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Introduction 
 

Out of the 19 successful launches to the Geostationary 

Transfer Orbit (GTO) or beyond performed by the 

Japanese H-IIA launch vehicle since 2001, only 4 were 

targeted to deep space, with about 5 years in between 

each launch [1,2]. A promising approach to increase the 

number of deep-space exploration opportunities is to give 

small-scale satellites propulsion capabilities by 

equipping them with propulsion systems adequate for 

orbital transfer. By piggybacking such satellites into orbit, 

which is to launch auxiliary payloads using the excess 

launch capacity of a rocket, it is possible to effectively 

utilize the otherwise wasted launch opportunities to GTO 

for deep-space exploration missions. 

Multiple safety features, structural simplicity and 

throttling capability that hybrid rocket motors (HRM) 

possess have showed promise for applications as satellite 

thrusters for piggybacking payloads. Kuo and Chiaverini 

briefly mention the possibilities of HRM applications for 

upper stages, and commented on the potential 

implementation of HRMs to apogee/perigee kick motors 

[3]. This concept was further investigated by a number of 

research groups for satellites of different scales, but none 

have actually been operated in space as of today. 

The Laboratory of Space Systems at Hokkaido 

University has been collaborating with JAXA to develop 

a hybrid-rocket powered apogee kick motor applicable to 

small-scale satellites which will piggyback on the H-IIA 

and H3 launch vehicles as auxiliary payloads. The 

primary conceptual design for this kick motor was 

presented by Kamps in 2019 [4] and, after multiple 

design reviews, was finalized in 2020. Named the 

Tadpole, the kick motor shown in Fig. 1 aims to provide 

a ΔV of 700 m/s while maintaining a total mass of 30kg 

or less. 

 

 
Fig. 1 Tadpole motor 

Active research and design of the Tadpole motor 

started at the beginning of the fiscal year 2018. The large 

number of static firing tests performed to reach this level 

of maturity has resulted in a deeper understanding of the 

internal ballistics of HRMs using Nitrous Oxide (N2O) as 

the oxidizer and high-density polyethylene (HDPE) as 

fuel, bringing the Technology Readiness Level (TRL) of 

the project to 3. The project targeted a further 

advancement to TRL5 by the end of fiscal year 2020, 

which requires the development and testing of the 

Engineering Model (EM) of the final product. The 

contents of the thesis explain the development of the 

newly designed hybrid rocket nozzle intended for use in 

the Tadpole EM motor. The different designs made at 

different TRL levels will be discussed individually and 

compared.  
 
 

Design Specifications 
 

The rocket nozzle is a crucial component in the rocket 

motor as it is responsible for the conversion of thermal 

and/or pressure energy generated from the combustion of 

propellants to kinetic energy, achieved by the rapid 

acceleration and expansion of the fluid from subsonic to 

supersonic conditions. At the same time, the nozzle is 

subject to pressure forces and high temperatures for an 

extended period of time which need to be considered 

during the design stages. 

Upon designing the new nozzle, the following four 

requirements were selected as design goals that the final 

product must fulfil: 

1. Functionality: The inner contour and external 

geometry must be properly designed to prevent 

structural failures during operation whilst providing 

the required thrust and ΔV. 

2. Thermal Control: The heat accumulated by the nozzle 

material due to the constant contact with the 

combustion gases must not leak outside of the nozzle 

components to prevent thermal damage to 

surrounding equipment. 

3. Weight: The motor components should be as light as 

possible to allow as much satellite equipment into the 

envelope as possible while fulfilling the mass 

requirements of the piggybacking payload slot. 

4. Alternative Sealing Methods: Past nozzle designs 

developed in LSS have used a bonding agent for 

adhesion, sealing and thermal insulation purposes, 

which is subject to outgassing when inserted into a 

vacuum environment. Selection and testing of 

alternative sealing methods is therefore required. 



Development: TRL 3 to TRL 4 
 

Advancement to TRL 4 required the full understanding 

of the internal ballistics of the N2O/HDPE propellant 

combination, as well as the validation of key 

technologies and concepts under laboratory conditions. 

This was achieved through a series of combustion 

experiments labeled as the Representative Scale (RS) 

tests. A total of 3 designs were tested successively during 

the development from TRL3 to TRL4, with each new 

design resolving issues discovered in the one before it.  

 

 

Design 1 

Design 1, shown in Fig. 2, was used for large-scale 

testing before the initiation of the development of 

Tadpole. The nozzle was composed of a graphite nozzle 

insert located in a graphite nozzle case, glued together 

using bonding agent. During the third firing test using 

this nozzle, the nozzle insert broke just below the throat 

section and was ejected from the aft end of the motor, as 

shown in Fig. 3. The ejected piece is circled in red for 

clarity.  
 

