside the temperature range. By implementing a thermostat, the 

temperature of the oven could be controlled to a desired temperature. 
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2. Possible power outages 

- If for some reason, a power outage occurred overnight or during the times the fuel 

was not being monitored, a large, undesired temperature variation could have 

been seen by the fuel. Because of this, it may be desirable for the team to 

purchase an Uninterrupted Power Source (UPS) to avoid this situation. 

 

3. Incorrect mixing ratios 

- This is not believed to be the issue, but has not been completely ruled out. While 

the two fuel casts were not poured from the same batch, they were poured from 

the same mixture. The procedure was checked in order to see if an error occurred 

in the process, but none was seen. Additionally, the same fuel mixing was used 

that had produced successful fuel casts in the past. 

 

One of the main tasks for the fuel team next semester will be to implement some of the 

mitigation strategies listed above as well as attempt to determine the source of the 

unsuccessful fuel cast. Small scale tests may need to be performed in order to ensure the 

success of a larger, more expensive fuel grain. 

6.7 STF 4 Epoxy Failure 

As discussed in the testing section, two epoxy joints on the combustion chamber failed—the 

joint between the chamber and the injector housing, and the joint between the chamber and the 

nozzle connector. Because of the nature of the hardware following the test, it is believed that 

the epoxy failed in adhesion rather than cohesion. What this means is that the bond between the 

epoxy and the aluminum failed rather than the epoxy itself. The injector housing showed very 

little epoxy remaining, as shown in Figure 6-17, below. 

 

 

Figure 6-17: Injector housing after STF 4 failure 
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From this figure, it can be seen that the majority of the injector housing is bare aluminum. In 

addition, most of the combustion chamber was still coated in epoxy, as shown in Figure 6-18, 

below. 

 

Figure 6-18: Pre-combustion chamber after STF 4 failure 

While more epoxy is found on the combustion chamber, it also appears as if some of the 

surface was never coated with epoxy in the first place. This raised questions about the 

application of the epoxy. In order to determine how much stress the epoxy joints experienced 

during the fire, a worst case analysis was performed. The combustion chamber was treated as a 

pressure vessel as shown below. 

 

 

Figure 6-19: Pressure vessel schematic 
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From Figure 6-19, the shear stress experienced by the epoxy can be calculated using the 

following equation: 

 
  

    
       

 (Eq. 6.7.1) 

 

Where   is a correction factor for the percentage of the area that actually is covered in epoxy. 

Assuming a chamber pressure of 2000 psi, the percentage of epoxy coverage was varied in 

order to see what magnitudes of stresses the epoxy would see. The results are shown in Figure 

6-20, below. 

 

Figure 6-20: Shear stress sensitivity analysis 

From this figure, it can be seen that a wide range of shear stresses are seen, based on how  

much epoxy coverage is present. For large epoxy area coverage, the joint should not experience 

shear stresses over 1000 psi, which is three times lower than the shear strength listed for the 

epoxy used. While it did not appear the epoxy area coverage was significant, lap shear tensile 

tests could be performed in order to get a better idea of the strength of the epoxy joint at STF. 

While the results and hardware observations suggest a low strength epoxy failure, they are not 

conclusive. If the epoxy bond was structural sound, the failure would have been due to a large 

pressure seen in the combustion chamber. This could possibly suggest a design flaw in the 

combustion chamber that would be unknown if it was assumed the epoxy simply had a very 

weak bond. 

 

Ultimately, the epoxy design should be abandoned in order to support the nozzle and injector 

housing. Next semester, a structural support system needs to be designed in order to ensure a 

failure like this does not happen again. However, this design should not be performed blind. If 

the pressure inside the chamber is not carefully analyzed, other design flaws in the system may 

be overlooked, which could lead to other failures in the system.  
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7.0 Structures 
Lead Author: Lance Markovchick 

Co-Authors: Brian Michels and Thomas Snow 

7.1 Structure Overview 

The design layout of the structure is shown in Figure 7-1. It includes the general locations of 

the structural members that will be referred to in the rest of this section. For more detailed 

information, please refer to the Spring 2012 Final Report.  

 

 

Figure 7-1: Rocket Structural Layout 
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Subsystem requirements are not well defined, but their function is informally written in this 

section. Essentially, it must interface with the skin, fins, launch rail and hold down system. It 

must also support the fuel, oxidizer and payload subsystems throughout all phases of transport, 

testing, ignition, lift-off and launch. 

 

One major change in the structure layout this semester is the use of shims to allow for 

adjustability in the structure. The shims were located between the Injector Ring and shear block 

and between the Nozzle Ring and shear block. For shims, rubber washers were used around the 

threads of the #6-32 screws that connect the shear blocks to the rings as shown in Figure 7-2 

below. 

 

Figure 7-2: Rubber washer shims at the Injector Ring 

The number of washers needed varied based on the required shimming thickness. Enough 

washers were used to ensure they compressed slightly while lining up the shear block and 

Longeron pin holes, which handles the shear loads in the structure. Going forward, a more 

robust (stiffer) adjustment method is desired. The method should also be less tedious. Inserting 

many rubber washers, followed by seeing if an adequate number is used takes a lot of time that 

could be better spent on other tasks. 

7.2 Cold Flow Configuration 

For details of the Cold Flow Test configuration, reference the test readiness review slides. The 

way the ground support equipment interfaces with the rocket is outlined in detail below. The 

structure itself did not have major changes compared to previous cold flow tests. 

7.3 Main Valve Actuator Stand at CFT 6 

Prior to Cold Flow Test 6, two primary design options existed: (a) to mount the MVA on a 

tripod, and (b) to connect the Main Valve Actuator (MVA) to the launch rail. In the end, both 

designs moved forward, but for different scenarios. The design is such that most parts are 

interchangeable between the two mounting systems. The tripod design is shown in Figure 7-3, 

with a detail of the MVA interface in Figure 7-4. 
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Figure 7-3: Tripod-based MVA setup at CFT 6. 

 

     

Figure 7-4: MVA and adapter plate.  
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The MVA mount must be strong enough to resist the torques imposed by the MVA, while 

being easily adjustable at the same time. Between the adjustability of the MVA mount plates 

(fine horizontal and yaw motion), the tripod gimbal angle (roll and pitch), tripod center post 

height (fine vertical), and the tripod leg placement (rough horizontal and vertical), almost any 

MVA orientation can be realized. This is especially critical at a CFT because the tank 

orientation will not be known ahead of time and ground surfaces are rough and unpredictable. 

 

The MVA is bolted and pinned to an adapter, which was designed and machined in-house. The 

adapter connects to the top MVA mount plate, which is slotted in the x- and y- directions. The 

bottom mount plate is also slotted for adjustability. The bottom plate is bolted to the tripod 

head. The tripod chosen was the Ravelli APGL4, shown in Figure 7-5. 

 

 

Figure 7-5: Ravelli APGL4 tripod. 

The center post (with gimbal head) can be removed, a fact used in the other configuration (see 

below). The gimbal head has a pistol grip so it can easily be adjusted and released. At the time 

of CFT 6, it was believed that the internal gimbal clamps would provide enough force to resist 

the MVA counter-torque. This turned out not to be the case in CFT 7, so a mitigation strategy 

was designed and implemented for Static Test Fire 4. See below for further details. 

 

The MVA and stand performed nominally at CFT 6, except for two minor issues. First, exact 

positioning of the MVA proved difficult because the tripod feet were able to slide easily on the 

ground. If one pressed down on the MVA, the whole assembly would move down to a new 

height. It is recommended for future CF tests that U-channels and foot stoppers are 

implemented (further discussed in a section below). Second, the MVA-side connector rod 

became separated from the MV-side rod during leak checks and instrumentation checks. While 

testing the load cell readings, a team member was instructed pulled down on the tank structure, 

causing unexpected movement. Structures lead later had to return to the test site to re-adjust the 

MVA. Once properly adjusted, the main valve was successfully operated multiple times during 

check outs, and again during cold flow. 
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7.4 MVA Stand at CFT 7 

The stand was designed with CFT 7 in mind, so few changes were necessary to adapt to the 

new configuration. A new platform was designed and machined in-house, and a number of 

other parts were purchased. CFT 7 configuration is shown in Figure 7-6, Figure 7-7, and Figure 

7-8.  

 

 

Figure 7-6: MVA setup at 

CFT 7. 

 

 

 

Figure 7-7: Details of CFT 7 MVA configuration. 

The tripod shaft passes through a hole in the MVA platform and is secured using a collar and 

set screw. The collar is then clamped to the platform with standard setup blocks and toe clamps 

found in any machine shop. 

 

The platform is bolted to two COTS truss brackets, which are bolted to the same ballast clamps 

used elsewhere in the CFT launch rail. These clamps can be set at most any height along the 

launch rail (restricted at welded truss joints), and the tripod center post can then be adjusted to 

make up any additional height. 
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Figure 7-8: Further details of CFT 7 MVA configuration. 

 

 

It should be noted that, in order for the MVA stand to properly interface with the MV 

connecting rod, the tank had to be rotated in a specific direction prior to attaching the flex hose 

to the OXD plumbing. MVA stand setup and MV cycling went nominally at CFT 7, with no 

other issues to note. 

