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1. Status of RFAs

2. System Architecture

3. Mechanical Design Elements

4. Electrical Design Elements

5. Software Design Elements

6. Performance Analysis

7. Integration Plan

8. Preliminary Verification and Validation Test Plan

9. Project Management Plan

PresentationContents
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Status of RFA

È CDR Prototyping RFA

ÁTwo Tests Proposed

Á Injector Plate Test completed successfully

Á Igniter Test scheduled for January 

Test Purpose Results

InjectorPlate Verifycoefficient of 
discharge 

Discussedlater in 
System Architecture 

Pyrotechnic Igniter Verify the energy 
producedby the igniter 
and its burn time

Needsfurther analysis 
of test apparatus
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Å 2007-2008 Project Objectives: Design, build, test and integrate Feed, 
Injection and Ignition subsystems into a flight configuration for a reliable, 
reusable 300-lbf rocket engine.  

ïaǳǎǘ ƛƴǘŜǊŦŀŎŜ ǿƛǘƘ ǇǊŜǾƛƻǳǎ ȅŜŀǊΩǎ ŘŜǎƛƎƴ

ÅCombustion Chamber 

ÅNozzle

ÅFuel & Oxidizer (HTPB & N2O)

ïMust work towards multi-year project goals

Multi-year Project Goal:  Design a flight ready Hybrid rocket to 
deliver a 1 lb payload to an altitude of 15000 ft

Objectives
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Requirements

È Top level Requirements

To achieve height and payload objectives: 

Á TR1:  Must produce 270 lbf of thrust for 15 seconds

Á TR2:  Total rocket mass must be within 73 ς99 lbm

È System level Requirements

To achieve desired thrust: 

Á SR1:  Feed and Injection system must provide combustion chamber with a 
steady flow of N2O at a flow rate of 1-1.5 lbm/s with a  discharge coefficient 
of 0.6-0.8

Á SR2:  Injection system will induce a pressure drop of 20-35%

To achieve ignition that is reliable and flight-ready

Á SR3:  Ignition system must produce greater than 27.8 BTU and less than 500 
psi
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System Design

üOxidizer Tanks hold N2O

üFeed system transports N2O to the injector

üInjection system sprays oxidizer into the 
combustion chamber

üIgnition system (at start), or heat from fuel 
combustion dissociates the oxidizer, and vaporizes 
the HTPB fuel

üOxidizer and fuel mixture combusts, raising 
temperature and pressure

üNozzle accelerates combustion gases, increasing 
the force of the rocket motor

üTest stand and instrumentation take data on 
temperatures, pressures and forces generated

Requirement

Previous Design

Current Project

Future Projects
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System Design
New components Design-To Specifications

Oxidizer Tank and Feed System:
ÅTotal Volume of oxidizer tanks ~ 1 ft3 for 21-25 lbs of N20 [TR1] 
ÅTotal Dry Mass <  30 lbm [TR2]
ÅInitial Pressure =  800-1200 psi [SR1]

Injection System: 
ÅTotal hole area = 0.02-0.04 in2 [SR1]
ÅDischarge coefficient ~ 0.7 (from empirical tests) [SR1]
ÅTotal Weight < 5.3 lbm [TR2]

Ignition System: 
ÅPyrogencapable of producing 77.3 BTU/(mol of oxidizer) [SR3]
ÅIgnition pressure created must not exceed 500 psi to maintain combustion chamber integrity
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System Design 
Heritage Components Design-To Specifications

Combustion Chamber:
ÅDesign Pressure = 500 psi with safety factor of 3 [TR1]
ÅTotal Volume = 0.15 ft3 with 3.8 lbm of HTPB fuel [TR1]
ÅTotal Weight < 7.3 lbm [TR2]

Nozzle: 
ÅAluminum casing must not melt under nozzle temperatures up to 5500°F [TR1]
ÅDivergence Angle = 13.5° [TR1]
ÅTotal Weight < 4 lbm [TR2]

All dimensions are in Inches
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Prototype Injector Test

