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ABSTRACT 

Hybrid rockets have distinct advantages over their pure solid or liquid propellant 

counterparts, but their widespread application has been hindered by characteristically low 

regression rates and combustion efficiencies. A comprehensive review of hybrid rocket 

enhancement strategies is given within, with special emphasis on metallic additives and 

mixed-fuel (HTPB/paraffin) systems. 

Several metallic additives (micro-aluminum, micro-magnesium, micro-titanium, 

micro-zirconium, nano-aluminum, nano-boron, and magnesium-coated nano-boron) were 

selected as potential candidates for hybrid rocket applications and characterized by 

applicable microscopy techniques. The regression rates and combustion efficiencies of 

plain HTPB and HTPB loaded with each additive at various concentrations (10%, 20% 

and 30% by mass) burning in GOX were evaluated at moderate oxidizer mas fluxes (10-

150 kg/m2-s) and pressures (<125 psia). 

In general, the inclusion of any of the metallic additives led to a reduction in the 

regression rate. The one exception to this trend was the formulation containing 10% micro-

zirconium which yielded a moderate (10-20%) increase in regression rate. The observed 

trends were more prevalent at higher oxidizer mass fluxes and higher additive loadings. 

The reductions in regression rate were attributed to heat transfer blocking effects derived 

from accumulation of mass on the fuel surface layer. These phenomena were especially 

prevalent in highly loaded fuel formulations containing nano-aluminum or boron which 

exhibited unstable combustion and periodic surface layer shedding. 
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Zirconium appears to be the best metallic additive available since it can yield the 

highest theoretical density specific impulse under the lowest O/F operation ratio without 

resulting in substantial decreases in the fuel regression rate or mass flux. Combustion 

efficiency data of all fuel formulations were well correlated to the fuel residence time, and 

high combustion efficiencies (>95%) were achievable when a satisfactory residence time 

(~75 ms) was realized. 

The inclusion of molten paraffin in HTPB at concentrations of 10-75% as a 

regression rate enhancement strategy was evaluated under similar conditions. The plain 

paraffin fuel exhibited a 300% increase in regression rate in comparison to plain HTPB, 

but none of the mixed-fuel systems showed signs of regression rate enhancement at the 

tested operating conditions. 
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1. INTRODUCTION

Chemical rockets for propulsion applications have historically been composed of 

pure liquid or solid propellant. Rocket propulsion concepts with fuel and oxidizer 

components stored in different phases are termed hybrid rockets. These three chemical 

propulsion concepts are visually depicted in Figure 1. 

Figure 1. Typical configurations of liquid, solid, and hybrid chemical propulsion 

concepts. Image taken from Ref. [1]. 

Material within this chapter has been previously published and is reprinted with permission 

from “Hybrid Rocket Burning Rate Enhancement by Nano-Scale Additives in HTPB Fuel Grains” by 

Thomas, J. C., Petersen, E. L., Brady, B. B., and DeSain, J. D., AIAA 2014-3955, 50th 

AIAA/ASME/SAE/ASEE Joint Propulsion Conference, Cleveland, OH, 2014, Copyright 2014 by 

James C. Thomas and Eric L. Petersen. 

1
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The traditional hybrid rocket configuration is composed of a solid fuel grain and a 

fluidic oxidizer (Figure 2). In comparison to solid propellants, hybrid propellants are safer, 

more controllable, and less sensitive to mechanical imperfections. In comparison to liquid 

rockets, hybrid rockets are safer, have added fuel versatility, and are mechanically simpler. 

Additionally, hybrid rockets allow for higher specific impulse and density specific impulse 

than certain solid propellants and liquid bipropellants, respectively.  Some disadvantages 

of hybrid rockets include unavoidable fuel residuals, a variation in mixture ratio during 

operation, proneness to pressure instabilities, lower combustion efficiencies, and 

comparatively complicated internal motor ballistics. The most commonly cited drawback 

of hybrid chemical propulsion is low solid fuel regression rates that ultimately limit motor 

thrust. 

Figure 2. Classical hybrid rocket configuration depicting the separate oxidizer tank and 

fuel grain. Image taken from Ref. [2]. 

Combustion processes inside hybrid propulsion systems are inherently different 

from pure solid or liquid propellant systems. The solid fuel phase must undergo pyrolysis 

and vaporization before it mixes with the oxidizer flow stream and begins combustion. A 

thorough review of regression rate theory is given by Chiaverini [2] and is summarized 

below for the reader. Marxman et al. [3-5] developed a regression rate model based on 

heat transfer mechanisms which suggested the regression rate is heavily dependent on total 
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mass flux, weakly dependent on axial location and oxidizer and fuel properties, and not 

dependent on operating pressure. However, their experimental results showed the 

regression rate was dependent on pressure, especially at low pressures where they believed 

that gas-phase chemical kinetics dominate regression processes. [3] Smoot and Price [6-

8] demonstrated the regression rate was dependent on oxidizer flow rate and total pressure.

Furthermore, they showed regression rates were nearly independent of pressure at low 

oxidizer mass fluxes, but very dependent on pressure at high oxidizer mass fluxes. [6] 

Muzzy utilized chemical kinetic calculations to show that at high oxidizer mass fluxes 

and/or low pressures of non-radiative systems, the regression rate was more dependent on 

pressure than total mass flux. [9] Muzzy used similar calculations to show that for radiative 

systems, such as for metallized fuels, the regression rate was very dependent on pressure 

at low oxidizer mass fluxes. [9] Ramohalli and Stickler argued that fuel wall oxidative 

depolymerization could account for pressure dependence at low pressures and high 

oxidizer mass fluxes. [10] These various phenomena that should be accounted for when 

modeling the regression and combustion of a classical hybrid are visually depicted in 

Figure 3. In summary, factors affecting the fuel regression rate in hybrids include 

operating pressure and temperature, fuel/oxidizer composition, oxidizer mass flow rate, 

combustion port geometry, and axial port location. At very low and high mass fluxes, 

thermal radiation and gas-phase chemical kinetics mechanisms, respectively, dominate 

fuel regression behavior in hybrid motors. [11] At moderate oxidizer mass fluxes, 

turbulent mass diffusion processes dominate fuel regression behavior. [3-5] These 

generalized trends are depicted in Figure 4. 
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Figure 3. Physical processes involved in the regression and combustion of hybrid rocket 

fuels. Image taken from Ref. [2]. 