 

Unfortunately, there was an anomaly during MV actuation during cold flow. As seen in the 

CFT 7 video (HySoR 2012), the MVA actually rotates slightly during actuation, occurring at 

the gimbal joint. The main valve did not fully open, reaching only about 90% rotation. At 90% 

rotation, it is expected that full mass flow rate is reached anyway, so the test was not adversely 

affected. When the system is under 2000 psi, more torque is required to open the valve, causing 

the undesired rotation. The gimbal should have seen similar torques during CFT 6, though no 

rotation occurred (HySoR, 2012). It must be speculated that there was better rod alignment at 

CFT 6. As mentioned, a mitigation strategy was implemented for STF 4. 
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7.5 Rocket Structure at CFT 7 

The unique rocket configuration of CFT 7 introduced two new challenges. First, load paths 

would be different from all previous cold flows and static test fires. Secondly, some mechanism 

was needed to support the rocket structure during cold flow while allowing the load cell to 

accurately measure fill mass. 

 

CFT 7 was meant to validate the integrity of the rocket structure under STF configurations, but 

part of the STF structure was not present. Normally, any downward load on the injector plate 

would travel through the combustion chamber and nozzle the nozzle ring and its associated 

shear blocks. The downward force of the initial high pressure flow impinging on the injector 

plate was the primary concern. To address the first issue, a novel ring configuration was 

developed at the injector housing interface. As seen in Figure 7-9, the nozzle ring was placed 

upside-down under the injector ring housing flange. 

 

 

Figure 7-9: CFT 7 ring configuration. 

A gasket was placed between the flange and Nozzle Ring to ensure that the two rings did not 

touch and transfer loads inappropriately. Finally, long (1.5”) #6-32 screws connected the Injector 

Ring to the shear blocks. When the bolts were torqued, an upward pre-stress load was placed on 

the Nozzle Ring. Upward loads would, as originally designed, pass through the Injector Ring and 

into the longerons. Downward loads would pass through the Nozzle Ring and into the longerons. 

In order to accommodate this change of geometry, aluminum shim blocks and rubber shims were 

used to fill the gaps between shear blocks and the Nozzle Ring face. In a more ideal setup, metal 

shim blocks, rather than rubber ones, should have been used to fill this gap, since the downward 

load path passed directly through the shims coupled with the screws in compression. 
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The second issue, that of supporting the structure and allowing accurate fill mass measurement, 

was addressed with new two new styles of shear blocks (designed and machined in-house) used 

in conjunction with ratchet straps and a chain for backup. The setup is shown in Figure 7-10. 

 

 

Figure 7-10: Shear blocks, ratchet straps, and chain. 

The blown up portion of the figure gives a clearer view of the shear blocks. One longeron, 

chosen as the interface longeron, had three new sets of three holes drilled to accept the new 

shear blocks. Truss shear block 2 is a U-shaped that interfaces with the longeron in the same 

manner as typical shear blocks (one ¼” shear pin and two #6-32 bolts). It has two arms that 

extend, but leave clearance for, the 80/20 guide rail. Truss shear block 1 is a simple rectangular 

aluminum block counterbored to accept the appropriate hardware. These attached to both sides 

of the guide rail with standard t-nuts, but had to be in the approximate correct positions before 

tank was hung from the load cell. Once the tank was secured in place, the upper blocks were 

secured about .010” above their counterpart blocks, while the lower blocks were secured about 

½” below their counterpart blocks. This was done to prevent the tank from shifting very far 

upward during thrust (protecting the load cell) and to allow the tank to drop slightly during fill 

so the fill mass could still be measured accurately. Upper blocks were used in all 3 locations, 

while lower blocks were only used in 1 location. Notice how the gaps change after cold flow, 

indicating that various forces were at work, and that the tank settled into a new location 

afterward.  
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In addition to the new shear blocks, ratchet straps were wrapped around the rocket to prevent 

unintended sway or rotation, and to act as backup supports. A chain was hung from the top of 

the test stand to act as further backup support, should all other supports fail. In such a worst-

case event, the load cell would be destroyed, but the tank and plumbing would remain 

suspended by the chain. As expected, none of the redundant systems were needed and the 

system behaved nominally. 

 

Assembling the structure on site was not a trivial process, in large part because the rocket 

plumbing length had changed since fit check (due to removal and re-installation of some parts). 

The plumbing length had grown about 3/8”, so it was necessary to include additional shims in 

the structure. These are the red colored pieces seen in Figure 7-9 above. The compressibility of 

the shims allowed for some flexibility in shimming while adding uncertainty and time. 

Assembly of the chain, ratchet straps, and new truss shim blocks went smoothly. All structural 

components performed nominally during CFT 7 and showed no signs of wear or fatigue 

afterward.  

7.6 Static Test Fire Configuration 

The Static Test Fire 4 configuration is very similar to previous configurations. The most 

significant change results from the ground support equipment. MVA setup at STF 4 (Figure 

7-11) was, in many respects, the same as the CFT 6 setup. The same tripod configuration was 

used, with three important distinctions. 

 

 

Figure 7-11: Two views of the MVA stand at STF 4. 
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First, since the test takes place over a flame trench, the tripod feet needed a place to rest. After 

discussing several options, it was decided that using spare U-channels as feet supports was the 

most versatile and simplest method. The spare U-channels, being several feet in length, could 

easily span the gap between the red I-beams at Frontier. One U-channel was used to support 

two feet, with a separate channel for the remaining foot. A third channel was taken in case it 

was needed, but was never used. The channels were C-clamped to the red beams in two 

locations each. These features are visible in Figure 7-12. 

 

 

Figure 7-12: U-channels and foot stoppers. C-clamps not yet in place. 

 

Secondly, foot stoppers (2 per foot) were added to prevent the feet from sliding within the U-

channels. These blocks were designed and machined in-house. Each block has a slit cut out to 

accept a U-channel flange, with two #2-56 set screws to secure the block in place. For future 

cold flow tests when using the tripod setup, short U-channels could be used in conjunction with 

foot stoppers to prevent unintended foot sliding, so long as the U-channels are fixed. 

 

Finally, threaded rods were added to stabilize the MVA mount and prevent unintended gimbal 

rotation. This gimbal rotation was seen at CFT 7. Thru-holes were added to the MVA platform, 

and a two-foot ¼-20 rod was passed through each hole. Once the MVA was properly aligned, 

the rods were driven upwards until contact was made with the underside of the mounts, and 

then secured in place with four nuts. While the platform is from the CFT 7 configuration, it was 

added to the STF configuration to support the threaded rods. It was positioned at the low point 

on the central post, resting on the tripod’s leg housing. The collar was secured with a set screw. 

It is recommended that the platform and rods be used in all future MVA stand configurations. 

This design is seen in Figure 7-13. 
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Figure 7-13: Threaded rods in the MVA stand assembly. 

 

One major benefit to the STF design is that the MVA could be placed almost anywhere around 

the rocket assembly. The rocket was rotated such that the fill line was as close as possible to the 

valve table, so the MVA was positioned as in Figure 7-11 MVA stand assembly went 

smoothly, even though it was somewhat time consuming. Once assembly and clamping were 

complete, no further adjustments were necessary. 

 

It is believed that the MVA and stand performed as expected and that the gimbal did not rotate 

during actuation. Unfortunately, at about the mid-point of actuation, the upper half of the rocket 

assembly began travelling upward. Since actuation was not yet complete, the rocket slightly 

pulled the MVA, knocking the entire tripod assembly into the flame trench (Figure 7-14). This 

can be seen in the STF 4 video (HySoR, 2012). 
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Figure 7-14: MVA stand in the flame trench. 

Of the U-channels and foot stoppers, only one stopper fell, while everything else remained in 

place. It should be noted that the main valve actuator did indeed complete its full rotation, but 

this occurred while the MVA was falling. See Figure 7-15. At the time of writing, the only 

known significant damage is: (a) the gimbal lock no longer functions, and (b) one of the 

threaded rods was bent. 

 

 

Figure 7-15: MVA rod rotation angles.  
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7.7 Structural Results from Static Test Fire 

The failure occurred in two stages. This caused two different load paths. If the first load path 

did not fail, the second load path would not have failed because it was loaded in an unintended 

manner. In Figure 7-16, below, the two load paths are shown. 

 

 

 

Figure 7-16: Two load paths during structural failure 

 

The first load path transfers the thrust through the combustion chamber to the Injector Ring. 

Then it is transferred down the U-channel to the L-bracket attached to the load cells. The 

longerons do not do an appreciable amount of taking the thrust load. Once the interface 

between the Injector Ring and U-channel fails, the thrust load gets transferred through the 

oxidizer plumbing and tank to the Top Tank Ring. It then goes down the longeron to the 

Bottom Tank Ring across to the U-channels and down to the L-bracket. 

 

At STF there were a couple of components that failed related to the structure system; they are 

listed in the table below. While many of these failures stem one root failure, the first load path, 

it is very important to understand how each individual part failed to better understand the 

interaction between the members. 
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 Failure List 7.7.1

Table 7-1: List of structures equipment that did not behave as planned. 

Part Description 

U-channels U-channels yielded at the interface with the shear pins on the Injector 

Ring first, then the Bottom Tank Ring and Nozzle Ring 

simultaneously fail and the Load Cell Brackets pitched up. 

Injector Ring With the U-channels yielding allowing the shear pins to fall out, the 

screws holding the ring to the U channels were sheared off. 

Load Cell Brackets Pitched up during the actuation of the main valve. This was due to 

the initial thrust of the rocket. 

Bottom Tank Ring Deformed into a wave shape due to a new load path. Opposing forces 

from the longerons and U-channels on the ring caused this 

deformation. 