È Description of test:
Á Used ArmfieldHydraulics Bench
Ğ Water driven through test plate by a measurable pressure differential

Á Measured Pressure Differential and Volume of water through 
apparatus with respect to time
Ğ Used video cameras for accurate measurements

Á Determined Discharge Coefficient (Cd) from measurements

È Results:

Á Shows higher Cd values at smaller total area for all hole 
patterns

Á Cd Confidence +/- 0.05

Á Cd Range of 0.41 - 0.71

Á Most ideal Cd of 0.71 accomplished with 8 Hole pattern of 
Effective Hole Area = 0.022 in2



12/6/2007 MaCH-SR1 CDR 10

Performance 
Analysis

Implementation 
Plan

System 
Architecture

Design ElementsS
ys

te
m

 A
rc

h
ite

ct
u

re

Prototype Injector Test
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È Pressure vessel design

Á Must hold 500 PSI with a factor of safety of 4

Á Burst disk calibrated to release at 1000 PSI

Á Pipe threading is weakest component besides burst disk
ÍCan withstand >2200 PSI before failure

Prototype Ignition Test
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Combustion Chamber
Build-To Specifications
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Condition To Initiate Combustion Design To Build To
[Minimum Igniter Mass]

Pressurize CC 500 PSI 0.027 lbm

Vaporize  >2% HTPB >17.0 BTU > 0.016 lbm

Dissociate N2O >10.8 BTU >0.01 lbm

Dissociate N2O requirement based on 
predicted mass flow of oxidizer and 
worst-case igniter burn time of .01 sec.

Ignition System
Design-To/Build-To Specifications
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È Design igniter to combustion chamber design pressure (500 PSI)

È Igniter will not damage combustion chamber
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Requirement: Integrity of CC

CC design temperature
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Requirement: Ingegrity of CC

CC design pressure

Ignition System
Supporting Analysis
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È Total required energy = Evaporate HTPB + Dissociate N2O

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
0

5

10

15

20

25

30

35

40

Igniter Mass (lbm)

E
n
e
rg

y
 O

u
tp

u
t 

(B
T

U
)

Requirement: Energy

Dissociate N2O

Evaporate HTPB

Obtainable energy

Total required energy

Ignition System
Supporting Analyses
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È With a 0.027lbm igniter we meet the ignition requirements:
Á Under 500 PSI

Á Sublimates 3.2% of HTPB (>2%)

ĞAssuming 50% of energy evaporates HTPB

Á Dissociates 0.04lbm N2O entering system

ĞAssuming 50% of energy dissociates N2O

Ignition System
Supporting Analyses
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Hazard Affected
Component

Concern Mitigation

Absorption or 
contact with 
water

Mg, Pyrogen Mg reacts with 
H2O, producing 
flammable gases

Store components in sealed 
containers, avoid contact 
with skin ordamp surfaces

Open flame or 
spark

Mg, Pyrogen Unplanned 
ignition

Build igniters in a well 
ventilated areato avoid 
floating Mg powder, avoid 
any potential ignition 
source

Exposure to 
oxygen

Mg Graduallyforms 
Mg oxide

Store componentsin sealed 
containers

Å When building igniters wear a face shield, work gloves, and protective clothing

Ignition System
Safety Concerns
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Valve

Pressure Sensor

Adapter Fitting

Tubing

Reducing Adapter

Pressure RegulatorInjector

Tank 
1

Nitrogen 
Purge
Valve

Main Valve

Tank 
2

NOS Tank

Å2 Stacked Carbon Fiber Tanks
Å Each can hold 12.8 lbm of N2O

ÅRegulator limits mass flow at start of burn

ÅHe Initially Pressurizes to 1,000 PSI

ÅSwagelok tubing rated to 10,000 PSI

Feed System Design
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Oxidizer Tank Selection
Aluminum NOS Tank 2 Carbon Fiber Tanks Steel Pressure tube