Figure 4. Regression rate regimes and the corresponding effects of key parameters. Image 

taken from Ref. [2]. 

For preliminary design or experimentation purposes, aerodynamic, 

thermochemical, and fluidic effects are typically lumped together into a single parameter. 
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[11] The resulting equation for regression rate, 𝑟, of a solid hybrid fuel grain is given by

the traditional power law: 

𝑟 = 𝑎𝐺𝑜𝑥
𝑛 (1)

where 𝑎 and 𝑛 are empirically fitted constants, and 𝐺𝑜𝑥  is the oxidizer mass flux. An

alternative form to Equation (1) to account for observed dependency on chamber pressure, 

𝑃𝑐 , and combustion port diameter, 𝐷, is: 

𝑟 = 𝑎𝐺𝑜𝑥
𝑛𝑃𝑐

𝑘𝐷𝑙 (2)

where 𝑘 and 𝑙 are also empirical constants. Typical values of 𝑛, 𝑘, and 𝑙 have been 

observed to vary between 0.4-0.7, 0-0.25, and 0-0.7, respectively. [11] Equations (1) and 

(2) are extremely simplified, are typically determined empirically, and their corresponding

constants can drastically change when the propellant formulation or design scale or 

geometry is altered. Numerous investigators have developed rigorous theories for the 

prediction of regression rates from first-principles theories, and these models are 

comprehensively detailed by Chiaverini [2]. 

Hybrid rockets have numerous potential applications which include sounding 

rockets, auxiliary power units, tactical rockets, space engines, thrust augmentation control, 

and large launch boosters. Some specific examples where hybrid rockets have been 

designed, built, or considered for real applications are given as follows:  

- A research and development effort by the Air Force in the 1960’s led to the first flight

of a hybrid propulsion system, the Sandpiper Target Missile, which combusted

poly(methyl methacrylate) (PMMA) doped with 10% magnesium additive in a
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oxidizer flow stream comprised of 25% nitric oxide (NO) and 75% dinitrogen 

tetroxide (N2O4), termed MON-25. [12] The Sandpiper program led directly to the 

development of the High Altitude Supersonic Target (HAST) and Firebolt Target. 

- NASA and Lockheed Martin developed and launched a hybrid propulsion sounding

rocket in 2002 that burned HTPB fuel loaded with >60% aluminum additive in a liquid

oxygen (LOX) stream and that was capable of delivering a 360-kg payload to an

altitude of 45 km. [13] The flight demonstration also served to increase the concept’s

technology readiness level (TRL) from 3 to 7 on NASA’s TRL scale.

- Italian researchers led by Dr. Luigi DeLuca designed a hybrid propulsion module and

mission to remove large debris from low earth orbit (LEO) to avoid future collis ion

scenarios. [14-18]

- Virgin Galactic is currently developing SpaceShipTwo, a fully reusable vehicle

launched from a carrier airplane (WhiteKnightTwo) that is designed to provide a

suborbital spaceflight experience to space tourists. SpaceShipTwo is powered by

RocketMotorTwo, a hybrid propulsion system that burns HTPB or Nylon in a nitrous

oxide flow.

- Karabeyoglu et al. [19] have argued that hybrid rocket systems are the perfect

candidate to replace upper stage motors on launch vehicles and could provide payload
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increases up to 40%. Karabeyoglu et al. [20] also theorized and preliminarily designed 

a two-stage, air-launched hybrid vehicle capable of placing a 31-kg payload into orbit. 

- The Sierra Nevada Corporation designed and tested a hydroxyl-terminated

polybutadiene/nitrous oxide (HTPB/N2O) hybrid rocket system capable of delivering

12,000 lbf of thrust. [21] The hybrid rocket was developed for the orbital maneuver ing

system onboard the Dream Chaser vehicle as part of NASA’s Commercial Crew

Development initiative.

- Chandler et al. [22-23] conducted a systems study to demonstrate the feasibility and

advantages of utilizing a hybrid rocket propulsion system composed of a paraffin-

based fuel and nitrous oxide/oxygen oxidizer for a Mars ascent vehicle as part of a

Mars sample return campaign.

- Researchers at JPL are currently evaluating the feasibility of a paraffin/MON30 hybrid

rocket with hypergolic additives and deep throttle capabilities for use as a Mars Ascent

Vehicle (MAV). [24-35] Hot-fire testing of an 11" full-scale motor by space

Propulsion Group is scheduled for 2018.

It is clear that hybrid rocket engines possess several distinct advantages over 

alternative propulsion systems which make them suitable for numerous applications. 

However, their disadvantages and a lack of fundamental knowledge have retarded their 
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widespread integration into flight systems thus far. The objective of this dissertation 

project was to 1) provide a thorough literature review of hybrid rocket performance 

enhancement techniques; 2) develop lab-scale hybrid rocket testing capabilities at Texas 

A&M University in the TEES Turbomachinery Laboratory; 3) evaluate mixed 

HTPB/paraffin fuel systems as they pertain to hybrid rocket applications; 4) determine the 

relative effects of pure metal type (aluminum, boron, magnesium, titanium, or zirconium) 

and loading (0-30%) on the combustion of HTPB/GOX systems; and 5) assess the 

synergistic performance benefits of bi-metallic fuel formulations in comparison to 

formulations containing plain boron. The combination of these works should advance the 

state-of-the-art knowledge of hybrid rockets and potentially mitigate some of their 

historical disadvantages. 



2. LITERATURE REVIEW: HYBRID ROCKET PERFORMANCE ENHANCEMENT

STRATEGIES 

Hybrid rockets have numerous advantages, but their disadvantages, such as 

characteristically low regression rates, moderate energy densities, and requirements for 

large vehicle volumes, has held back their widespread implementation. Various strategies 

to improve their performance and mitigate their disadvantages have been proposed in the 

literature. These strategies include ideal selection of the oxidizer and fuel combination, 

manipulation of the oxidizer flow, augmentation of the combustion port geometry, 

inclusion of energetic additives, and implementation of unconventional geometries. A 

review of these enhancement strategies, with emphasis on more relevant areas, is 

presented in this section of the thesis. 

2.1. Oxidizer and Fuel Selection 

One advantage of hybrid rockets is the relatively wide selection of fuels and 

oxidizers available to the propulsion system design team. The selected fuel/oxid izer 

combination is the most important parameter in determining the rocket’s performance. In 

this section, a general review and comparison of the more common and some 

unconventional fuel and oxidizer candidates is given. 