Nozzle Ring With the U-Channels yielding allowing the shear pins to fall out, the 

screws holding the ring to the U-channels were sheared off. 

Nozzle The Nozzle failed at the epoxy joint. This falls under the combustion 

chamber and will be discussed in detail in that subsection. 

Injector Housing The Injector Housing failed at the epoxy joint, allowing the 

combustion chamber to fall out and will also be discussed in that 

subsection. 

 

 U-Channels and the Injector Ring Interface 7.7.2

The U-channels and the Injector Ring Interface were a very important area of interest in 

analyzing the root cause of the failure at STF. Due to the configuration of the rocket, the 

thrust generated by the rocket is transferred up through the combustion chamber until it hits 

the Injector Ring. From a brief look at the structure, it would appear that the lowest ring on 

the structure around the nozzle would be the ring that absorbs the load generated by the 

rocket. However due to the structural design, the Nozzle Ring is below the lip on the nozzle, 

so the nozzle keeps the combustion chamber in compression when there is no thrust, but does 

not absorb any of the thrust of the rocket.  

 

At the U-channels, the connection to the Injector Ring is defined by three shear pins, one per 

U-channel. These three pins must absorb the thrust generated by the rocket. These shear pins 

are incredibly strong in shear; however, the aluminum in the U-channels is not as strong. 

Therefore, the aluminum yields before the shear pins. This force causes the aluminum to yield 

and form an oval from the upward force. This allows the shear pins to fall out. Once these 

shear pins cannot take the load, the screws holding the blocks up to the U-channel are then 

sheared of immediately since they are not designed to handle shear loads. This interface of 

interest can be seen schematically in Figure 7-17 below. The shear pin and screws, 

horizontally shown, go through the holes in the U-channel on the left. 
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Figure 7-17: Diagram of ring to U-channel interface 

The shear pins fit into the middle hole on the U-channel in the figure shown above. The 

screws indicated on the diagram are #6-32 screws. Analysis on the shear pin and U-channel 

will be performed later on in this section to outline how the U-channel yields with the 

measured thrust of 1200 lbf. This comes out to an average force of 400 lbf seen by each shear 

pin. This can be seen in a picture of the actual U-channel after the test in Figure 7-18 below. 

 

 

Figure 7-18: Yield of aluminum U-channel 

Notice in the figure above how the hole is stretched in the vertical direction going up. These 

are the holes that attached to the Bottom Tank Ring. Like the other attachment points the 

shear pins meet with the U-channels in tension and the aluminum yielded as shown in the 

figure. Again this confirms our assumption for how this section of the structure failed. 
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 Load Cell Brackets 7.7.3

The Load Cell Brackets are 3 L shaped Steel brackets which mount to the U-channels and 

allow the rocket structure to interface with the Frontier Astronautics load cells. They are 

secured in place by six threaded rods with nuts on both ends of the Load Cell Brackets. These 

were tightened during set-up of the structure before the beginning of the fill process by the 

Oxidizer team. After the STF test, the brackets pitched up relative to the load cells and the 

aluminum U-channels bent in. Examining the video, it can be seen that the rocket structure 

moves upward before the frame where the failure occurs. This pitching up of the Load Cell 

Brackets puts different loads on the structure that were not previously anticipated. 

 

 
Ignition 

 
Main Valve Actuation 

 

Figure 7-19: Movement of the rocket structure during main valve actuation 

As seen in Figure 7-19 above, the rocket structure moves up and is noted by the two different 

lines in the comparative figure. The top line is the bottom of the injector housing while the 

main valve is being actuated, while the bottom line is the bottom of the injector housing 

during ignition. Ignition occurs prior to main valve actuation. While the difference is small, 

this pitching up of the L-brackets caused the U-channels to bend in towards the Bottom Tank 

Ring, which will be described in detail in the following section. The possibility of the pitching 

up of the Load Cell Brackets will need to be considered going forward by either locking it 

down, or allowing the structure to handle the transverse load. 

  

MV 
Actuated 

Ignition 
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 The U-Channels Post-Injector Ring Failure 7.7.4

After the connection between the U-channels and the Injector Ring has failed, the load path is 

altered. The thrust is still going up through the combustion chamber, but now there is no 

Injector Ring to transfer the load out to the U-channels. The tank plumbing is then put into 

compression and pushes up on the oxidizer tank. This continues up to the Top Tank Ring. 

This put the whole outside structure under tension; the longerons and U-channels are pulled 

upwards. Since the L-brackets pivot upwards and are significantly stiffer than the aluminum 

U-channels, the U-channels deform. The pivoting wants to pull the top part of the U-channels 

away from the center and push the bottom of the U-channels toward the center. However, 

these pieces are constrained by the rings. This causes bending at the end of the connection to 

the L-brackets where the structure is less stiff. This can be seen easily in Figure 7-20 below of 

the U-channels after STF.  

 

 

Figure 7-20: Overall deformation of U-channels attached to load cell brackets 

The analysis that predicts this deformation will be presented later in this section. But confirms 

the assumptions of the previous failures are what caused this overall deformation shape. 

Eventually the connections from the rings to the U-channels will fail on both the Bottom Tank 

Ring as well as the Nozzle Ring simultaneously. 
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 Bottom Tank Ring and Nozzle Ring 7.7.5

Now that the load path is now transferred up through the plumbing, the force onto the Top 

Tank Ring then pulls up the Bottom Tank Ring and in turn transfers force down to the L-

Brackets. This application of the load path is analyzed in detail in the later section. However 

the shape seen after this failure is seen below in Figure 7-21. 

 

 

Figure 7-21: Bottom Tank Ring 

This matches the analysis done later in the section. Again this justifies the order of events that 

occurred at the STF failure. The Nozzle Ring failure is not completely known since the ring 

has yet to be recovered. However, the same force that caused the Nozzle Ring to shear off 

from the combustion chamber like caused a similar failure to the Injector Ring. The epoxy 

failure will be talked about more in the next subsection as well as in the fuel section. This 

theory looks promising due to the way the shear pin holes deformed in the U-channels at the 

Nozzle Ring. 

 The Combustion Chamber and the Nozzle 7.7.6

The combustion chamber is attached to the Injector Housing and Nozzle via an epoxy joint. 

This joint had been tested with a binary test in past semesters, but the results are not very 

reassuring and the joint will need to be tested further next semester. These epoxy joints are 

discussed in the fuel subsystem, but it is important to note here just because of the relationship 

between the structure and this epoxy joint. The structure is designed to hold the fuel chamber 

in compression to keep it stationary relative to the plumbing. This is done by the fit of the 

Injector Ring and the Nozzle Ring. The epoxy, however, is the main means of maintaining the 

integrity of the combustion chamber which acts similarly to a pressure vessel. This epoxy 

joint was designed to stay together on its own, but it is clear from the documented failure of 

the rocket and the fact that is was detached from both the injector housing and nozzle that 

these epoxy joints did not hold up. When this failure occurred is not clear from the analysis 

done. Based on the analysis, it can be said with certainty that the structure failed and that 

these epoxy joints failed as well. However it cannot be backed out if the epoxy had failed 

before the structure failed and as soon as the structural support was gone the combustion 

chamber just shot off or if they failed simultaneously.  
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 Summary 7.7.7

The order of events in which the failures at STF took place is discussed above. For advancing 

the project it will be important to take the analysis performed later in this subsystem report in 

order to successfully build a new rocket structure. The decision will have to be made of how 

to handle the load paths that are present at STF, that vary from the loads seen in a flight 

configuration, but still have a workable structure for flight. 

7.8 Static Test Fire Failure Analysis 

As discussed in the previous subsection, the theory behind the structure failure at STF is 

sequential. In an attempt to analyze how the structure deformed and where necessary design 

changes are needed, finite element analysis was performed. A total thrust of 1200 lbf is used in 

the modeling. Likewise, due to the load paths discussed in the previous section, only the 3 U-

channels take the static load which is different from the flight configuration. Therefore, 400 lbf 

is applied to each member according to the load path. The first structural component suspected 

of failing is the pin hole in the U-channel at the Injector Ring interface. Post STF, this hole in 

the U-channel appears to have elongated in the vertical direction and appears it yielded with the 

pin bending relative to it. The model for this action is shown in Figure 7-22.  

 

 

Figure 7-22: Shear pin induced stress in the U-channel 
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The stress induced by this bending is greater than the yield stress for Al 6061-T6 

(approximately 40000 psi). As the structure yields in this location, the pin slips out and the load 

from thrust is no longer restrained by the Injector Ring. The load path then changes so that the 

thrust is transferred through the combustion chamber, plumbing and tank to the Top Tank Ring. 

From the Top Tank Ring, the longerons are put in tension up to the Bottom Tank Ring where 

the load shifts to the U-channels connected to the L-Brackets and fixed load cells. The 

opposing loads of 400 lbf in the Bottom Tank Ring causes bending in the ring as modeled in 

Figure 7-23. 

