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Project Motivation

Design and manufacture a pneumatically powered pump 
system for use on an upper stage rocket engine or lander.

• Proof of concept pump system for hypergolic propellants

• 10%-100% throttleability

• Pneumatically powered
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Pumps and Their Place in Rocketry
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• Deliver propellants to combustor

• Low pressure fuel tanks

• Precise throttling control

*Reference 10
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Concept of Operations

Throttle Profile

*Reference 11
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Functional Block Diagram 

7



Requirements

• FR 1 – The pump shall be pneumatically driven using 
compressed helium

• FR 2 – The propellant streams shall be individually, digitally 
controlled and throttled from 10% to 100% of full throttle

• FR 3 – The pump shall deliver a 750 ± 15 psi outlet pressure

• FR 4 – The pump shall be able to run a provided throttle 
profile for the full duration of an upper stage burn 
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Requirements (cont.)

• FR 5 – The pump system shall have the ability to be 
restarted

• FR 6 – The pump system shall be constructed from materials 
that are compatible with the client-specified hypergolic 
propellants

• FR 7 – The pump system shall designed and manufactured 
such that a structural factor of safety of 2.5 is maintained on 
all components

• FR 8 – The pump shall meet 75% efficiency at maximum 
power/capacity
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Levels of Success

Feasibility 

Analysis
Summary

Current 

Status

Level Functional Requirements Performance Requirements

1 • Pneumatic power
• Digital control
• Meets safety requirements

• 750 ± 15 psi outlet pressure
• Structural safety factor of 2.5
• 120 seconds of operation

2 • Independent propellant stream throttling
• All level 1 requirements

• 10-100% throttleability
• 0-100% throttle in 2 seconds
• All level 1 requirements

3 • Hypergolic compatible
• All level 1 and 2 requirements

• 0-100% throttle in 1 second
• All level 1 and 2 requirements
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Baseline Design
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Positive Displacement Pumps

Positive Displacement Pump Advantages

• Positive displacement pumps can move fluids to high 
pressure elements (up to 5,000 psi)

• Provide constant flow rates at constant pressure
• Rotary PD pumps minimize pressure fluctuation

Rotary Positive Displacement Pump

Axial Positive Displacement Pump

*Reference 12
*Reference 13
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Our System and Baseline Design
Key Design Elements:

1. Pump

2. Drive System

3. Throttle Control

4. Safety
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Pump Selection

• Commercially available pumps are too expensive
• Therefore it’s a design problem

• Trade study conducted on pump type concerning:
• Efficiency

• Manufacturability

• Pressure fluctuations

• Cost

• Throttleability
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External Gear Pump

PROS

• Simple design (relative)

• Cost effective

• Self priming (helps with 
restartability)

• Does not pulse

CONS

• Volumetric losses

• Possible need for rotating 
seals

• Tight tolerances
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Piston Pump

PROS

• More efficient (18)

• Rotary piston pump offers 
two throttle methods

CONS

• Cannot run dry7

• Pulsing at the outlet17

• More complex design
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Pump Trade Study
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Pump
Score:

Axial piston External gear

Throttling and 
pressure

1.46 1.36

Efficiency and 
Reliability

0.61 0.57

Manufacture 
and design

0.89 1.46

Monetary Cost 
factor

0.14 0.57

Total 3.11 3.96
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Selection of Baseline Pump

• External Gear Pump
• Simplicity

• Manufacturability

• Affordability

• Supported by both trade 
study and sensitivity 
analyses
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Design Feasibility
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Major Concerns

Project 

Overview

Baseline 

Design

Feasibility 

Analysis
Summary

Current 

Status

Project 

Overview

Baseline 

Design

Feasibility 

Analysis
Summary

Current 

Status

• Meeting mass flow rate requirement

• Meeting efficiency requirement

• Throttling

• Integrating pumps with drive systems

• Safety
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Pump Design and Analysis
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• Pitch Diameter 
• Dictates other aspects of 

gear dimensions

• Number of Teeth

• Face Width 

*Reference 9
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Pump Design and Analysis
• Ideal mass flow rate proportional to rotational speed