 
Material within this chapter has been previously published and is reprinted with permission 

from “Hybrid Rocket Burning Rate Enhancement by Nano-Scale Additives in HTPB Fuel Grains” 

by Thomas, J. C., Petersen, E. L., Brady, B. B., and DeSain, J. D., AIAA 2014-3955, 50th 

AIAA/ASME/SAE/ASEE Joint Propulsion Conference, Cleveland, OH, 2014, Copyright 2014 by 

James C. Thomas and Eric L. Petersen.
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2.1.1. Oxidizers 

Estey and Whittinghill [36] performed an early systems analysis and ranked 

available oxidizers and fuels for an upper stage hybrid rocket system based on 

performance, cost, availability, and probability of success. Theoretical performance plots 

for selected oxidizers’ combustion with plain and aluminized HTPB are shown in Figure 

5. Their calculations and rankings suggested that HTPB/LOX was the best combination

of fuel and oxidizer for hybrid rocket systems. Although some oxidizers containing 

fluorine (LF2 and FLOX) yield better performance, their high toxicity and the associated 

costs make them unattractive. Estey and Whittinghill [36] also noted that low-energy, 

storable oxidizers, such as N2O, are greatly improved by the addition of aluminum. 

Karabeyoglu and Arkun [37] recently performed a similar study to determine viable fuel 

additives and came to a similar conclusion. 

Figure 5. Theoretical specific impulse performance of various oxidizers reacting with 

(left) plain HTPB and (right) 20% aluminized HTPB at a chamber pressure of 300 psia 

and nozzle expansion ratio of 60:1. Images taken from Ref. [36]. 
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Several reviews of oxidizer available to the HRE designer [36-38] have been 

surveyed, and a list of these oxidizers and their corresponding generalized benefits and 

disadvantages is given, as follows: 

− Liquid Oxygen (LOX) – Readily available, affordable, high performance, good

stability. Moderate density, cryogenic storage.

− Nitrous Oxide (N2O) – Self pressurization, good availability, reasonable cost, good

stability. Low density, comparatively poor performance.

− Hydrogen Peroxide (H2O2) – High density, moderate performance. Toxic with contact,

explosive, poor aging.

− Dinitrogen Tetroxide (N2O4/NTO) –High density, moderate performance. Expensive,

toxic, low-temperature decomposition.

− Others: 

− Liquid Fluorine/Liquid Oxygen mixtures (FLOX) – High Performance,

hypergolic. Moderate density, expensive, cryogenic storage, toxic.

− Inhibited Red Fuming Nitric Acid (IRFNA) – High density. Poor performance,

toxic with contact, corrosive.

− Inhibited White Fuming Nitric Acid (WFNA) – High density. Poor

performance, toxic, corrosive.

− Liquid Fluorine (LF2) – High performance, high density, hypergolic.

Cryogenic, toxic, very reactive with metals.
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− Liquid Nitrogen Trifluoride (LNF3) – Moderate performance, high density,

hypergolic. Cryogenic, toxic.

The most commonly evaluated oxidizers are undoubtedly LOX and N2O. Both 

oxidizers have good stability, are readily available, and are affordable. LOX has the 

potential to yield much higher performance, but its application is much more complex due 

to necessity for cryogenic storage and a pressurization system. Utilization of N2O yields 

lower performance, but carries the benefits of self-pressurization properties. Additiona lly, 

these two oxidizers interact with fuels very differently during combustion due to 

alternative chemistries and thermodynamics. For example, Evans et al. [39] performed 

combustion tests of plain and aluminized HTPB fuels burning in gaseous oxygen and 

nitrous oxide. The regression rates of these fuels are shown in Figure 6. The collected data 

indicate that fuels burning in nitrous oxide regress significantly slower than in gaseous 

oxygen, but that this disadvantage can be mitigated with metallic additive inclus ion. 

Furthermore, the experimental results demonstrate the effects of varying the oxidizer on 

combustion performance. 
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Figure 6. The effects of oxidizer selection (GOX versus N2O) on plain and aluminized 

HTPB regression rate. Image taken from Ref. [39]. 

Oxidizers containing fluorine yield significant performance improvements in 

comparison to more common oxidizer selections, such as LOX, N2O, or H2O2, but are 

typically disregarded due to their high toxicity and the associated fielding costs. However, 

they have been studied in a laboratory setting by several researchers which has yielded 

some interesting findings. Smoot and Price [7-8] performed combustion experiments with 

butyl rubber burning in FLOX flows and determined that increasing the amount of fluorine 

in the oxidizer significantly increased the regression rate. Lips [40-42] performed similar 

experiments with aluminized polyurethane (PU) and came to the same conclusion. Lips 

also concluded that higher combustion efficiencies could be achieved with FLOX, rather 
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than pure oxygen. [42] These findings were attributed to the production of aluminum 

fluoride (AlF3) rather than aluminum oxide (Al2O3) which has a higher heat of combustion 

and doesn’t accumulate as much on the surface due to a low sublimation temperature. 

In addition to the more common oxidizers previously discussed, several 

unconventional oxidizers have been theorized and evaluated to varying degrees. Some 

unconventional oxidizers which are worth discussion include Nytrox, MON, and ionic 

liquid oxidizers.  

N2O and LOX stand out as the most practical propellant oxidizers for various 

reasons including their historical use, wide availability, low toxicity, easy handling, and 

low cost. Karabeyoglu [43-45] theorized a new class of oxidizers, termed Nytrox, which 

is a combination of the two individual chemicals. The nitrous oxide serves as a 

pressurizing agent, and the liquid oxygen serves as a densifying component. Nytrox 

exhibits self-pressurization capability, high density and density impulse, non-cryogenic 

operational temperatures, and efficient gas-phase combustion. [45] Nytrox mixtures have 

a higher specific impulse than pure nitrous oxide, are more stable than pure oxygen during 

combustion due to heat release from nitrous oxide decomposition, and allow for 

independent control of pressure and temperature. [45] Furthermore, Karabeyoglu [45] and 

Chandler [23] have conducted mission systems studies to show the reduction in total 

system weight associated with use of Nytrox oxidizers. 