 

Figure 7-23: Bottom Tank Ring bending stress 

Once again, the deformed shape matches what was observed in the structure after failure. The 

ring’s stress induced by bending is greater than the yield stress for Al 6061-T6 thus causing the 

plastic deformation. At the same time as this yielding occurs, so does the bending in the U-

channels. Initially, this yielding appears to be caused by a compressive load with buckling 

behavior. However, there is no compressive load on the structure that is big enough to cause 

this deformation. The bending it these U-channels is actually from a tensile load. With the 

Injector Ring no longer attached to the U-channels, there is no support directly above the L-

brackets. The Nozzle Ring and Bottom Tank Ring are the only rocket structure still attached to 

the U-channels. Likewise, the L-brackets are attached to the U-channels. From the post-test 

photograph, the U-channel pitched up. This is from the nuts that connect the L-bracket to the 

load cell backing off the mounting rods. This acts like a pinned interface. With this pinned 

interface, the tensile load and the fact that the Bottom Tank Ring and Nozzle Ring are still 

attached, the model for U-channel bending is created as shown in Figure 7-24. 
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Figure 7-24: U-channel bending shape under a tensile load 

 

The U-channels deform as was seen post-test and have stress beyond yield. The stiffer L-

brackets cause the U-channels to bend just above and below where they interface. The shape 

looks more pronounced in the actual figure. This is because the finite element analysis assumes 

elastic deformation, meaning it is not yielding an undergoing plastic deformation. However, the 

approximate final shape that was seen can be inferred based on the elastic deflections in the U-

channel. The Nozzle Ring has yet to be recovered, but it most likely has a similar failure mode 

as the Injector Ring. However, the Nozzle Ring failed at approximately the same time as the U-

channels and Bottom Tank Ring. 
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7.9 Future Tasks in Order of Importance 

There is a lot of work left to do for the structures subsystem in the future. First and foremost, 

the structure needs to be redesigned for STF. This starts with requirements. Since requirements 

are not well defined for structures, the initial task will be working with the System Engineer to 

develop the requirements for a successful project. Until those are written, the structure should 

be designed with an expected load of at least 1300 lbf since this was almost seen at STF 4. 

However, the margin of safety should be relatively high since the main valve may not have 

fully been open for peak thrust, and the peak thrust seen at the next STF may be higher. To 

have a successful static test fire, a different structure from a flight structure may be needed or 

possibly the current design geometry could be modified. Nevertheless, the structure needs to be 

more robust at the Injector Ring interface with the U-channels. Structures will also need to 

work with fuel to develop a redundant system to prevent the epoxy failure seen at the injector 

housing and nozzle as they separated from the combustion chamber. A robust and adjustable 

system is desirable to account for small configuration changes to either the oxidizer piping 

length or the combustion chamber length. Based on the new design, a full structural analysis 

will need to be redone for the STF, launch hold down launch and flight. 

  

Work with the flight design, GSE structure and payload subsystems will also be important. 

With respect to flight design, the fins and skin attachment methods will need to be developed. 

Since neither are currently designed this will largely be an iterative process. Likewise, a hold 

down system is needed during main valve actuation. A system similar to STF with similar loads 

may be needed here, but the system has to be coordinated with the launch sequence. For 

example, it cannot interfere with the fins. Working with the payload subsystem will be a long 

term consideration. The GSE Structures Subsystem will also need to be worked with for the 

interface with the launch rail. The Payload Ring is fairly well isolated from the bulk of the 

structure, and can likely be adapted later on with little to no impact to the hold-down system, 

fins or skin. 

7.10 GSE Structures Subsystem Tasks 

The GSE Structures Subsystem is a new subsystem that is beginning for the Spring 2013 

semester. It will be responsible for designing the hold-down system, launch rail interface and 

launch tower reinforcement. First, a new tripod will need to be ordered, since the previous one 

is unusable due to STF 4. The hold-down system will need to keep the rocket stationary until 

the main valve has fully actuated. Once the main valve has actuated the system will need to 

symmetrically release to allow liftoff and not cause structural damage from asymmetric 

loading. A launch rail system also needs to be developed. It must interface with both the rocket 

structure and launch tower. It should minimize friction to limit the decrease in acceleration 

during lift-off and limit the load on launch tower. The launch tower also needs to be analyzed 

for the launch loads based on the designed launch rail system. Its dimensions and makeup can 

be found on the server under the in the appendix of the HALO Final Report in the GSE folder 

on the server. 
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7.11 Structures Lessons Learned 

Many lessons were learned over the course of the semester and previous semesters. They are 

listed below: 

1. Do not depend on previous semester's analysis. Things may have changed/been analyzed 

incorrectly in the past. 

2. Fit checks are critical prior to assembly at test (it can save time making adjustments/point 

out problems). 

3. Do not bite off more than you can chew (only so much can be properly designed/tested 

during a semester). 

4. Pushing back on schedule pressure may be necessary to create a good product. 

5. Convert mechanical drawings to PDF to have a copy in case a file gets corrupted. 

6. Have revision control of designs with reasons why changes are made to prevent repeated 

mistakes. 

7. Check designs with a machinist to make sure tolerances are feasible and the design will 

work as intended. 
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8.0 Testing and Instrumentation Subsystem 
Lead Author: Gregory Rancourt 

Co-Authors: Joshua Imobersteg and Collin Bezrouk 

8.1 Overview 

The Testing and Instrumentation team was tasked with supporting two cold flow tests of the 

oxidizer system culminating in a static test fire of the assembled rocket. Testing operations 

leaned heavily on procedures developed in previous semesters; those existing testing 

documents were changed to accommodate lessons learned and the updates made to the 

instrumentation. Instrumentation was updated to address a low data rate of 2 Hz that previous 

semesters’ teams had suffered. In the process of updating the data acquisition system, the team 

addressed not only the low data rate, but decreased signal noise, safed the data from a computer 

loss during operation, and added strain relief to the cables. 

8.2 Cold Flow Test Operations 

The team set a goal this semester to address all of the issues discovered during the previous 

semester’s static test fire. These included redesigns of the main valve actuation system, the 

quick disconnect system, the thermal protection system, and the ignition system. The 

discussion of the cold flow tests in the following subsections is limited to operations of each of 

the two milestone tests performed this semester. For a full description of each of the tests, 

including a data review, see the oxidizer section of the final report. 

 Cold Flow Test 6 8.2.1

Cold Flow Test 6 (CFT) was originally intended to be two tests in one: the first would be a 

confirmation of the oxidizer design carried over from last semester, and the second would be 

an entirely new CFT of all of the oxidizer plumbing in its Static Test Fire (STF) 

configuration. These two configurations are pictured in Figure 8-1. Since the rocket was 

compromised at STF 3, the team went to CFT 6 with the intention to reaffirm confidence in 

the oxidizer system as designed in the spring of 2012 and test the newly designed main valve 

actuator (MVA) and quick disconnect (QD) systems. The second of the two tests could not be 

completed due to time and was subsequently pushed to CFT 7 the following week, but the 

team met all of its objectives applicable to testing the oxidizer system in its horizontal 

configuration. 

 

These objectives were to collect mass flow rate data, verify the structural integrity of the 

injector, verify the design of the MVA, and verify the design of the QD mechanism. Mass 

flow rate data was collected by hanging the oxidizer tank from a load cell and processing that 

weight data into mass flow rate data post-test. The structural integrity of the injector was 

verified as a binary objective; since the hardware survived blowdown of the oxidizer, this 

objective was verified. The quick disconnect mechanism fired as expected with confirmation 

of separation verified by webcam. Finally, successful main valve actuation was verified when 

the main valve opened and blowdown of the oxidizer started. 
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Figure 8-1: Two rocket configurations were used during cold flow tests this semester.  

One was the traditional horizontal configuration and the other was a new vertical 

configuration to represent STF. 

Setup of the system proceeded smoothly. A short between the two valves required during an 

emergency dump was detected when the team started leak checks. The issue was promptly 

resolved and the test continued as planned, with extra procedures written in to double-check 

the new electrical connections periodically.   

 

Also during leak checks, the data acquisition system would lose power and the sensors would 

stop reading. This closes all of the valves automatically, making it safe for the instrumentation 

lead to restart the program and recover the sensor readings, but this was happening too 

frequently. It turned out that the generator was not providing continuous power to the power 

supplies; when the power supply died, so did the data acquisition system. Since there were 

two connections on the generator, the extension cord was removed from the faulty connector 

and plugged into the other one, and the test continued. The team also switched the cRIO over 

to batteries and put the main valve actuator on the power supply so the cRIO would never lose 

power if the generator stopped working again. 

 

The team was able to troubleshoot these two electrical issues and proceed through blowdown 

as planned, but the time lost during troubleshooting prevented the second test. The test of the 

vertical configuration was pushed to the following week for CFT 7. For specific details of the 

operations of CFT 6, including time stamps, sensor readings, and black line comments, see 

the document titled TST OXD 14 – Cold Flow 6 Post Test Updates. 

 Cold Flow Test 7 8.2.2

As stated above, CFT 7 was an entirely new cold flow test for HySoR. Prior cold flow tests 

have always tested the system with the injector mounted horizontally.  Cold Flow Test 7 was 

the first to test the oxidizer system in its vertical configuration, the same configuration that 

would be used at STF.  
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Cold Flow Test 7 shared three of the same test objectives with CFT 6: verifying the structural 

integrity of the injector, verifying the design of the MVA, and verifying the design of the QD 

mechanism. The MVA is required for any test of the system since it opens the main valve, but 

the QD objective remained a part of CFT 7 because the team wanted to verify its operation 

again. The only new objective was to measure the pressure upstream of the injector plate. The 

previous HySoR team was concerned that high pressure upstream of the injector plate may 

have caused the failure they saw at STF 3. This has now been ruled most likely a failure in 

assembly of the rocket at STF 3, but high pressure water hammer had not been ruled out at the 

time of CFT 7 and measuring that pressure became a test objective. A high pressure spike was 

not measured. For more information about this test objective in particular, see the oxidizer 

section of the final report. 