• Fluid slip back through the pump, driven by higher outlet pressure

• Actual mass flow rate is ideal mass flow rate minus fluid slip back 
mass flow rate

*Reference 4

Slip-back path 1: 

Around outside of the 

gear

Slip-back path 2: Over 

top of the gear

Ideal path of fluid 

travel
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Pump Design and Analysis

Many Viable Design 

Options 

Design Constants

• 𝑡𝑖𝑝 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 = 0.003“
•  𝑚𝑚𝑎𝑟𝑔𝑖𝑛= 1.1

• 𝜂𝑚𝑖𝑛 = 0.75
• 𝑅𝑃𝑀𝑚𝑎𝑥 = 2000 𝑅𝑃𝑀

NTO

• 𝜌𝑁𝑇𝑂 = 1450
𝑘𝑔

𝑚3

• 𝜇𝑁𝑇𝑂 = 0.423 𝑐𝑃

•  𝑚𝑁𝑇𝑂 = 2
𝑘𝑔

𝑠
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Gear Pump Optimized Design

• Pitch Circle: 9.0 cm

• Face Width: 3.6 cm 

• Number of Teeth: 20

• Pressure Angle: 20°

• UDMH pump to use 
same dimensions as 
NTO pump
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Pump Analysis

RPM Margin Design Constants

• 𝑡𝑖𝑝 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 = 0.003“

•  𝑚𝑚𝑎𝑟𝑔𝑖𝑛 = 1.1

• 𝜂𝑚𝑖𝑛 = 0.75
• 𝑅𝑃𝑀𝑚𝑎𝑥 = 2000 𝑅𝑃𝑀

NTO

• 𝜌𝑁𝑇𝑂 = 1450
𝑘𝑔

𝑚3

• 𝜇𝑁𝑇𝑂 = 0.423 𝑐𝑃

•  𝑚𝑁𝑇𝑂 = 2
𝑘𝑔

𝑠

UDMH

• 𝜌𝑈𝐷𝑀𝐻 = 783
𝑘𝑔

𝑚3

• 𝜇𝑈𝐷𝑀𝐻 = 0.754 𝑐𝑃

•  𝑚𝑈𝐷𝑀𝐻 = 1
𝑘𝑔

𝑠
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Pump Analysis

Design Constants

• 𝑡𝑖𝑝 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 = 0.003“
•  𝑚𝑚𝑎𝑟𝑔𝑖𝑛 = 1.1