Mixtures of liquid nitric oxide (NO) and liquid dinitrogen tetroxide (N2O4) are 

termed MON oxidizers. The introduction of nitric oxide reduces the freezing point of the 

mixture and additional increases in nitric oxide loading decreases corrosiveness, decreases 
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oxidation potential, and increases storability of the oxidizer. In addition, MON oxidizers 

are hypergolic with numerous fuels/additives, which could potentially eliminate the 

necessity of an ignition system and reduce the complexity of the vehicle design.  The first 

ever hybrid propulsion system to be flown, the Air Force’s Sandpiper Target Missile, 

utilized a 25% NO/75% N2O4 mixture (MON-25). [12]  

Ionic liquids are defined as salts in the liquid state, and numerous solid oxidizers 

can be stored in this manner, such as ammonium dinitramide (ADN), ammonium 

perchlorate (AP), and hydroxyl ammonium nitrate (HAN). These liquid oxidizer 

candidates typically have high density and can yield high performance, but are sometimes 

toxic and/or expensive, and are not as well studied or characterized. In addition, these 

liquids can be catalytically decomposed prior to combustion with the fuel, yielding a 

simple ignition system. Several HRE systems based on ionic liquids, especially HAN [46-

50], are currently being studied and considered for future applications. 

2.1.2. Fuels 

Early theoretical investigations on the decomposition of polymers was completed 

by Dekker [51] and Chaiken et al. [52], and focused on poly(methyl methacrylate) 

(PMMA) and polystyrene (PS). McAlevy and Hansel [53] later completed experimenta l 

investigations of these processes. PMMA was one of the first studied fuel systems, but 

contains a large fraction of oxygen which leads to a reduction in specific impulse 

performance for HRE applications. [36] The emergence of polybutadiene-based polymers, 

such as hydroxyl-terminated polybutadiene (HTPB) and carboxyl-terminated 

polybutadiene (CTPB), as fuel binders in solid propellants led to their adaptation into 
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hybrid fuel systems. Other notable polymers that have been studied for this purpose 

include polybutadiene acrylonitrile (PBAN), polybutadiene-acrylic acid (PBAA), 

polyurethane (PU), and fluoropolymers. [54] 

Hydroxyl-terminated polybutadiene (HTPB) is the most widely studied fuel binder 

utilized to date owing to its historical use in ammonium perchlorate composite propellants 

(APCPs). HTPB is readily available and a well-known material, and it is the fastest 

burning polymeric fuel used in hybrids. [37] Drawbacks of HTPB include significantly 

lower regression rates when compared to recent paraffin fuels and incompatibility with 

some high-energy additives, such as metal hydrides. Humble [55] has recently reported 

on the utilization of dicyclopentadiene (DCPD) fuel as a substitute for HTPB due to its 

slightly improved specific impulse, higher density, comparable mechanical and 

rheological properties, and compatibility with metal hydride additives. The main 

drawback of DCPD is a significantly reduced regression rate when compared to HTPB. 

Combustion experiments performed by Lips [40-42] on several aluminized 

polymeric fuels burning in FLOX suggested that the fuel composition plays a large role in 

determining the regression rate due to differing decomposition processes. Lips noted that 

some polymers, polyisobuthylene (PIB) and polyethylene (PE), melt faster than they burn, 

leading to a liquid surface layer than can become entrained in the oxidizer flow and that 

can inhibit metallic burning through encapsulation. [40-41] The surfaces of unsaturated 

polybutadienes; including polybutadiene acrylic acid (PBAA), polybutadiene acrylonitr i le 

(PBAN), carboxyl-terminated butadiene and butadiene acrylonitrile copolymer (CTBN), 

and carboxyl-terminated polybutadiene (CTPB); char during combustion due to low-
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temperature gasification stemming from exothermic breaking of double carbon bonds. 

[41] Polyurethanes can behave like either of the previously described groups, and HTPB

behaves like the unsaturated polybutadienes. 

Carrick and Larson [56-58] evaluated cryogenic solid fuels as a potential 

replacement for traditional polymeric fuels. The authors utilized solid n-pentane and 

ethylene, and measured regression rates that were 2-8 times larger than a typical polymer 

fuels, such as HTPB and PMMA. Furthermore, the authors attributed the increase in 

regression rate to the higher blowing coefficients associated with the cryogenic fuels. 

However, reduced combustion efficiencies were noted due to incomplete burning of the 

fuel. Follow-on cryogenic fuel testing was completed by St. Clair et al. [59], Gramer et al. 

[60], and Rice et al. [61-62]. 

Following these studies, researchers at Stanford University [63-67] began 

experimenting with long-chain, paraffin-based hydrocarbons with melting temperatures 

above room temperature. Paraffin-based fuels exhibited regression rates 3-5 times higher 

than similar polymeric fuels, such as HTPB. Polymeric fuels generally regress purely 

through gasification, and regression rate enhancement in paraffin-based fuels is due to an 

alternative mechanism termed entrainment. A liquid surface layer of fuel forms during 

combustion due to the thermal properties of the fuel. [67] The liquid layer is 

hydrodynamically unstable and fuel droplets become entrained in the oxidizer stream. [63] 

The susceptibility of a fuel to this shear-driven instability is directly tied to the melt layer’s 

rheological properties. [64] More explicitly, reduction of the melt layer’s viscosity and/or 

surface tension leads to further regression rate enhancement.  
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Karabeyoglu et al. [63-64] presented a first-principles theoretical model for the 

entrainment regression rate. The model was utilized to calculate the regression rate of 

paraffin and pentane, was compared to paraffin burn data collected at Stanford and pentane 

burn data collected by Carrick and Larson [56-58], and exhibited good agreement. 

Karabeyoglu et al. [65] later improved the model to predict regression rates of any normal 

alkane fuel with reasonable accuracy. Weinstein and Gany [68-69] and Sisi and Gany [70] 

further expanded the regression rate theory to include liquid flow along the fuel surface 

into the combustion chamber, which becomes relevant at lower oxidizer mass fluxes. It 

was suggested that this fuel loss mechanism should be considered because it potentially 

has significant consequences on the combustion efficiency of the hybrid rocket. 

Scale-up tests of paraffin fuels at NASA Ames Center showed the high regression 

rate characteristics were maintained in larger scale motors. [66] Furthermore, the larger 

motors burned at NASA Ames were compared to smaller-scale motors burned at Stanford 

and authors noted that the regression rate did not exhibit dependency on chamber pressure 

or motor length. [66] The developed fuel technology is currently being utilized to develop 

and fly a sounding rocket [71-77] and has been proposed for use in the Mars Ascent 

Vehicle (MAV) for a Mars sample return mission (MSRM) [33-35]. 