 

More had to be done in the assembly of the structure for CFT 7 than had been done at CFT 6 

due to the new configuration. The oxidizer system and supporting structural members had to 

be assembled as before, but that assembly needed to be mounted to the trailer truss structure 

instead of hanging from a load cell. This increased the amount of time needed for setup. To 

complicate matters, the rocket plumbing had to go through a new leak check between CFT 6 

and CFT 7 and its length changed in the process. This meant that the fit check done on the 

structure prior to CFT 6 no longer applied. It took the team some time to shim all of the 

necessary connections. 

 

Once the system was set up, the test proceeded as expected until fill. Between CFT 6 and CFT 

7, the team switched from using a computer with MATLAB installed to a series of table 

printouts that provided a quicker way to calculate the fill mass. When the vapor pressure was 

lower than expected (the temperature dropped between the time it was measured and when fill 

started), the team was able to recalculate the new fill mass quickly. 

 

During CO2 fill the pump stopped working and the pressure started to decrease at the fill line. 

Initially the team thought this might be a leak upstream of the pump but further discussion led 

to the conclusion that the pump stopped working. The pump normally creates a high noise-

like signal on the pressure sensor due to its reciprocation but that stopped even though the 

pump was still running. This indicates that the pump was no longer pumping CO2 into the 

rocket. 

 

The pump broke about five pounds shy of the target fill mass. It was determined that 

pressurization could proceed because the high pressure line is separated from the liquid pump 

by a check valve. The ullage volume calculation and fill mass is an estimation because it 

derives from the jump to vapor pressure as an indication of the temperature of the tank. The 

five pound difference was therefore considered reasonable to accept because the weight 

leveled off prior to pressurization. 

 

Pressurization proceeded as expected and the quick disconnect mechanism and main valve 

actuator worked as intended, making CFT 7 a success. For specific details of the operations of 

CFT 7, including time stamps, sensor readings, and black line comments, see the document 

titled TST OXD 15 – Cold Flow 7 Post Test Updates. 
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8.3 STF 4 Overview 

Static Test Fire 4 ended in failure to complete the objective of obtaining a thrust curve, 

verifying the thermal protection system, and verifying structural integrity. Ignition, however, 

was successfully demonstrated. The test procedures were effective during setup, as all teams 

completed their tasks in parallel and ahead of schedule despite unavoidable delays. Filling the 

tank went nominally, as did the ignition sequence. Upon opening the main valve, the fuel 

ignited and burned, producing visible Mach diamonds at the nozzle. Approximately 1.5 

seconds after the main valve was actuated, the injector housing, oxidizer plumbing, and tank 

separated from the combustion chamber and longerons. The combination of chamber pressure 

and cold gas thrust lifted the tank off the test stand before it fell (vertically oriented) into the 

flame trench. After evacuation procedures, the team returned to survey the damage and collect 

the components. 

8.4 STF 4 Objectives 

STF 4 had four main objectives. The first was to measure a thrust profile using load cells to be 

sure our rocket complied with FAA regulations. Secondly, the new ignition design was to be 

verified to ensure that the igniter stayed in place and could pyrolyze the fuel. Thirdly, the 

thermal protection system would be tested to ensure it could prevent the failure seen at STF 2 

where an extended burn cut through the pre-combustion chamber. Finally, the structural 

integrity of all integrated systems would be verified under temperature and pressure loads 

expected at a launch. This included the new injector housing design and its connection points to 

the thermal protection system. Of these objectives, only the second objective was achieved, as 

shown in Table 8-1. The other three objectives failed since we did not have a complete burn. 

Data recovered from the test suggests new ways to improve the system to improve the 

likelihood of success at future tests. 

 

Table 8-1: Summary of STF 4 Test Objectives 

Objective Status 

1. Obtain a thrust profile. Incomplete 

2. Verify ignition design. Complete 

3. Verify thermal protection system Incomplete 

4. Verify structural integrity under operating conditions Incomplete 

 

8.5 Hydrostatic Test of Oxidizer Plumbing 

The evening prior to the original STF 4 test date, Frontier Astronautics requested a hydrostatic 

test of the oxidizer plumbing in excess of maximum operating conditions of 2000 psi. The team 

complied with the request and machined the required parts, but this pushed back STF 4 by one 

day.  The test was conducted the following day and no leaks were detected.  

8.6 Relay Box Failure 

That evening, the instrumentation team was performing a dry run of the ignition setup. During 

setup, the transistor chips on both relay boards were short-circuited and destroyed. To 
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accommodate the test, the LabVIEW test program was edited to prevent sending signals to 

those relays, and all of the relays were hard-wired to switches. In order to record data and 

timestamps, whenever a switch was flipped during the test, the appropriate button on the 

program would need to be simultaneously pressed. It was noted that using hard-switches was 

preferable to pressing digital buttons on the LabVIEW program. Future work may include 

editing the program to link data collection to the hard-switches as well. More information on 

the instrumentation can be found in subsequent sections of this report. 

8.7 Test Events 

 Setup Process 8.7.1

The team arrived at the test facility 30 minutes behind schedule. Setup began immediately 

using the procedures developed before the test. The instrumentation, oxidizer, and structures 

teams worked in parallel without any major problems and recovered nearly an hour of 

scheduled time.  

 Oxidizer Fill Process 8.7.2

The fill process proceeded nominally, and the pressure data on the valve table during this time 

is shown in Figure 8-2. Passive fill began and took approximately 30 minutes before the 

pressure jumped from 480 psi to 510 psi over a period of 3 seconds due to the local vapor 

pressure hypothesis, as shown in Figure 8-3. It was noted that this pressure increase was about 

50 psi (11% increase), less than half of the 110 psi (~15% increase) seen during cold flow 

tests using CO2. In the future, steps should be taken to ensure that this is sufficient to 

condense all of the gas at the pump level to avoid pump damage. 

 

Figure 8-2: Pressure on the valve table and rocket cross-fitting during the fill process. 
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Figure 8-3: The gas to liquid transition that occurs during passive fill. 

 

Pump-aided fill began when the team was confident that all gas had condensed at the pump. 

This proceeded for 7 minutes until the rocket reached the target mass. The pump was turned 

off and the gas was allowed to settle to vapor pressure. This section of the fill process is 

shown in Figure 8-4. Two off-nominal observations were noticed that did not affect the 

outcome of the test. First, the pressure did not oscillate with the pump until about two minutes 

after it was turned on. This may suggest that there was still N2O gas at the pump after our 

assumed phase transition. The second observation was that after the pump was turned off, the 

cross-fitting pressure transducer did not decay as quickly as the fill line. Previous cold flow 

tests suggest that these two transducers should follow each other closely.  

 

 

Figure 8-4: Pressure during pump-aided fill. Point (1) shows that the pressure did not 

oscillate heavily when the pump was turned on until about two minutes later. Point (2) 

shows that the pressure transducer on the rocket did not decay as quickly as the fill line 

pressure. 
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Finally, the tank was pressurized to 2000 psi using helium, which took approximately two 

minutes. This was faster than expected given the team’s experience at cold flow tests, but 

future analysis should attempt to predict how long this should take with N2O as the oxidizer 

gas. 

 Ignition 8.7.3

After fill, ignition was triggered successfully. Video evidence shows something burning 

falling out of the nozzle almost immediately. This may have been a piece of igniter or 

pyrogen, but its size is impossible to determine. This was the visual cue for the webcam 

technician to signal successful ignition. Almost simultaneously, the instrumentation 

technician signaled that the ignition thermocouple had exceeded its threshold temperature. 

After approximately four seconds, another burning piece fell through the nozzle. Future tests 

should try to reproduce this effect since it was not witnessed in previous ignition tests. This 

may include testing the igniter inside of a closed chamber with a nozzle-sized outlet. The 

thermocouple data for the igniter is shown in Figure 8-5. 

 

 

Figure 8-5: Igniter temperature during ignition. 

 Combustion 8.7.4

Five seconds after successful ignition, the test conductor activated the switch to open the main 

valve. About one second later, the fuel began combustion. Video of the test shows that Mach 

diamonds were visible out of the nozzle exit, which completed test objective two: verifying 

the ignition design. Another second later, the team heard the tank separation and were ordered 

to evacuate the facility.  
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The load cell data shows a spike in thrust at ignition, but this data is heavily aliased. The peak 

is shown at 1300 lbs, which is considerably higher than the estimated 800 lbs from 

simulations. Also note that this peak is made from two data points, so the true max thrust may 

not have been captured. The thermocouple data shows that only the nozzle exit sensor was 

destroyed during the test, reading about 690 °F before railing. Additionally, the three 

thermocouples placed around the pre-combustion chamber recorded an average peak of 85 °F, 

as shown in Figure 8-6, which is higher than the predicted temperature after a full burn. The 

reason for this is that the injector plate and housing provide the path for least resistance to 

heat flow. This was confirmed by the temperature profile along the injector housing. Future 

teams need to attempt to model heat flow through this path and determine its effects on the 

outer wall of the combustion chamber through testing. It may be the case that the combination 

of pressure, heat, and fire caused the breach in STF #2, and heat alone may not harm the 

structure. It also may be the case that the oxidizer may absorb the majority of the heat from 

the combustion, keeping the injector housing at a nominal temperature. 