• 𝜂𝑚𝑖𝑛 = 0.75
• 𝑅𝑃𝑀𝑚𝑎𝑥 = 2000 𝑅𝑃𝑀

NTO

• 𝜌𝑁𝑇𝑂 = 1450
𝑘𝑔

𝑚3

• 𝜇𝑁𝑇𝑂 = 0.423 𝑐𝑃

•  𝑚𝑁𝑇𝑂 = 2
𝑘𝑔

𝑠

UDMH

• 𝜌𝑈𝐷𝑀𝐻 = 783
𝑘𝑔

𝑚3

• 𝜇𝑈𝐷𝑀𝐻 = 0.754 𝑐𝑃

•  𝑚𝑈𝐷𝑀𝐻 = 1
𝑘𝑔

𝑠
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Pump Analysis

Design Constants

• 𝑡𝑖𝑝 𝑐𝑙𝑒𝑎𝑟𝑎𝑛𝑐𝑒 = 0.003“

•  𝑚𝑚𝑎𝑟𝑔𝑖𝑛 = 1.1

• 𝜂𝑚𝑖𝑛 = 0.75

• 𝑅𝑃𝑀𝑚𝑎𝑥 = 2000 𝑅𝑃𝑀

NTO

• 𝜌𝑁𝑇𝑂 = 1450
𝑘𝑔

𝑚3

• 𝜇𝑁𝑇𝑂 = 0.423 𝑐𝑃

•  𝑚𝑁𝑇𝑂 = 2
𝑘𝑔

𝑠

UDMH

• 𝜌𝑈𝐷𝑀𝐻 = 783
𝑘𝑔

𝑚3

• 𝜇𝑈𝐷𝑀𝐻 = 0.754 𝑐𝑃

•  𝑚𝑈𝐷𝑀𝐻 = 1
𝑘𝑔

𝑠
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Pump Analysis

Design Constants

•  𝑚𝑚𝑎𝑟𝑔𝑖𝑛 = 1.1

• 𝜂𝑚𝑖𝑛 = 0.75
• 𝑅𝑃𝑀𝑚𝑎𝑥 = 2000 𝑅𝑃𝑀

NTO

• 𝜌𝑁𝑇𝑂 = 1450
𝑘𝑔

𝑚3

• 𝜇𝑁𝑇𝑂 = 0.423 𝑐𝑃

•  𝑚𝑁𝑇𝑂 = 2
𝑘𝑔

𝑠

UDMH

• 𝜌𝑈𝐷𝑀𝐻 = 783
𝑘𝑔

𝑚3

• 𝜇𝑈𝐷𝑀𝐻 = 0.754 𝑐𝑃

•  𝑚𝑈𝐷𝑀𝐻 = 1
𝑘𝑔

𝑠
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Optimized Design Loss Stack-up
Loss NTO Pump Efficiency (%) UDMH Efficiency (%) Notes:

Mechanical 0.96 0.96 Agrees well with industry 
references.

Rolling 0.99 0.99

Sliding 0.98 0.98

Bearing 0.99 0.99

Volumetric 0.88 0.87 Agrees well with industry 
references.

Slip at gear tips 0.93 0.89 Assumes 3 thou clearance 
at gear tips

Slip over top of gears 0.95 0.97 Assumes 1 thou tolerance 
across top of gear.

Total Efficiency 0.84 0.84 Agrees well with industry 
references.
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Allowable Manufacturing Tolerances

• To meet 75% efficiency

• Housing +0.002”, Gear - 0.002”

• SAS manufacturing capabilities ±0.0002”

• Provide raw materials to SAS
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Gear 

Tooth

Housing Wall

0.002”0.004”
0.002”
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Hypergolic Materials
Nitrogen Tetroxide (N₂O₄) UDMH ((CH₃)₂NNH₂)

Compatible Metals Nickel

Al 1100, 2024, 5052

Stainless steel: 302, 303, 304, 

316, 410, 416

Nickel

Al 1100, 2024, 5052

Stainless Steel 302, 303, 304, 

316, 410, 416

Compatible Non-Metals Teflon Teflon

Compatible Lubricants DuPont fluorinated grease, 

Krytox 240, Reddy Lube

DuPont fluorinated grease, 

Krytox 240, Reddy Lube

Other Considerations Depends on moisture content 

for selection of materials.

Do Not Use Al 2024, 7075

Al may be used, but corrosive 

damage is found to be 

proportional to amount of water 

in the solution

Many Viable Options
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Pneumatics Feasibility

Project 
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Feasibility 
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Summary

Current 

Status

Required Power Available Drive Systems (max power)

7.87 kW(full throttle) 7.1 kW       7.5 kW
8.4 kW       9.7 kW

• Suitable pneumatic drive systems are 

commercially available

• Least powerful system overdriven by less than 

10% to achieve required power
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Drive System Integration

• Drive coupling
• Geared or direct drive

• Match motor power curve peak with max pump rpm

• Motor feed pressure
• Regulator valve control
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Selection of Throttling Method