Karabeyoglu and Akron [37] claim the benefits of paraffin fuels include: 1) low 

cost and high availability; 2) high performance including specific impulse, regression rate, 

and fuel utilization; 3) non-toxicity; 4) virtually infinite shelf life; and 5) hydrophobic 

nature which allows for sensitive, high-energy additive incorporation. Karabeyoglu and 

Arkun [37] also suggested that inclusion of aluminum additives in the fuel greatly 
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improved the performance when combined with N2O as an oxidizer, but that the more 

recent paraffin fuels were still superior to traditional polymeric fuels, such as HTPB.  

Kobald et al. [78] evaluated various types of paraffin waxes with a DSC, 

rheometer, and hybrid combustor. The varying molecular structure of each wax led to 

differing viscosity-temperature profiles. The authors noted that an increase in viscosity led 

to a reduction in regression rate and commented that this phenomenon was related to 

droplet size during the fuel entrainment process. Kobald et al. [79] also performed 

experiments to visually detect liquid layer entrainment processes and further identified 

instabilities in the liquid film were related to the Kelvin-Hemholtz instability, as depicted 

in Figure 7. Evans et al. [80] later determined that this instability allowed aluminum 

particles trapped in the surface layer of paraffin fuels to also become entrained in the 

oxidizer flow. More recent paraffin combustion visualization experiments conducted by 

Kobald et al. [81-82] and Petrarolo et al. [83-91] have focused on quantification of the 

wave instabilities and successfully related them to the operating conditions and resultant 

regression rate. Numerous other research teams have focused on flow visualizat ion 

techniques to better understand these phenomena. [92-97] 

Figure 7. Visualization of paraffin fuel entrainment during combustion in oxygen 

crossflow. Image taken from Ref. [79]. 
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Kobald et al. [98] also evaluated HDPE and paraffin-based fuel systems containing 

various loadings of polymer and nano-clay additives which were utilized to manipulate 

the rheological and mechanical properties of the fuel mixture. Combustion experiments 

were performed in a gaseous oxygen crossflow to measure regression rates and 

combustion efficiencies. Kobald et al. [98] were able to successfully correlate the 

regression rate of all mixtures to a reference condition and their measured viscosity with 

an empirical power law. Mechanical property experiments showed the inclusion of small 

mass loadings of polymer or reinforcing nano-clays could significantly increase the 

strength and elasticity of the fuel, but this improvement was accompanied by a reduction 

in the regression rate. 

Paravan et al. [99] evaluated the ballistic, rheological, and mechanical properties 

of paraffin-based fuel formulations with various mixtures and grades of wax. The various 

fuel compositions displayed a wide range of properties. The experimental findings 

demonstrated that proper blending of paraffinic materials into a homogenous fuel grain 

allows the designer to tailor the resultant combustion and structural properties. 

Furthermore, an analysis was completed which related the measured regression rate to the 

measured viscosity and a reference condition, similar to the analyses performed by Kobald 

et al. [98]. 

Dermanci and Karabeyoglu [100] performed viscosity measurements of paraffin 

fuels containing micro-aluminum suspensions. The fuel viscosity was weakly dependent 

on aluminum addition, even to a mass loading of 60%, which suggests the high 
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entrainment regression rates associated with these fuels is retained even at high metallic 

loadings. 

DeSain et al. [101] performed mechanical property testing on paraffin fuel 

mixtures containing 0-4% low density polyethylene (LDPE) and determined that 

increasing the loading of LDPE in the fuel led to increases in ultimate strength and 

ductility. Similar results have been reported by Kim et al. [102-103] who also found that 

this method lowered resultant regression rate of the fuel. Pal and Kumar [104] evaluated 

paraffin fuel samples with various loadings of LDPE and micro-aluminum with thermal 

decomposition, rheological, mechanical, and ballistic experiments. Their results indicated 

that although the addition of LDPE results in a decrease in regression rate which is 

exacerbated by further loading, the presence of aluminum in the fuel can readily make up 

for these detriments. Pal and Kumar [104] also demonstrated the capability to yield 

regression rates and structural properties over a wide range by simple variation of the 

additive (LDPE and/or micro-aluminum) loadings. 

Research efforts at Central Connecticut State University, led by Dr. Viatcheslav 

Naoumov, have focused on the evaluation of bio-derived fuels, including paraffin and 

beeswax, with and without aluminum additives. [105-106] In general, their experimenta l 

findings indicate that 1) the purity of the fuel has significant implications on the resultant 

regression rates, and 2) beeswax is a higher performing fuel than traditional paraffin. 

Several researches have proposed mixtures of HTPB and paraffin as a means to 

tailor the rheological, mechanical, and combustion properties of the resultant fuel. These 

mixed-fuel systems have been evaluated through thermal degradation [117-121] and 
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combustion [68, 117, 122-128] experiments by various research groups, but disparate 

findings have been reported thus far. These fuel mixtures are a large component of the 

current project and are further discussed in their own subsection later in this section. 

There are numerous other fuel choices available to the HRE designer, but some 

other non-conventional fuels are especially worth noting and are described, as follows. 

Rastogi and Baijal [129-130] performed ballistic testing on polymers containing boron 

incorporated into the polymers’ backbone chains with B-O or B-C linkages. The boron-

containing polymers were synthesized and burned in gaseous oxygen. All three polymers 

outperformed the baseline formulation in terms of regression rate and displayed high port 

diameter dependencies. The polymer incorporating boron with B-C linkages outperformed 

the analogous polymer with B-O linkages. 

Risha et al. [131] performed regression rate measurements of HTPB fuel 

containing a high-nitrogen polymeric additive (Triaminoguanidium azotetrazolate, 

TAGzT) to loadings of 25% in an opposed flow burner. The high-nitrogen additive can 

increases the density specific impulse of the fuel and shift the peak O/F to lower values. 

The formulation containing 25% TAGzT yielded a 25% increase in regression rate over 

plain HTPB at higher oxidizer mass flowrates which was attributed to the formation of N2 

rather O2 and an accompanying increase in heat release. 

Whitmore et al. [49,132-148], amongst others, have evaluated acrylonitr i le 

butadiene styrene (ABS) as an alternative fuel for hybrid rocket engines. ABS performs 

similar to HTPB in terms of its combustion performance and properties, but also has 
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advantages such as compatibility with additive manufacturing technologies and arc-

ignition capability. 