 

Figure 8-6: Temperature of the combustion chamber during the burn. 

Pressure data from the combustion was not useful. The transducer on the cross-fitting was 

destroyed as the tank struck an I-beam while falling into the flame trench. 

 Post-Test Cleanup 8.7.5

After the all clear was given to re-enter the facility, the team began surveying the damage to 

the rocket components. Both the combustion chamber and tank assembly were at the bottom 

of the flame trench and were recovered via crane. The U-channels that held the rocket to the 

test stand had separated from both sections of the rocket and suffered large plastic 

deformations. The nozzle and nozzle ring could not be recovered. The damage analysis for 

each subsystem is described in their respective sections.   
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8.8 Instrumentation 

The previous semester’s requirements for remote operation led to extensive use of LabVIEW to 

control STF operations. One program controlled, monitored, and recorded data on all of the 

valves, the igniter, and the pressure sensors. A secondary program monitored and saved 

temperature data from thermocouples.  All data and relay outputs were controlled through 

National Instruments USB cards. The NI hardware in its high precision mode limited the 

sample rate to 2 Hz. 

 

This semester’s team set out with two main goals of increasing the sample rate and lowering 

noise levels in the sensor signals. This was accomplished by replacing the network of USB 

cards with a single cRIO controller, replacing the existing cables with shielded ones, and 

rewriting the LabVIEW software that collected data and controlled the relays. 

 Hardware Design 8.8.1

The instrumentation team started off the semester by replacing the USB cards with a cDAQ 

system. This system uses the same interface as the USB cards which makes it user-friendly, 

but it ultimately lacks some of the robustness of the cRIO architecture. It was an appropriate 

starting point for the goal of consolidating all of the cards into a single system. The system 

used a 4-slot NI DAQ Chassis with two NI-9401 DIO modules to control valve relays and the 

newly implemented quick-disconnect system, a NI-9205 Analog Input Module to read 

pressure and load cell data, and one NI-9211 Thermocouple Module to record temperature 

data. The Valve and Instrumentation boxes were consolidated to a single box and routed to 

the DAQ Chassis via a single 9-pin D-SUB connector. The thermocouple box was removed 

entirely with the thermocouples connected directly to the DAQ Chassis Modules. All of these 

improvements lead to a more robust and consolidated system with reduced chance of 

incorrectly assembling and wiring the system during test operation setup. 

 

Pressure transducers measured the pressure in the system at three locations, as shown in 

Figure 8-7. The first was placed at the base of the fill line on the valve table and displayed the 

line pressure, the second was integrated on the liquid pump and displayed the air drive 

pressure to the pump, and the third was integrated with the rocket plumbing.  

 

Sixteen thermocouples were used to measure temperatures over three subsystems, as shown in 

Figure 8-7. Two of the oxidizer subsystem’s thermocouples were attached to the valve table 

before and after the liquid pump, and a third was attached to the dump valve. The 

Fuel/Injection thermocouples were attached to the outsides of the combustion chamber, 

injector housing, and nozzle. A final thermocouple was attached to the igniter and used to 

verify ignition. 

 

Implementation and testing of the completed cDAQ system showed complications with 

saving data at the required sample rate. The number of sensor signals being saved coupled 

with the extra computing required to run some of the cDAQ user-friendly software blocks 

restricted the sample rate to 10 Hz. To alleviate this, the instrumentation team made the 

decision to switch from the cDAQ to a cRIO architecture. In addition to having more direct 
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control over the sampling rate, it provided the opportunity to protect the data in the event of a 

computer loss, however, this required the software to be completely re-written. 

 

  

Figure 8-7: The newly updated instrumentation subsystem, including all sensor locations 

applicable to STF 4. 

 

In the event that software control of the valves is lost when the tank is full, two hard switches 

were wired to the disconnect and dump valves so the tank could be emptied. This emergency 

stop was powered by a battery independent of the other instrumentation hardware power 

sources. This gave the safety officer the ability to depressurize the tank even if the computer 

shut down or power to the cRIO and/or valves was lost. 

 

This system was used for both CFT 6 and CFT 7. Static Test Fire 4 required additional relays 

to operate the electronic matches used to light the igniter, so a second relay board was added 

to the instrumentation box.  In order to increase the number of thermocouples available, an 8-

Slot DAQ chassis was substituted for the 4-Slot chassis and three more NI-9211 Modules 

were added to expand to 16 K-type thermocouples. An entirely new set of wiring was bought, 

cut, and shielded in order to reduce noise. 

 

Finally, to reduce the chance of user error in connecting all of the sensor, valve, power, and 

ground cables, each wire (or corresponding group of wires) were fitted with 2, 4, 8, or 16 pin 

connectors, tested, clearly labeled and documented, and secured into bundles with other 

similarly functioning wires. This greatly reduced the mess and confusion of having separate 

wires and a large number of banana cables. The cRIO in its STF configuration is pictured in 

Figure 8-8. 
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Figure 8-8: The NI cRIO consists of two parts: the cRIO controller on the left interfaces 

with power and the computer, and the chassis on the right holds all of the modules used 

to collect sensor data and send high signals to each of the relays. 

 

 Software Design 8.8.2

Before the hardware change to a cRIO DAQ controller, the instrumentation subsystem 

software remained largely identical to that of Spring 2012. The main difference was 

separating sensors and valves into low and high sampling rate categories. Pressure transducers 

were listed as high due to the larger sampling rate requirement. Conversely, temperature and 

relay signals were listed as low because they required a lower sampling rate. 

 

For the first iteration of the cRIO design used in CFT 6/7, the instrumentation software ran on 

two separate levels. An FPGA program that sits on the hardware as embedded software read 

raw voltage data and opened the relays was controlled by the instrumentation technician on 

the computer. At the computer level, the raw voltages were converted to temperatures and 

pressures, displayed, and saved to the computer hard drive. 

 

For STF 4, the LabVIEW program was rewritten so the user-controlled program ran on the 

hardware as well, as shown in Figure 8-9. The instrumentation technician still opened valves 

and read data on the computer, but the computer was sending these signals to the cRIO via 

Ethernet. Two benefits arise from writing the software like this. The first is that ignition could 

be automated without fear that if the computer was lost, the main valve would not open. The 

second is that if the computer is lost at any point during the test, the data is protected. 



126 

 

 

Figure 8-9: The software architecture changed between the two cold flow tests and static 

test fire to support automated ignition and to protect data in the event of a computer loss. 

 

The other significant difference between CFT and STF software lay in the automated ignition 

sequence that lights the electronic matches, checks for go/no-go criteria, and actuates the main 

valve to begin oxidizer flow once the fuel grain had sufficiently pyrolyzed. Once ignition is 

initiated, the software checks to see if the temperature on the igniter is above 200 °F. If it is, 

then the software waits until five seconds have elapsed before opening the main valve. If the 

temperature remains below 200 °F, then ignition has failed and the software won’t open the 

main valve. The timing of this sequence was determined from the ignition tests and from 

video showing the time it takes for the main valve actuator to open the main valve sufficiently 

for full blowdown pressure. 

 

 Challenges 8.8.3

In the week before STF, all instrumentation software had been finished and hardware 

constructed. Each piece had been individually tested, labeled, and documented. However, the 

day before STF 4 during a final integration test and dry-run, the transistor on each relay board 

shorted out. The cause was most likely a result of not following the procedures that dictate 

how to properly connect the cables. Because the relay boards controlled all valves and 

electronic matches, this effectively meant that the software could no longer be used to control 

testing operations. 
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Figure 8-10: The hard switch box the team built for STF 4 may be used in the future as 

a backup if needed. 

 

This led to a last minute crisis because the instrumentation team had no spare transistor chips. 

The software was edited to accommodate hard switch controls of each of the valves and an 

old instrumentation box was repurposed as a switch box onsite, as shown in Figure 8-10. 

Testing and verification was done on-site as well and the test procedures document was edited 

accordingly. Despite the emergency, all hardware and software was finished and ready to 

work with the new hard switch box. During test operations, all valves, electronic matches, and 

sensors functioned entirely as designed. 
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9.0 Project Management Plan 
Lead Author: Stuart Tozer 

 

The graduate projects course at the University of Colorado Boulder exposes graduate students to 

project management and systems engineering concepts in a group project setting. Since HySoR’s 

inception in Fall 2010, the project has encountered challenges that included a lack of personnel, 

scope creep, and shortage of time. The latter is unchangeable given the number of weeks in a 

semester; therefore, the project management plan for the Fall 2012 semester was designed to 

address the first two challenges. 

 

Beginning in June, a recruitment campaign was launched with the hopes of attracting new team 

members for the HySoR project, beginning in Fall 2012. The focus of this effort was to inform 

incoming graduate students about HySoR work thus far, and the project tasks in the upcoming 

semester. The HySoR project website was a great tool in this campaign because it contained 

detailed information about the project and links to videos of cold flow tests and static test fires. 

When possible, returning members met with incoming students that expressed interest in the 

HySoR project. These face-to-face meetings proved to be an effective way to build a rapport 

with new students, especially since the majority were new to the Boulder area. Although not 

proven, it can be implied that the recruitment campaign helped to double HySoR’s enrollment 

from seven in Spring 2012 to fourteen in Fall 2012. 

 

As with many extended projects that undergo significant personnel changes, HySoR has not been 

immune to scope creep. With typical group turnover rates of 50% (students usually spend two 

semesters on the project) design changes that include documented justification are not always 

communicated properly. The result is that many tasks are overlooked or repeated, leading to 

uncontrolled updates and ultimately, failed tests. 

