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Conventional Nozzle Operating 
Condition

𝐹 = 𝑚̇%&'(𝑉%&'( + 𝑝%&'(𝐴%&'( − 𝑝.𝐴%&'(

Conventional Fixed-Geometry Nozzle Trades Momentum vs. Exit Pressure 
Thrust as Function of Altitude, Chamber Pressure, and Expansion Ratio 



Effect of Operating Altitude on 
Nozzle Performance



Rocket Nozzles: Altitude 
Compensation

• Traditional Academic 
Example of Telescoping 
Nozzle
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Aerospike Nozzles Offer Practical 
Alternative for Altitude Compensation



Aerospike/Fixed Nozzle 
Performance Comparisons

• Aerospike Nozzle Primary Advantage 1: Provide high 
performance across a wider range of altitudes than a bell 
nozzle

• Aerospike Nozzle Primary Advantage 2: High 
Expansion ratio nozzle can be significantly more compact 
than fixed geometry nozzles of equivalent expansion 
ratio, higher volumetric efficiency

• Important Potential Mass and Volumetric savings for 
In-Space Propulsion



Nozzle Performance 
Comparisons (2)

Wang et. al, 
2003



Nozzle Performance 
Comparisons (3)



Nozzle Performance 
Comparisons (3)

• Significantly more complex geometry than 
Conventional fixe-geometry nozzles

• High Heating Levels at Nozzle Throat

• Potential for Destructive Structural 
harmonics due to Cantilever Design

Aerospike Disadvantages:



Aerospike Nozzles: Thermal 
Loading Issus at Throat Annulus

• Reynold’s-Colburn Analogy

• Skin friction inversely 
proportional to Reynolds 
number

• 𝐶0	𝑠𝑖𝑔𝑛𝑖𝑓𝑖𝑐𝑎𝑛𝑡𝑙𝑦	higher in an
annular aerospike throat due
to small gap distance 𝐷=,?@@ABAC =

4 ∗ 𝐴(
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Aerospike Nozzles: Examples of 
Previous Work

NASA X-33 VentureStar
Vehicle

NASA X-33 Linear Aerospike 
Engine

Beijing University

Previous USU Aerospike
With Thrust Vectoring

Environmental Aeroscience NASA Armstrong



Research Motivation: CubeSat Propulsion
for Potential Savings in Weight, and Volume

Orbital Debris Mitigation

LEO Constellations

Highly Compatible with 10 cm Cubesat Form Factor



Key Innovation: 3D Printing

EOS M290 Printer

METAL Melting Point 
(K)

Inconel 718 1700 K
Tungsten 3650 K

Propellants Combustion 
Temp. (K)

Hydrazine 1020 K
ABS/GOX 2530 K

LOX/Hydrogen 2980 K
LOX/Kerosene 3670 K



Primary Research Emphasis

• Develop a 3D printed aerospike nozzle and test in both 
over-expanded and under-expanded flow regimes to 
contrast existing fixed-nozzle data. 

• Developed aerospike Must integrate into existing USU 
hybrid rocket hardware sized for potential use on a 
CubeSat-sized small satellite.

• Literature search shows smallest aerospike nozzle 
tested previously was ~10cm in diameter, and 
fabricated without the aid of additive manufacturing.

• Simply put, at small scale, show that aerospike 
advantages still hold and operation is practical.

Vs



Existing USU ABS/GOX Hybrid Thruster

Arc-Ignition System

Stephen A. Whitmore.  "Three-Dimensional Printing of “Green” Fuels for Low-Cost Small Spacecraft 
Propulsion Systems”, https://doi.org/10.2514/1.A33782, July 31, 2017.