2.1.2.1. Mixed-fuel (HTPB/Paraffin) Systems 

Many research efforts have focused on the evaluation of HTPB/paraffin fuel 

blends for hybrid rocket applications, mainly through thermal degradation [117-121] and 

combustion [68, 117, 122-128] experiments. This section of the thesis serves to provide a 

thorough and comprehensive review of all contributions thus far to the topic. 

Sakote et al. [117] investigated TDI-cured HTPB fuel containing 35%, 50%, and 

65% paraffin concentrations by mass. Fuel samples were manufactured by mixing of 

heated HTPB with molten paraffin, and allowing the mixture to cure at 65 °C for 3-5 days. 

Simultaneous TGA and DTA experiments were performed in a nitrogen atmosphere from 

10-500 °C at a heating rate of 10 K/min. All samples exhibited two major stages of mass

loss which onset near 200 °C and 425 °C. The first stage of mass loss was more significant, 

and increased from 56% to 72% with an increased paraffin loading of 35% to 65%. DTA 

thermograms for all fuel samples displayed similar behavior, and exhibited an 

endothermic peak near 60 °C, an exothermic peak near 200 °C, an endothermic peak near 

325 °C, and a set of two exothermic peaks near 425 °C. The first endothermic peak near 

60 °C is due to paraffin melting. The set of exothermic peaks near 425 °C differed between 

compositions due to differing concentrations of bounded and unbounded paraffin, as 

confirmed by SEM analysis. Sakote et al. [117] suggested that this set of exothermic 

peaks, and the differences between each composition at this decomposition stage, 
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indicates that the HTPB and paraffin are bounded at the molecular scale and that each 

constituent melts at different temperatures. 

Sinha et al. [118] reported on the thermal decomposition of TDI-cured HTPB 

R45M fuel containing 0-27.75% paraffin as determined through TGA and DSC 

experiments at heating rates of 3-43 K/min from 30-520 °C in a Helium atmosphere. 

Mixed-fuel samples were prepared by mixing a slurry of liquid pre-polymer, paraffin, and 

curative at elevated temperature with subsequent curing at elevated temperature for 5 days 

and room temperature for 5 days. The pure HTPB fuel samples exhibited two mass loss 

stages in the TGA and DSC curves, and representative results from the heating rate of 3 

K/min are reported, as follows. The first mass loss was comparatively small, occurred near 

300 °C, and can be attributed to breaking of the urethane linkages formed during the 

polymer curing process and subsequent evaporation and decomposition of the curative 

material. The second mass loss stage occurs near 425 °C and can be attributed to 

depolymerization and decomposition of the remaining HTPB fuel. In general, increasing 

the heating rate slightly increased the first stage mass loss; shifted the decomposition onset 

temperatures of both stages to higher temperatures; and deceased the net exothermic ity 

and endothermicity of the first and second stages, respectively. Mixed-fuel samples, with 

paraffin fuel included, exhibited similar behavior to pure HTPB samples. The inclusion of 

paraffin in the fuel system did not significantly affect the last mass loss stage. However, 

an additional endothermic stage with no corresponding mass loss was present near the 

paraffin melting temperature of approximately 50 °C. Additionally, the mass loss 

associated with the next stage significantly increased with an accompanying decrease in 
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exothermicity, without a significant change in the decomposition onset temperature. These 

trends were more prevalent with higher paraffin loading, and the first stage mass loss was 

doubled for the highest paraffin loading of 27.75%. Furthermore, these trends were 

attributed to the volatilization of paraffin between 300 and 320 °C. 

Sinha et al. [119] also measured the heats of combustion of the mixed-fuel systems 

and reported small increases associated with paraffin inclusion, as expected. Mechanical 

properties of the fuel specimen were evaluated through DMA experiments and showed 

significant alterations in stiffness and storage modulus with even the lowest paraffin 

loading. 

Sinha et al. [118] further utilized the collected DSC data to determine thermal 

degradation kinetic parameters of all evaluated fuel mixtures. The inclusion of paraffin 

led to a reduction in the activation energy, reaction rate constant, and frequency factor for 

the first decomposition stage, and these trends were more prevalent with additiona l 

paraffin loading. The activation energy and reaction rate were also decreased by the 

inclusion of paraffin for the second decomposition stage, but the frequency factor was not 

significantly affected, and additional paraffin loading did not further alter the kinet ic 

parameters. Sinha et al. [119] also measured the temperature-dependent specific heat 

capacity of these fuel blends during DSC experiments. Paraffin inclusion led to a 

significant reduction in the fuel blend’s specific heat capacity, and the highest paraffin 

loading of 27.75% led to a 50% decrease from approximately 1.6-0.8 J/g-K at 80 °C. The 

collected kinetic parameters and specific heat capacity data were coupled and utilized to 

calculate the pyrolysis rates of fuel samples, according to methods reported by Lengelle 
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et al. [149-151]. These calculations indicated paraffin inclusion in the mass range of 12.25-

27.75% leads to an increase of 5-33% in fuel pyrolysis over pure HTPB fuel in an inert 

atmosphere. The reported increases are due to a reduction in activation energy and increase 

in fuel vaporization and should not be confused with the previously mentioned 

entrainment effect. 

Cardoso et al. [120] performed TGA experiments with pure HTPB, pure paraffin, 

and a mixed-fuel system at heating rates of 5-15 K/min under a 100 mL/min oxidant flow. 

The mixed-fuel system was prepared by addition of paraffin particles (<0.6 mm) to an 

HTPB slurry and subsequent curing with IPDI. The pure HTPB samples showed two 

stages of major mass loss onset at approximately 300 and 425 °C. The first stage can be 

attributed to breaking of the urethane bonds formed during the curing process, and the 

second stage can be attributed to depolymerization, cyclization, and crosslink ing 

processes. The pure paraffin sample showed two stages of mass loss onset at 

approximately 200 and 425 °C, due to elimination of volatile compounds, water, and low 

molecular weight hydrocarbons, and due to decomposition of higher molecular weight 

compounds, respectively. The mixed-fuel system, which contained 60% mass loading of 

paraffin particles, also showed two major mass loss stages. The onset temperature of the 

first stage was slightly shifted to a lower temperature of approximately 200 °C, and the 

corresponding mass loss significantly increased from roughly 10% to 35%. 