Feasible 
Tank Options

Specs:
TankMass
Diameter

Cost

25.1 lb
8 in

~$250

8.75 lb
6.625 in
~$1100

75 lb
5 in

~$500

Disadvantages Too Wide for flight,
Volume too small for 

nominal oxidizer

Stacked 
configuration,
more complex

Too heavy for flight,
Exceeds mass budget 

by 300%

Equivalent System 
Mass (ESM):

Expected Altitude:

49.3 lb

11370 ft

44.7 lb

15520 ft

96 lb

9110 ft
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Why use a Pressurant and Regulator
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Requirements: 
Average mass flow of 1.33 
lbm/s over 15s
ҟt Ҕ нл҈ ŀŎǊƻǎǎ LƴƧŜŎǘƻǊ ǇƭŀǘŜ

Goal:
Peak variation of 20% from 
average flow rate requirement

ҟt Ґ нм҈ - 29%-wŜƎǳƭŀǘƻǊ {Ŝǘ ǘƻ сто t{L ŦƻǊ ƛƴƛǘƛŀƭ ҟt Ғ нл҈
-Pressurized to 1,000 PSI for Average Mass flow 

requirements

mdot Average = 1.33 lbm/s
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Injection System
Build-To Specifications
È Total hole area = .02-.04 in2 [SR1]

È Discharge coefficient ~ 0.7 (from empirical tests) [SR1]

È Total Weight < 5.3 lbm [TR2]

Injector Material: 

Plate is Grade 5 Ti

Housing is Al 6061-T6 
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Injection System 
Supporting Analysis
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Injector Plate Prototype Test

4 Hole Design

8 Hole Design

12 Hole Design
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È Securely Contain Each Subsystem Vertically
È Measure Thrust 

Á Load Cell
Á Unidirectional  

È Mount to Lockheed Martin Test Facility
È No Load on Feed System and Oxidizer Tanks
È Platform for Other Measurements

Á Pressure
ĞPressure transducers

Á Temperature
ĞThermocouples

È Withstand 300 lbf 

Test Stand
Design-To Specifications
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È Two Frames

Á Channel

È Load Cell

Á Between inner and outer frames

È Plates 

Á Connect columns of inner and 
outer frame

Á Welded 

È One Way Thrust Measurement

Á Bearings

Test Stand
Build-To Specifications
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Test Stand
Build-To Specifications

È Beams

Á C5x6.7

Á A36 Steel

È Plates

Á A36 Steel

Á Φотр έ ǘƻ Φрлл έ
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Test Stand
Build-To Specifications

È Bearings
ĞPin and Sleeve

ĞSimilar to door hinge in removal not pivot motion
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ÅStructural Analysis
ïColumns 

ÅEuler Buckling Strength Method

ÅBoth Ends Pinned

ÅRequirements 

ÅInner Frame 84 in

ÅOuter Frame 88 in

Å300 lbf

Properties

Shape Channel

Size C5x6.7

Material A36 Steel

Pcr (psi ) 17,400

Fcr (lb) 34,200

SF 114

Test Stand
Supporting Analysis
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Test Stand
Supporting Analysis

È Structural Analysis of Plates

Á Made of A36 Steel

Á Requirements 

ĞWithstand 300 lbf
ĞSmall Deflection

ĞLoad Cell Fit

Thickness (in) 0.250 0.375 0.5

Length (in) 12 12 20

Width (in) 5 5 5

E (msi) 29 29 29

ůmax (ksi) 17.28 7.68 7.2

Yield Strength 

(ksi) 32.0 32.0 32.0

ŭ (ɛin) 12.4 5.5 5.2

SF 1.85 4.17 4.44

$/LF 6.37 8.79 12.75
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Sensor Type Channel

Thermocouple TC1

Thermocouple TC2

Thermocouple TC3

Thermocouple TC4

Thermocouple TC5

Thermocouple TC6

Thermocouple TC7

Thermocouple TC8

Load Cell (LM) B1

Pressure Transducer B2

Pressure Transducer B3

Pressure Transducer B4

Flow Meter (LM) FM-1

Hot Fire Sensor Placement