17



• Extended Flight motor to 9.2 
in., 29 mm thrust chamber 

• Exhibits negative O/F shift (lean-to-
rich)

• Enhanced Nozzle Survivability



Aerospike Design: Supersonic Contour 
Design via Method of Characteristics

𝑥@OP = 	
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Lee, C. C., and D. D. Thompson, D. D., "FORTRAN Program for Plug Nozzle Design," NASA TM 
X-53019, Huntsville, Alabama, 1964. https://archive.org/details/nasa_techdoc_19630012259/page/n1 

Throat	Diameter,	in 11/64
Exit	Diameter,	in 1/2
Aerospike	Length,		in 0.7600
Aerospike	Gap	height,	in 0.0055
Delta,	degrees 21.8

8.5:1	Aerospike	



Aerospike Design: Convergent 
(Subsonic) Side

• Convergent section of spike (leading up to throat) 
designed as an aerodynamic Von Karman ogive 
(Haack series):
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Aerospike Design I: CNC-
Machined Graphite 



Aerospike Design II: 3D-printed Inconel 

METAL Melting Point 
(K)

Inconel 718 1700 K

Printed through Cooperative Agreement with EM-30 NASA MSFC



“Reference” Fixed-Cone Nozzle Design

” ” ”



Experimental Campaign
• Test Matrix:

Nozzle Type Location Nozzle 
Expansion 

Ratio

Chamber 
Pressure

Ambient 
Pressure 

Flow Regime

Cone USU Main 
Campus

8.5:1 100 psia 12.28 psia Over-Expanded

Cone USU Main 
Campus

8.5:1 130 psia 12.28 psia Over-Expanded

Aerospike USU Main 
Campus

8.5:1 100 psia 12.28 psia Over-Expanded

Aerospike USU Main 
Campus

8.5:1 130 psia 12.28 psia Over-Expanded

Aerospike NASA MSFC 8.5:1 180 psia 0.28 psia Under-
Expanded

Nozzle Type Location Nozzle 
Expansion 

Ratio

Chamber
Pressure

Ambient 
Pressure 

Flow Regime

Cone USU Main 
Campus

2:1 146 psia 12.28 psia Near Design

Cone NASA MSFC 8.5:1 180 psia 0.28 psia Under-
Expanded

Cone NASA MSFC 2:1 180 psia 0.28 psia Grossly Under-
Expanded



USU Test Facility

System P&ID



MSFC Test Facility 
(Bldg. 4305)

System P&ID



Ambient Tests, Logan UT



Ambient Tests, Logan UT (2)



Vacuum Tests, NASA MSFC

Exhaust Plume Images from Vacuum Tests of Low 
(2.06:1) and Near-Optimal (8.5:1) Fixed-Conical 
Nozzles. 

Exhaust Plume Images from Vacuum Tests of 8.5:1 
Expansion Ratio Aerospike Nozzle 

Aerospike Compensates 
to Near-Optimal Exit 

Pressure



Vacuum Tests, NASA MSFC (2)

Exhaust Plume Images from Vacuum Tests of 8.5:1 
Expansion Ratio Aerospike Nozzle 



• 3-D Printed Nozzle Failed after 16 seconds total burn time
• Machined Graphite Designs Survived for Duration of Testing 
Testing Campaign
• Fixed-Conical Nozzle Exhibited no Thermal Issues

Thermal Failure of  3-D Printed Inconel Aerospike

Nozzle Survivability



Conclusion
• Graphite aerospike performed in line with established theory in over-

expanded regime.
• Aerospike Nozzle exhibited Superior Isp, Thrust Levels compared to 

Fixed-Cone nozzle.
• Normal shockwave formation, observed visually and verified via 

shock model, reduced performance of 8;5:1 Fixed-cone nozzle during 
ambient tests. 

• Aerospike Exhibited superior vacuum performance at the 8.5:1 
expansion ratio, exhibiting ability to compensate. 

• Ability to print Aerospike as 3-D Monolithic Structure 
demonstrated

• Thermal stress resulted in failure of 3-D Printed Inconel Nozzle after 
16 seconds of total burn time.  



Proposed Future Work

• 3D printed Tungsten or other Refractory 
Metals

• Optimize O/F ratio for Higher Flame 
temperatures

• Test Multiple Units to Failure to Evaluate 
Thermal Capacity of Design