 

Scope creep can occur when the project team does not adequately limit its goals for the semester. 

This guideline must be agreed upon by all stakeholders, including the project customer, faculty 

advisors, and the HySoR team. Stretch goals (e.g. “launch by Spring 2013”) are permissible, 

however, all primary goals must be completed first. This concept is one that previous semesters’ 

teams have struggled with. As an example, cold flow tests are designed to isolate the oxidizer 

and injection subsystems, allowing the team to diagnose issues specific to those components. 

Ignition and instrumentation also undergo subsystem testing so that the only variable in a static 

test fire is the integration of these subsystems with the fuel and rocket structure. A static test fire 

should not be attempted until all of these subsystems are individually tested, in order to limit 

undesired variables. For the same reason, a launch should not be attempted until the issues from 

Static Test Fire 4 are resolved and re-designed components are tested with subsystem and fully-

integrated configurations. Failure analysis of the fuel and rocket structure subsystems at STF 4 

will provide crucial information for the re-designs of those systems. With the ultimate goal of a 

launch within sight, the HySoR team must be careful not to over-design components for the sake 

of saving time, at the risk of increasing mass. At present, the oxidizer, ignition, injection, and 

instrument subsystems have been verified and are considered to be in a ‘design freeze’. Aside 

from the fuel and rocket structure subsystems, the Spring 2013 semester will require parallel 

work to be completed on the ground support equipment, electronics and payload subsystems, and 

flight control systems in order to move the HySoR project even closer to its first launch.  
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9.1 Project Schedule 

The Fall 2012 project schedule was designed with aggressive deadlines and significant slack 

time to compensate for testing and manufacturing delays that could be expected given 15-week 

timeline of the semester. Most team members were enrolled in 2-3 additional courses with 

lectures and labs throughout the week, therefore tests requiring a full-day commitment were 

limited to Fridays. The project schedule also factored in weeks for midterm and final exams, as 

well as Fall (Thanksgiving) Break from November 19-23.  

 

The first cold flow test of the semester (CFT 6) was initially scheduled for Friday, October 19
th

, 

but this test date was pushed to October 26
th

 due to a number of factors. A machining error on 

the injector end cap, combined with unsuccessful leak checks of the oxidized plumbing meant 

that the majority of the team was in the lab past midnight. Considering cold flow test operations 

begin with equipment loading at 6:00 AM the CFT 6 was postponed by one week to allow time 

for the team to re-machine components and re-attempt leak checks. One of the key 

management strategies for the Fall 2012 was to avoid bringing a tired team to a critical test day. 

A tired team is rushed and unfocused, which can lead to mistake that jeopardize the test or 

personnel safety – neither was an acceptable risk. 

 

As typical for Colorado weather, the forecast for the re-scheduled CFT 6 predicted snow, rain, 

and cold temperatures. The testing location in Platteville, CO, is rarely unavailable; therefore, it 

was decided to delay CFT 6 again, this time by 24 hours, now scheduled for Saturday, October 

27
th

. Although delayed by more than one week, CFT 6 was successful with a leak observed 

near the interface between the flexible hose of the oxidizer plumbing and the injector end cap. 

The leak was deemed fixable and preparations for Cold Flow Test 7 were started. 

 

The vertical configuration of the injection system planned CFT 7 required minimal turn-around 

time from CFT 6 and it was scheduled for one week following, on Friday, November 2
nd

. The 

major schedule-limiting factor in the month of November was the Fall Break, with a drop-dead 

date of November 16
th

 in order for Static Test Fire 4 to occur in the weeks following the break. 

CFT 7 proceeded on schedule and was successful, which left two weeks of slack time prior to 

the break. 

 

Tasks that were not dependent on the cold flow tests – including ignition testing and fuel 

casting – were completed concurrently. With a short overall timeline it was necessary to 

complete these tasks in parallel to allow time for stock materials and parts to be ordered, for 

machining and assembly of components, and for subsystems tests. This was facilitated by re-

organizing team members as the focus of the test operations shifted from oxidizer cold flows to 

a fully-integrated static test fire. The oxidizer team was reduced from four to two members as 

Brian Kohler and Brian Michels moved to the ignition and structures subsystems, respectively. 

 

Static Test Fire 4 was scheduled to begin on Friday, November 30
th

, at Frontier Astronautics 

testing facility in Chugwater, WY. Test operations detailed in section 8.7 were planned with 

one day for transportation, set-up, and test-firing, and a second day to tear down the test 

apparatus, pack up, and return transportation to Boulder. Due to last-minute concerns about the 

pressurized leak check procedures – expressed by the support staff at Frontier Astronautics – 

the test was delayed until Saturday, December 1
st
 in order to allow for supplementary leak 
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checks. On test day, the HySoR team remained on schedule during assembly and set-up 

procedures, only to be delayed by one hour due to issues with the facility’s crane. The team 

completed the test fire later that evening and returned to Boulder on Sunday afternoon.  

 

Each week, students are required to submit timesheets that recorded hours spent working on 

HySoR-related tasks, grouped into one of following four categories: Meetings / Administrative, 

Test Preparations / Operations, Technical Analysis, and Literature Review. The summary of 

these timesheets is plotted below, in Figure 9-1. 

 

  

Figure 9-1: Cumulative hours worked by the HySoR team, categorized by task grouping. 

 

At the beginning of the semester, new members are expected to complete a literature review of 

previous documentation in order to become more familiar with the project objectives, system 

architecture, and testing results. Beginning in Week 2, team members were assigned positions 

in one or more subsystems, as outlined in Figure 1-1. Next, a list of subsystem tasks and an 

associated schedule was developed and then used to track progress over the course of the 

semester (Microsoft Project file: HySoR – Fall 2012 – Schedule.mpp). 

 

The weeks leading up to CFT 6, CFT 7, and STF 4 were the most time-intensive as the team 

completed final machining tasks, component cleaning, assembly procedures, and inventory. 

The highest hourly output occurred in Week 13, ending November 30
th

, which can be attributed 

to test preparation for STF 4 on December 1
st
. Even during the Fall Break (Week 12) the 

HySoR team contributed over 100 hours. The average weekly total was 391 hours, or 28 hours 

per team member. Considering each student is enrolled in 2-3 additional courses, the level of 

commitment shown by members of the HySoR team was outstanding.  
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9.2 Project Funding 

The primary sponsor of the HySoR project is the United Launch Alliance (ULA). For the 2012-

2013 academic year, ULA provided $20,000 in project funding, of which $5,000.00 is allocated 

to pay for laboratory space, machine shop privileges, and general facilities fees. The remaining 

funding available for project supplies was $15,000.00, which was a 50% increase from 2011-

2012. This year, the $5,000.00 typically provided to an associated undergraduate senior project 

was incorporated into the HySoR budget. The products of previous senior projects, SPEAR 

(Sounding Payload Ejection and Recovery) and HALO (HySoR Apparatus for Launch 

Operations) were a payload deployment system and a launch trailer. Both of these designs will 

be overhauled in the Spring 2013 semester – an effort which will be aided by the extra 

$5,000.00 in funding. 

 

In the Spring 2012 semester, the HySoR team submitted an application for an Engineering 

Excellence Fund (EEF) Major Award. This application was successful and HySoR was 

awarded funding in the amount of $14,977.00. At the beginning of the Fall 2012 semester, the 

amount remaining from that award was $12,303.00. 

Table 9-1: Funding sources for the HySoR 2012-2013 academic year. 

Funding Source Amount 

United Launch Alliance $15,000.00 

Engineering Excellence Fund $12,303.00 

Total $27,303.00 

9.3 Project Budget 

The HySoR budget for the 2012-2013 Academic Year was planned using heuristic subsystem 

expenditures from previous semesters and predicted major expenses for the 2012-13 AY. The 

list of major expenses was drafted in order to identify subsystems with increased demands on 

funding. In particular, the Fuel subsystem required new G11-FR5 phenolic stock for 

combustion chambers and RT504 phenolic stock for the newly-designed thermal protection 

system (TPS). Combined, these purchases amounted to $2,600.43, nearly 10% of the 2012-13 

AY budget. This stock is adequate for a total of four combustion chambers and TPS, potentially 

enough until the Spring 2014 semester. Another major expense was $1,185.46 for aluminum 

6061 round rod stock – enough for three injector housings and end caps, and two nozzle 

retainers.  

 

Purchases were made using a University of Colorado tax-exempt procurement credit card and 

recorded in the Excel spreadsheet: HySoR – Fall 2012 – Budget.xlsx. The project CFO was 

responsible for maintaining the budget, which included supplier names, part numbers, and 

scanned copies of receipts. This informal ‘parts and vendors’ system was used to record 

purchasing details that will facilitate easier re-ordering or parts in future semesters. Table 9-2, 

below, outlines HySoR expenditures for Fall 2012, and remaining funds for Spring 2013, 

organized by subsystem. 
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Table 9-2: Cost breakdown of subsystem expenditures. 