Cardoso et al. [120] also utilized the TGA mass loss data to calculate the activation 

energy of the fuel samples according to the Ozawa-Wall-Flynn method [152]. The pure 

HTPB and paraffin samples exhibited single activation energies over the measured 
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temperature range of approximately 300 and 100 kJ/mol, respectively. However, the 

mixed-fuel system exhibited an activation energy of 150 kJ/mol at lower temperatures and 

300 kJ/mol at higher temperatures. These findings suggest the decomposition of the fuel 

mixture requires a two-step kinetics model rather than a single-step model that applies for 

the pure fuel systems. This finding is significant because one of the assumptions made in 

the evaluation of pyrolysis rates from thermal degradation kinetics is that the degradat ion 

reaction is first order [152]. Accordingly, pyrolysis rates of mixed HTPB and paraffin fuel 

systems may be inaccurate when determined according to these methods. 

Hu et al. [121] evaluated HTPB/paraffin fuel blends containing aluminum, 

magnesium, ammonium perchlorate, and carbon black additives through DSC and TGA 

experiments at a heating rate of 20 K/min under air and nitrogen gas flows (30 mL/min) 

at temperatures from 20-750 °C. No information was provided regarding fuel sample 

preparation and manufacturing procedures. Mixtures without energetic additives were not 

presented, with the exception of a plain HTPB sample, so direct comparison to other 

experiments cannot be made. However, a reduction in the HTPB loading and 

corresponding equivalent increase in the paraffin loading in additive fuel samples led to 

increased mass loss at the first stage of decomposition, which is in agreement with the 

previously reported results. 

In general, the findings of Cardoso et al. [120] are in good agreement with the 

experiments completed by Sinha et al. [118-119]. However, Sinha et al. [118] noted a 35% 

mass loss in the first decomposition stage with the addition of only 27.75% paraffin, while 

Cardoso [120] noted a 35% mass loss corresponding to a 60% paraffin loading. The two 
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notable differences between the experiments were that Sinha et al. [118] utilized an inert 

Helium atmosphere and included paraffin as a dissolved liquid during the fuel mixing 

process, while Cardoso et al. [120] utilized an oxidant atmosphere and included paraffin 

as dispersed solid particles during the mixing process. The differences in their results 

highlight the importance of how atmospheric composition and paraffin inclus ion 

procedures can play a significant role in mixed-fuel system decomposition under heating 

in quiescent conditions. 

Lee and Tsia [122-123] evaluated the combustion of IPDI-cured HTPB loaded 

with 50%, 70%, and 90% paraffin in GOX and nitrous oxide core flows with axial and 

swirling flow configurations on a lab-scale hybrid motor. Oxidizer mass fluxes and 

chamber pressures were tailored through means of a pressure regulator and 

interchangeable nozzles and were varied in the ranges of 1.4-3.5 MPa and 50-500 kg/m2⋅s, 

respectively. Mixed-fuel samples were prepared by mixing molten paraffin and heated 

HTPB at a temperature of 80 °C, and curing procedures were carried out according to 

general HTPB curing practices. In addition to spatially and temporally averaged regression 

rate data, transient regression rate data were deduced from the burn reconstruction method 

developed by George et al. [153]. The researchers stated the mixed-fuel grains loaded with 

70% and 90% paraffin were not structurally sound and resulted in ejection of significant 

unburned fuel through the nozzle and unstable combustion at higher oxygen mass fluxes. 

[122] The addition of 50% and 90% paraffin to plain HTPB led to approximate regression

rate increases of 10% and 150%, respectively, under non-swirling GOX flow at an 
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oxidizer mass flux of 250 kg/m2⋅s. This finding suggests that a minimal paraffin loading 

may be required prior to realization of any useful regression rate enhancement. 

Boronowsky [124] evaluated the combustion of plain HTPB, plain paraffin, and 

HTPB loaded with 15% and 30% paraffin spheres (0.3-0.7 mm) in low GOX flow (15-60 

kg/m2⋅s) and low pressures (<0.7 MPa) on a lab-scale hybrid motor. Boronowsky’s 

intentions for including spherical paraffin in a non-homogenous fuel mixture, instead of 

liquid paraffin in a homogenous mixture, were to 1) not further complicate the curing 

process of HTPB fuel, and 2) yield the regression rate benefits of paraffin without 

compromising the structural integrity of the fuel grain. Utilization of spherical paraffin 

may also lead to a rougher fuel surface during combustion, once the paraffin spheres are 

removed from the fuel surface or become entrained into the core flow, and could lead to 

enhancement of turbulence and heat transfer. Boronowsky made notes on potential 

modeling complications but did not make a significant effort to model the regression of 

the mixed-fuel system. In particular, an accurate regression rate model would need to 

account for alterations in the gas properties due to variations in fuel chemistry, adjustments 

of the skin friction coefficient due to additional roughness, and modifications to the 

blocking factor. [124] It is worth noting that after combustion testing was completed on 

all fuel formulations, regression rate prediction of mixed-fuel compositions was 

completed through volumetric weighting of the empirical regression rate expressions of 

the base fuel formulations with some success. 

The fuel formulation containing 30% paraffin spheres showed signs of mechanica l 

weakness due to a lack of bonding between the paraffin and HTPB. The addition of 15% 
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and 30% paraffin spheres to HTPB led to 25% and 40% increases in regression rate, 

respectively, at the higher evaluated oxidizer fluxes. [124] The measured regression rates 

for baseline HTPB and paraffin do not agree with literature values and are significantly 

larger than reported elsewhere. A number of factors could cause this discrepancy includ ing 

the small motor scale (5×2 cm), but the probable culprit is the average oxidizer mass flux 

calculation methodology which is not presented within the paper. The reported oxidizer 

mass flux appears to be calculated through an average of the initial and final oxidizer mass 

fluxes, which can yield significant error for even small changes in the combustion port 

diameter [121]. Regardless, the presented results can still be considered on a relative scale 

to each other, and serve as a proof-of-concept for the proposed enhancement technique. 

Boronowsky [124] noted that the 30% paraffin- loaded fuel samples generated an 

audible noise during combustion testing, but no discrepancies were present in pressure or 

thrust data traces. Furthermore, Boronowsky suggested this sound may be related due to 

ejection of unburned paraffin pieces. There likely exists a confounding limit of paraffin 

sphere size and concentration for stable and efficient combustion, which is also dependent 

on hybrid motor scale. 

Boronowsky [124] also made several homogenous mixed-fuel samples by 

including liquid paraffin during the curing process. The paraffin concentration was not 

specified, but was likely similar to other fuel samples and on the order of 15-30%. 