• Three viable options
• Vary drive system output power

• Bypass valve

• Combination
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Offers highest 

efficiency at low 

throttle settings
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Pump Throttling
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Mass Flow Rate Controller

• Drive system RPM controlled 

by drive inlet pressure

• Closed loop control on desired 

drive system inlet pressure 

using a digital regulator

• Calibrated to provide a known 

mass flow rate for a given drive 

system RPM
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Pressure Transducer

Off the shelf:

• Voltage output: 0V – 5V

• Time response: <1ms
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Pressure Regulator

Off the shelf:

• Maximum volume flow rate: 280 cfm

• Back pressure regulated: 0 – 100 psi

• Supply pressure: 100 psi
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DAQ
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Requirements DAQ Microcontroller

Max sampling rate 1.2 kHz 50 kHz 500 kHz

# of analog input pins 4 8 8

# of analog output pins 2 2 4

Resolution > 8 bits 16 bits 12 bits

Voltage resolution 6 mV 50 mV

# of I/O pins - 13 32

Input voltage 1-6 V ±10 V

Both Options Feasible
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Safety Requirement
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Overview

Baseline 

Design

Feasibility 

Analysis
Summary

Current 

Status

Worst Case Failures
1. Drive system flywheel – 225 J 

2. Drive system casing – 16 J 

3. Pump gears – 36 J

Cinder Block Housing Strength
• Chipping - 300 J 

• Cracking - 600 J 

• Penetration - 800 J

• Failure - 1000 J 

• Complete destruction - >1300 J
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Budget

11% Financial 

Cushion
41



Stretch Budget
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Summary
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Current 

Status

Summary of Design

• Two external gear pumps

• One pneumatic drive system

• Mass flow rate controlled by drive system RPM 

• Drive system RPM controlled by closed-loop control of a 
digital pressure regulator

Project 
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Current Status
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Feasibility Shown Next Steps and Further Research

The pump can be manufactured to the 
correct tolerances

1. Contact SAS for shop times
2. If not, find outsourcing location

Pneumatic power is achievable 1. Choose a pump with sufficient power 
2. Acquire pneumatic source

Throttleability is achievable 1. CFD and testing to decide if the drive 
system is the viable option
2. Design control loop

Efficiencies are met with reasonable 
tolerances

1. Find and secure manufacturing 
resources

Budget is sufficient 1. EEF Fund
2. Re-scope project to one pump

Current Status
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Action/Risk Items for CDR

Action Items

• Complete full assembly design 
with bearings, seals, drive 
system, etc.

• Higher fidelity fluid analysis

• Structural analysis

• Further design optimization

• Throttle controller design

• Secure manufacturing 
resources

Risk Items

• Proper gear mating

• Proper tolerancing on 
drawings 

• Tolerance stackup

• Full range throttleability

• Budget

Project 
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Project Timeline
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Questions?
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Backup Slides
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FBD
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Functional and Design Requirements

• FR 1 – The pump shall be pneumatically driven using compressed 
helium.

• DR 1.1 – The drive system of the pump shall be powered using room 
temperature, compressed helium at a pressure between 2000 psi and 6000 
psi.

• FR 2 – The fuel streams shall be individually, digitally controlled 
and throttled from 10% to 100% of full throttle

• DR 2.1 – A digital throttle shall be implemented to individually control the 
mass flow rate of the propellants. The total mass flow rates of the 
propellants must vary from 3.0 kg/s to 0.3 kg/s.

• DR 2.2 – The target/nominal O/F ratio shall be 2.

• FR 3 – The pump shall deliver a 750 ± 15 psi outlet pressure
• DR 3.1 – At full throttle, the pump shall be designed to maintain an outlet 

pressure 750 psi. The outlet pressure of the pump shall oscillate with an 
amplitude of less than 15 psi at all throttle settings. 
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Functional and Design Requirements

• FR 4 – The pump shall be able to run a provided throttle 
profile for the full duration of an upper stage burn 

• DR 4.1 – The pump must be designed such that it can be run for the 
full duration of a 500 second burn. 