Subsystem Fall 2012 Spring 2013 Projected $ Projected % 

Payload & EPS $0.00 $1,365.15 $1,365.15 5.00% 

Fuel $4,220.95 $3,969.95 $8,190.90 30.00% 

GSE $354.04 $465.05 $819.09 3.00% 

Ignition $396.49 $149.57 $546.06 2.00% 

Injector / Nozzle $1,749.17 $981.13 $2,730.30 10.00% 

Oxidizer $1,660.32 $1,069.98 $2,730.30 10.00% 

Structures $363.48 $1,001.67 $1,365.15 5.00% 

Testing $2,166.92 $4,658.83 $6,825.75 25.00% 

Instrumentation $465.10 $900.05 $1,365.15 5.00% 

Miscellaneous $623.80 $741.35 $1,365.15 5.00% 

TOTAL  $12,000.26 $15,302.74 $27,303.00 100.00% 

 

The past three semesters of the HySoR project have been focused on test operations. The 

associated expenses are primarily for consumables, outlined in Table 9-3, below. 

Table 9-3: Cost breakdown of cold flow test consumables. 

Cold Flow Test  Static Test Fire 

K-bottle Qty Cost per  K-bottle Qty Cost per 

CO2 w/ siphon tube 4 $8.08  Nitrous oxide (LNO2) 

w/siphon tube 

4 $106.84 

Breathing air, 3000 psi 1 $5.79  Breathing air, 3000 psi 1 $5.79 

Nitrogen, 3000 psi 1 $13.12  Nitrogen, 3000 psi 1 $13.12 

Nitrogen, 6000 psi 1 $163.16  Helium, 6000 psi 1 $355.00 

Total $214.40  Total $801.27 

 

The arrangement with the NOAA observatory site in Platteville, CO, is that cold flow tests can 

be conducted at any time, without cost. For static test fires, the HySoR project has employed 

the services of Frontier Astronautics at their test facility in Chugwater, WY. Costs for testing at 

Frontier Astronautics have ranged from $500.00 to $600.00, depending on the services, 

including transportation of k-bottles from Boulder to Chugwater. For the Fall 2012 semester, an 

agreement was reached with Frontier Astronautics for a one-time increase in the testing rate to 

$1,100.00 in order to pay for safety improvements to the facility. This included a flame trench 

perimeter fence, which, unfortunately, was not completed for HySoR’s test date. The Frontier 

Astronautics testing rates are expected to be reduced again for the Spring 2013 semester. 

 

For the 2011-12 AY, HySoR spent $4,975.11 on test operations – nearly 50% of the total 

budget. Planning for the Spring 2013 semester, estimates for one cold flow or hydrostatic test 

($214.40), one static test fire ($801.27) and with the reduction of Frontier Astronautics rates to 

$600.00, the predicted testing expenditure will be $2,019.59, including a 25% margin. This 

brings the total estimated testing budget for 2012-13 AY to $4,186.51, a 16% decrease. Figure 

9-2 below, shows the breakdown of subsystem expenses as a percentage of the overall 

expenditures for the Fall 2012 semester.   
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Figure 9-2: Comparison of subsystem expenses in relation to total project expenditures. 

 

9.4 Project Management Lessons Learned 

1. Typical lead-times on custom parts (e.g. TPS phenolic) are on the order of 3-4 weeks 

with shipping. With only 15 weeks in the semester it is important to focus on these 

purchases early in the semester.  

2. Machining errors are not uncommon and can significantly delay the project if new stock 

material has to be ordered. Plan ahead by ordering extra stock materials that are non-

perishable (e.g. aluminum round rod) or have extended expiration dates.  

3. Establish written contracts with testing facilities. Informal verbal and e-mail agreements 

should be backed up by a legal document that outlines the responsibilities, requirements, 

and limitations of both parties. 

4. A detailed parts and vendors list, incorporated with the project budget, ensures accurate 

re-ordering of components and maintains consistency with replacement parts.   
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Appendix A: System Requirements 
 

1. Project Level 

- The following requirements have been assigned to HySoR by the customer. 

Code Requirement 

PRJ 1 

 

The launch vehicle shall use a hybrid type rocket motor 

PRJ 2 

 

The flight test maximum altitude shall be no less than 10 km 

PRJ 3 

 

Data required to perform failure analysis of the launch vehicle shall be collected 

PRJ 4 The HySoR team shall adhere to all guidelines set forth by the governing agencies at 

the launch site 

PRJ 5 Procedures and techniques necessary to safeguard personnel during manufacturing and 

operations shall be implemented 

PRJ 6 

 

Design documentation shall describe all aspects of the design process 

 

2. Systems Level 

- The SYS requirements were defined by HySoR from the PRJ requirements. 

- GSE, EPS, PRS, INS have been omitted and are in the process of being redefined. 

Code Requirement 

SYS 1 

 

  Minimum one static test fire shall take place before test flight 

SYS 2 

 

  Motor shall provide sufficient thrust to achieve take off with a 

sufficient burn duration to achieve required attitude 

 INJ 1 

 

 System shall provide an oxidizer mass flow rate of at least 2.91 

lbm/s of nitrous oxide 

 INJ 2 

 

 System shall not degrade from oxidizer contact 

 INJ 4 

 

 Injector plate shall diffuse oxidizer flow into the combustion 

chamber 

 IGN 1 

 

 Igniter shall initiate combustion of fuel and oxidizer 

  IGN 1.1 Igniter shall provide a minimum of 90 kJ enthalpy to the 

combustion chamber prior to and during oxidizer main valve 

actuation 

  IGN 1.2 Igniter shall raise the combustion chamber temperature above 

200 °F to initially dissociate nitrous oxide during main valve 

actuation 

 FUEL 2 

 

 The Thermal Protection System (TPS) shall keep the injector 

housing and post-combustion chamber wall temperature below 

300 °F for the duration of the burn 
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 FUEL 5 

 

 The fuel shall not regress past [TBD] thickness during 

combustion 

 FUEL 6 

 

 Fuel grain shall remain above -69 °F during burn 

 FUEL 7 

 

 The combustion chamber pressure shall be less than the 

oxidizer tank pressure at all times 

 STR 1 

 

 The rocket structure shall physically restrain the rocket 

subsystems 

  STR 1.1 

 

The rocket shall survive the static environment on the launch 

pad 

  STR 1.2 

 

The rocket shall survive the hold-down period on the launch 

pad 

  STR 1.3 

 

The rocket shall survive liftoff from the launch pad 

  STR 1.4 

 

The rocket shall survive flight until after the payload is 

deployed 

  STR 1.5 

 

The rocket shall allow for interfacing with other rocket 

subsystems on the launch pad as per ICD 

  STR 1.6 

 

The structure shall interface with the launch tower as per ICD 

  STR 1.7 

 

The structure shall interface with the hold down mechanism as 

per ICD 

  STR 1.8 

 

The structure shall have a mass of no more than [TBD] kg 

  STR 1.9 

 

The structure shall create a stable flight path 

  STR 1.10 

 

The structure shall have an envelope of no more than [TBD] in 

x [TBD] in x [TBD] in 

SYS 3 

 

  Data required to characterize performance of the motor shall be 

collected 

 OXD 2 

 

 Oxidizer subsystem diagnostics shall be recorded and saved to 

external memory 

  OXD 2.1 

 

Oxidizer weight shall be recorded during the fill process 

  OXD 2.2 

 

Pressure shall be recorded during fill and throughout the 

blowdown process 

SYS 4 

 

  All manufacturing steps considered hazardous shall incorporate 

appropriate safety procedures 

SYS 4.1   Manufacturing procedures shall incorporate safety requirements 

of the products involved 

SYS 4.2   Safety regulations at manufacturing facilities shall be followed 

by HySoR team members 

 IGN 4  Comply with all safety guidelines concerning explosive 

materials according to University of Colorado regulations 

 FUEL 3 

 

 Fuel grain casting procedure shall be approved by faculty 

adviser and course coordinator 
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 FUEL 4 

 

 Handling and storage of fuel components shall conform to 

University of Colorado regulations 

SYS 5   The system shall satisfy requirements for testing as set forth by 

the test site in addition to HySoR internal safety requirements 

SYS 5.1   The system shall be operable with no humans closer than 

2000ft after filling of oxidizer tank has begun 

 OXD 1  All equipment for use with high pressure oxidizer shall have the 

ability to operate remotely 

  OXD 1.1 

 

The oxidizer tank shall have the ability to be remotely filled to 

a site-designated oxidizer weight 

  OXD 1.2 

 

The oxidizer tank shall have the ability to be remotely filled 

and pressurized to no less than 2000 psi 

  OXD 1.3 

 

Oxidizer flow shall be initiated by the actuation of the main 

valve with a ground based actuator 

  OXD 1.4 

 

The oxidizer subsystem shall have the ability to be discharged 

of pressurized fluid by means other than the main valve at any 

time 

  OXD 1.5 

 

The oxidizer fill line shall have the capability to be remotely 

disconnected without exhausting oxidizer 

 IGN 3 

 

 Igniter shall be activated remotely 

SYS 5.2   Components shall maintain integrity of the system in expected 

testing and launch environments 

 INJ 3 

 

 System shall be able to withstand an oxidizer pressure of 2000 

psi 

 IGN 2 

 

 Post-ignition, the igniter materials shall be sufficiently 

combusted to pass through nozzle 

 FUEL 1 

 

 Chamber housing shall withstand chamber pressures of 2000 

psi [TBR] 

 FUEL 8 

 

 The combustion chamber shall be able to withstand 5000 °F 

SYS 6 

 

  Structural designs shall incorporate a factor of safety no less 

than 1.2 

SYS 7 

 

  Interfaces between subsystems shall be governed by ICDs 

SYS 8 

 

  Delivered design package and analysis shall include any models 

that were generated for discarded solutions 

 

 


