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Introduction 

 

Much of the emerging market for small satellites will likely be 

centered on short-lifecycle low-Earth orbit applications, 

which naturally deorbit and have the benefit of continual 

upgrades, affordability and collaboration with research 

institutions worldwide [1][2]. Although traditional liquid or 

solid rocket propulsion systems may be scaled down in size to 

serve as dedicated small-satellite launchers, scaling them 

down in cost to accommodate the commercial sector poses a 

challenge. This is due to the fact that expenses related the 

handling of hazardous materials, which are unavoidably used 

in liquid and solid rocket propellants, may not be scaled down 

[3]. Hybrid rockets are uniquely suitable for the next 

generation of dedicated small-payload launch vehicles 

because they avoid the use of hazardous materials in all 

aspects of production and launch [4]. However, there is no 

system for quantifying and comparing relative performances 

between hybrid rockets of varying designs and configurations, 

which is needed by the project managers and engineers who 

must decide on which type of propulsion system to use. 

Furthermore, with the emergence of innovative hybrid rocket 

motors, there is a high probability that the topic of nozzle 

erosion will take on an increasingly important role as well. 

This is because the most common hybrid rocket propellant 

combinations lead to higher concentrations of oxidizing 

agents in the combustion gas that passes through the nozzle 

throat [5][6]. 

This research introduces and validates a method called the 

Nozzle Throat Reconstruction Technique for reducing hybrid 

rocket static firing test data to simultaneously estimate 

multiple key performance parameters: such as mixture ratio 

history, nozzle throat erosion history, and fuel surface 

regression rate history. This is done by combining principles 

from ideal nozzle flow theory with chemical equilibrium 

analysis, and by making the approximation that the 

combustion efficiency and the nozzle thrust correction factor 

are constants during firing. The derivations of equations for 

theoretical and experimental characteristic exhaust velocity, 

as well as for theoretical thrust, are carried out in detail to 

support the introduction of this new method. The procedure 

for solving the system of equations and confirming the 

uniqueness of said solutions is demonstrated graphically. A 

new concept referred to as “Comprehensive Data Reduction” 

is introduced to explain the information flow between 

reconstruction techniques within a data reduction program, 

and to introduce a methodology for implementing additional 

reconstructions techniques in the future. 

 

 

Method 

 
Data from three separate static firing test series are analyzed 

to validate the Nozzle Throat Reconstruction Technique and 

two other data reduction methods introduced in this research. 
Seven 2kN-class Cascaded Multistage Impinging-jet 

(CAMUI) type hybrid rocket static firing tests employing 

liquid oxygen as the oxidizer, high-density polyethylene as the 

fuel, and high-density graphite as the nozzle material were 

carried out and used to demonstrate the feasibility of the new 

data reduction methods. Fifteen 30N-class conventional type 

hybrid rocket static firing tests employing gaseous oxygen as 

the oxidizer, high-density polyethylene as the fuel, and high-

density graphite as the nozzle material were carried out to test 

the accuracy of solutions, as well as build a case for the most 

important factors leading to nozzle throat erosion in hybrid 

rockets. A depiction of the 2kN-class test setup and a cut-away 

schematic of the CAMUI-type hybrid rocket motor used are 

shown in Fig. 1 below. 

  

 
 

 
 

Fig. 1.  Experimental test setup and apparatus. 

Dimensions are in units of [mm] 

 

 



Results 

 

Results show that both the fuel mass consumption history and 

the nozzle throat erosion history determined by the Nozzle 

Throat Reconstruction Technique are repeatable, and have 

acceptably low experimental uncertainty (<10% in most 

cases). For the first time, the correlation between nozzle throat 

erosion rate changes and mixture ratio changes during a hybrid 

rocket static firing test could be observed experimentally. 

Through the analysis of numerous static firing tests, it is 

shown that experimental results obtained using the Nozzle 

Throat Reconstruction Technique agree with the trend 

predicted in previous computational fluid dynamics 

researches, where nozzle throat erosion rate reaches a 

maximum in slightly oxidizer rich conditions, and decreases 

as the mixture ratio moves away from this value. This is 

shown in Fig. 2 below. Furthermore, an analysis of the fuel 

mass consumption histories determined by the Nozzle Throat 

Reconstruction Technique demonstrates that an increase in 

surface regression rate is achieved as a fuel grain becomes 

more CAMUI-like. This is shown in Fig. 3, where test R7 is 

the most CAMUI-like, and R6 and R2 are the least CAMUI-

like.  

 

 
 

Fig. 2 Nozzle Throat Erosion Chemistry [6]. 

 
 

Fig. 3 Comparison of CAMUI-type hybrid rockets 

(solid black) and other types (dashed colored). 
 

Conclusion 
 
As hybrid rockets continue to increase in scale and 

performance, and capture the attention of the commercial 

sector as a safe and low-cost propulsion system, performance 

related issues such as nozzle erosion and fuel mass 

consumption will become even more relevant. Until recently, 

there have been no detailed reports on the topic nozzle erosion 

characteristics specific to hybrid rockets, nor issues related to 

the direct comparison of hybrid rocket burning rates in motors 

with complex grain geometries or complex flow patterns. 

Furthermore, there has been no single method reported in the 

open literature that can accurately determine oxidizer-to-fuel-

mass ratio ξ and nozzle throat erosion history at the same time, 

which is necessary for future studies related to nozzle erosion. 

This study is one of the first of its kind. It draws from a rich 

background in reconstruction techniques developed for hybrid 

rocket researchers to devise a method capable of solving for 

mixture ratio and nozzle throat erosion history together, using 

experimental data typically measured in hybrid rocket static 

firing tests. This technique is referred to as the Nozzle Throat 

Reconstruction Technique. Furthermore, this study showed 

that it is possible to set-up a comprehensive data reduction 

program that enables the results of the Nozzle Throat 

Reconstruction Technique to be used in subsequent 

reconstruction techniques, with acceptable levels of 

uncertainty. 
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