• FR 5 – The pump system shall have the ability to be restarted 
• DR 5.1 – The outlet pressure and mass flow rate of the pump shall 

reach the desired setting within 1 second of pump start-up. If this 
cannot be achieved, the client has specified that a start-up transient 
of 2 seconds would be acceptable, although less desirable.

• DR 5.2 – The pump must be designed such that it can be started from 
0 mass flow rate.
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Functional and Design Requirements

• FR 6 – The pump system shall be constructed from materials that are 
compatible with the client-specified hypergolic propellants

• DR 6.1 – The pump system shall be manufactured using materials that are 
compatible with dinitrogen tetroxide (NTO) and unsymmetrical dimethyldydrazine
(UDMH). 

• FR 7 – The pump system shall designed and manufactured such that a 
structural factor of safety of 2.5 is maintained on all components

• DR 7.1 – All components of the pump and pump housing shall be designed to 
withstand the high pressures with a structural factor of safety of 2.5 on material 
yield or failure.

• DR 7.2 – All components of the pump that will experience high compressive, tensile, 
torque or other mechanical loads will be designed to withstand those loads with a 
factor of safety of 2.5 on material yield or failure.

• DR 7.3 – All other components that will experience high stress or strain due to 
operation of the pump must be designed to withstand those high stresses and 
strains with a structural factor of safety of 2.5 on material yield or failure.

• FR 8 – The pump shall meet 75% efficiency at maximum power/capacity
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Pump Trade Study Metrics
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Full Sensitivity Study
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Axial Piston/Gear Pump Comparison
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Selection of Baseline Design #2

• Axial piston pump
• Similar applications as external gear pump

• Favored in very high pressure applications (>1500 psi)

• Higher efficiency

• Lower score in trade study

• Extra capabilities exceed scope of project

• Larger potential for exceeding pressure differential requirement 
(pulsing) - mitigation methods would be very complicated and/or 
expensive

• Still viable because of capability to hit requirements. Due to 
budgeting, compromises might have to be made on scope of project
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Hypergolic Propellant Properties

Hydrogen 

Peroxide

Nitrogen 

Tetroxide

UDMH Water

Density 

(g/cm³)

1.45 1.44246 0.791 1

Viscosity (cp

@ 20C)

1.245 0.396 0.56 0.890-1.0034

Oxidizer or 

Fuel

Ox Ox Fuel Neither
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Hydrogen Peroxide Nitrogen Tetroxide UDMH

Compatible Metals Al 1060, 1260, 1360, 5254, 5652

Tantalum, Zirconium

Moisture <0.1%: Carbon steel, 

Inconel-X, Nickel

Al 1100, 2024, 5052, 6061, 6066, 

356, B356, see ref. 

Stainless steel: 300 and 400 series

Wet: 300 series stainless steel

Nickel, Monel,

Stainless Steel 302, 303, 304, 321, 

314, 410, 416

Al 1100, 2024, 5052 see ref.

*Al may be used, but corrosive 

damage is found to be 

proportional to amount of water 

in the solution

Compatible Non-metals Compatible

Non-Metals

Teflon, Kel-F, Aclar

Teflon, graphite, kynar, 

polyethylene (lim. use), pyrex glass, 

fluorobestos, tedlar

Teflon, Kel-F, polyethylene,

Garlock Gasket 900, Nylon, Glass 

Pyrex

Compatible Lubricants No Class I,

Class II: Fluorolubes, Kel-flo

polymers,

Halocarbon oils, perfluorolube oils

Fluorolube series, Graphite (dry), 

Nordcoseal-147

and DC 234S Molycote Z 

(binderless), Teflon tape,

Redel Reddy lube 100 NA 2-205-2 

(Alochlor-1254), DuPont 

fluorinated grease, Krytox 240.