 

Fig. 2 Design 1 

 

 
Fig. 3 Nozzle ejection 

 

 

Design 2 

 

The one-piece graphite nozzle was the first nozzle 

specifically tested as a candidate for the Tadpole 

campaign, and was used in the first 2 firing tests of the 

RS series. To prevent the fracture issue mentioned in the 

previous section, the nozzle was manufactured from a 

singular block of graphite. Although the nozzle itself did 

not experience any observable structural failures, the 

GFRP casing used as the chamber case showed 

deformations not found in previous large-scale tests 

using motors with a similar configuration. A thorough 

inspection of multiple videos taken from different angles 

before, during, and after the firing tests showed that this 

deformation occurred during the cooling process, 

suggesting that this was caused by thermal stress 

emerging as the heat absorbed by the nozzle slowly seeps 

outward. 

 

 
Fig. 4 Design 2 

 

 
Fig. 5 GFRP Deformation 

 

 

Design 3 

 

Design 3, shown in Fig. 6, was used in the latter 2 tests 

of the RS series. In contrast to the 2 previous designs 

where the nozzle was manufactured entirely from 

graphite, the new nozzle is now composed of a graphite 

nozzle throat surrounded by an insulation material. This 

combination aimed to prevent the heat accumulated by 

the nozzle during combustion from reaching outer 

components, as well as prevent the structural failure of 

the GFRP casing shown in Fig. 5. The temperature 

histories taken at different distances from the throat, 

shown in Fig. 7, verifies that the new design managed to 

successfully isolate the nozzle thermally from the rest of 

the motor. Design 3 also proved to be about 2500g lighter 

than previous designs. 

 

 

        



 
Fig. 6 Design 3 

 

 
Fig. 7 Temperature history for Design 3 

 

Development: TRL 4 to TRL 5 
 

Design 
 

An exploded view of the final design is portrayed in Fig. 

8. Similar to design 3, the nozzle consists of a graphite 

nozzle throat surrounded by an insulation material. The 

nozzle throat diameter and nozzle expansion ratio were 

obtained using a performance estimation program 

developed based on combustion test data obtained up 

until TRL 4. Steady-state, one-dimensional thermal 

analysis assuming constant chamber pressure and 

oxidizer-to-fuel (OF) ratio was done to assume the nozzle 

components will not overheat during the expected firing 

duration. Structural analyses were performed to ensure 

all components are able to sustain the physical forces 

present during operation. O-ring slots were added at 

different locations for sealing purposes, diminishing the 

use of bonding agent. A buffer plate was added upstream 

of the nozzle throat to prevent combustion gases from 

entering the throat-insulator interface, provide thermal 

protection at the upstream surface of the nozzle and 

potentially improve the combustion efficiency of the 

HRM. The motor case was manufactured from SUS304 

stainless steel to prevent unexpected structural failures 

during the testing phase.  

 

 

Experiment 
 

The experimental setup and a screen capture of the 

experiment are shown in Fig. 9 and 10, respectively. The 

motor is mounted on a sled that is suspended on rails to 

enable thrust measurement using a load cell. N2O used in 

the main burn is supplied from a series of 8 aluminum 

containers filled prior to the test. Multiple pressure and 

temperature measurements were made at different 

locations to ensure no unexpected gas leaks or increases 

in temperature were present.  

 

 
Fig. 8 Exploded view of nozzle components 

 

 
Fig. 9 Experimental setup 

 

 
Fig. 10 Screen capture of experiment 

 

Summary of Results 
 

A total of 2 firing tests with different firing durations 

were performed. No large discrepancies in thrust and 

pressure histories were present, suggesting that the 

combustion characteristics of the two tests were similar 

to each other and not largely affected by the length of 

combustion. Thermal insulation of the nozzle region was 



also confirmed as shown in the dotted lines in Fig. 11, 

where the motor case temperature shown in magenta 

remains constant for the entire duration of the firing test. 

Comparison with simulated results, shown in solid lines, 

indicate that the thermal model slightly overestimates the 

final material temperature. This difference is mainly 

attributed to the thick soot layer which formed in the 

inner walls of the nozzle influencing the thermal input 

into the graphite nozzle throat, generated by the 

regression of buffer plate material. Closer inspection of 

insulator after combustion revealed a sufficient amount 

of undisturbed insulation material still remained, 

suggesting that thermal protection and structural integrity 

will be maintained for even longer firing durations.  

 
Fig. 11 Temperature history 
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