Apiezon L, Reddy Lube 200, 

DuPont fluorinated grease, 

Krytox 240.
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Power Estimation

• ⍴in≈ ⍴out ṁin= ṁout Vin≈ 0

• ∴ Ẇpress = (ṁ/⍴)(Pout - Pin)(1/ηpump)

• ẆUDMH = 7.16 kW

• ẆN2O4 = 7.87 kW

• Ẇkinetic = ṁ/(2 2 ⍴2r4 )

• Ẇkinetic< 10% of Ẇtotal if pump outlet radius > 0.15 in

• Ẇkinetic ∝ 1/r4 
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Efficiency
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Mechanical Losses

•Can be calculated using the equations given in ref. “Spur-
Gear-System Efficiency at Part and Full Load” (old NASA 
report)
•Losses include windage, bearing losses, and rolling/slipping 
losses
•Mechanical efficiencies are usually very high for spur gears
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Volumetric Losses

*Reference 4 64



Volumetric Losses

Calculating Slip-Back at Ends of Gear Teeth

The clearance between the tip of the gear and the housing can be thought of as a narrow orifice with dimensions of 
F (gear face width) and d (the housing clearance).
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Volumetric Losses
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Volumetric Losses

Calculating Slip-Back over the Tops of the Gears

The back-slip occurs over the top of both gears. This can best be idealized as viscous flow through a 

narrow channel, as shown below.
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Volumetric Losses
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External Gear Combination 1
The two gear pumps are 

‘pancaked’ together and run 

parallel to make for very 

compact running of both 

pumps. Drive systems are 

placed right next to the side 

they are driving and could 

have a very compact 

design.
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External Gear Combination 2
The two propellants are 

placed and run parallel to 

one another. The drive 

systems can be placed 

opposite each other to allow 

for compact outside 

housing.
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Initial Power Estimates

⍴in≈ ⍴out ṁin= ṁout Vin≈ 0

∴Ẇpress = (ṁ/⍴)(Pout - Pin)(1/ηpump)

ẆUDMH = 7.16 kW

ẆN2O4 = 7.87 kW

Ẇkinetic< 10% of Ẇtotal if pump outlet 

Radius > 0.15 inches

Ẇkinetic ∝ 1/r4
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Theory of Cavitating Venturi

Ath - Area at venturi throat

ρ - liquid water density at throat

P1 - Pressure at pump exit

Pth - Pressure at venturi throat

• Pressure reduction in converging section of venturi leads to 

static pressure at throat < vapor pressure of liquid

• Rapid partial transition from liquid to vapor (cavitation)

• Phase change causes flow to choke at throat, preventing 

downstream pressure change from affecting the upstream 

flow

*Reference 4 
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Pump Control System
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Code Flow
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Selected Design
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Frequency

Maximum frequency

spike
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DAQ

• Max spike frequency: 1.2 kHz

• Minimum operation frequency: 2.4 kHz

• Minimum Analog Output pins: 2 

• Minimum Analog Input pins: 4

• Minimum Resolution: < 0.1 or 8 bits> 
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DAQ 

DAQ provided: NI USB – 6002 

Analog Inputs pins: 8

Analog Output pins: 2

Digital I/O pins: 13

Resolution: 16 bits

Maximum Bandwidth: 300 kHz
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Microcontroller (if necessary)

myRIO microcontroller 

Analog Inputs pins: 8

Analog Output pins: 4

Digital I/O pins: 32

Resolution: 12 bits

Maximum Bandwidth: 500 kHz

79



Helium and Water Required for Test

• 0.7 gallons/s for 120 seconds = 84 gallons water
• Same volumetric flow rate as propellants

• 280 cfm @ stp for 120 seconds per propellant = 2.83 kg helium
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Safety Requirement
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Safety Components

Both the drive and pump feed 

lines possess elements that 

allow for safe shut-off and 

venting of the their high 

pressure contents
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Budget With References
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