Although the mixed-fuel samples exhibited good mechanical properties, combustion 

testing did not show any significant regression rate enhancement. This result is in 

agreement with the findings of Lee and Tsia [122], and may support the hypothesis that a 
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minimal paraffin loading may be required prior to realization of any useful regression rate 

enhancement. It is also worth noting that this experimental observation is in conflict with 

the thermal degradation studies of Sinha et al. [118-119] and Cardoso [120], in which 

inclusion of paraffin as a molten liquid led to more significant pyrolysis enhancement than 

inclusion of paraffin spheres. The combination of these experimental observations may 

further suggest that the surface roughness increase produced by removal of paraffin 

spheres at the fuel surface is indeed significantly enhancing turbulence and heat transfer 

processes. 

Weinstein and Gany [68] and Sisi and Gany [125] burned pure paraffin, pure 

PMMA, and HTPB/paraffin (1:1) mixed-fuel in a nitrous oxide core flow at low oxidizer 

mass fluxes (20-50 kg/m2⋅s). Additionally, the mechanical properties of the fuels were 

evaluated through uniaxial compressive testing at a displacement rate of 5 mm/min. The 

mixed-fuel specimens were manufactured by mixing paraffin particles (0.5 mm) into pre-

polymerized HTPB and allowing for binder curing at room temperature. Mechanical 

property testing demonstrated that the mixed-fuel system had significantly more elasticity 

than the pure paraffin fuel. The combustion data were analyzed to yield average regression 

rates and combustion efficiencies. The regression rate of the mixed-fuel fell in between 

that of the pure fuels and exhibited an oxidizer mass flux exponent that was reduced from 

0.67 for pure paraffin to 0.59 for the mixed-fuel system. Combustion efficiencies on the 

order of 80-100% were achieved and were generally higher for the mixed-fuel system in 

comparison to the pure paraffin fuel. Combustion tests with the pure paraffin fuel 

exhibited residual fuel mass in the post-combustion chamber and larger exhaust plumes 
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stemming from unburned fuel ejection, but these phenomena were not present in the 

mixed-fuel system. This burning behavior alteration was attributed to the variation of the 

fuel systems’ mechanical properties [125], but may actually be linked to the lack of a melt 

layer on the fuel surface. 

A group of students at the University of Washington [126-127] designed and built 

a sounding rocket based on a HTPB/paraffin fuel system burning in a nitrous oxide core 

flow. The team’s fuel was based on paraffin for high regression rates, and 10% HTPB was 

added as a structural agent. Unfortunately, useful diagnostics were not presented, so no 

comparison can be made between the motor firing data and other literature. 

Research efforts at the SPLab at Politecino di Milano have also focused on the 

inclusion of paraffin in HTPB fuel systems. DeLuca et al. [154] applied statistica l-

thermodynamic modeling and estimated a homogenous paraffin saturation limit between 

60 and 70%. Subsequent curing tests showed a loss of mixture stability between 60 and 

70% loading, as evidenced by mass loss after mixture curing. Uni-axial tensile testing at 

a displacement rate of 50 mm/in showed a significant increase in elasticity accompanied 

by a small reduction in strength due to the addition of 50% paraffin to the plain HTPB 

fuel. Ignition and combustion evaluations have also been completed, but not yet reported, 

and indicated no measureable regression rate enhancement with the inclusion of paraffin 

particles in an HTPB fuel matrix. (Personal Communication, May 19, 2017) 

In addition to the previously detailed thermal degradation studies, Sakote et al. 

[117] also evaluated HTPB fuel loaded with 35%, 50%, and 65% paraffin burning in a

swirling GOX core flow at moderate oxidizer mass fluxes (70-90 kg/m2⋅s). As previously 
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mentioned, fuel samples were prepared by mixing heated HTPB and molten paraffin and 

allowing the mixture to cure at 65 °C for 3-5 days. One fuel sample of each formulat ion 

was burned at the same initial conditions for a total time of 5 s, and the post-combustion 

fuel grains were cut and measured with calipers to determine the spatial fuel regression. 

No baseline HTPB or paraffin motors were burned, so a direct comparison cannot be 

made. However, average regression rate increases of 10% and 12% were noted when 

increasing the paraffin content from 35% to 50% and from 50% to 65%, respectively. 

[117] 

From the present authors’ group, Thomas et al. [128] evaluated the performance 

of a HTPB/paraffin fuel blend loaded with 10% paraffin burning in gaseous oxygen (10-

150 kg/m2⋅s) at moderate pressures (<1.5 MPa). The mixed-fuel system was prepared by 

inclusion of molten paraffin at elevated temperature and led to a 20% increase in 

regression rate across the tested oxidizer mass flux range. 

There is no general consensus on the effects of paraffin inclusion in HTPB on 

combustion behavior and regression rate enhancement. Combustion studies presented by 

Lee and Tsai [122-123] indicate that when paraffin is included as a molten liquid, a high 

loading is necessary for notable regression rate enhancement, which is in agreement with 

the findings presented by Boronkowsky [124]. Boronkowsky [124] directly compared the 

combustion of fuel blends containing paraffin included as a molten liquid and as spherical 

particles, and found that spherical particle inclusion is the only method that leads to 

regression rate enhancement at low mass loadings (< 30%). Combustion results presented 

by Sakote et al. [117] and Thomas et al. [128] are in direct conflict with these findings, 
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and suggest useful regression rate enhancement can occur at lower mass loading, even 

when included as a molten liquid. The reasons for these discrepancies are not clear, but 

they could potentially stem from variation in fuel formulation, motor scale, or prescribed 

operating conditions. 

In summary, significant work has been completed towards the evaluation of the 

thermal degradation of these fuel blends. In general, inclusion of paraffin in an HTPB fuel 

leads to increased mass loss during the early stages of decomposition, which is more 

prevalent with further paraffin loading. Several research teams have evaluated the 

combustion of HTPB/paraffin fuel blends on lab-scale hybrid rockets and under various 

operating parameters. While some researchers report significant enhancement, others have 

reported little to no enhancement associated with paraffin inclusion. Discrepancies 

between both thermal degradation and hybrid rocket combustion studies indicate that a 

paraffin inclusion limit for noticeable enhancement may exist, highlight the importance of 

paraffin inclusion methodology (molten liquid versus solid particle), and suggest potential 

dependencies on operating conditions. 

2.1.3. Summary 

The preceding section served to provide a general overview of the large effects 

oxidizer and fuel selection can have on the design of an HRE system. The most commonly 

utilized oxidizers are LOX and N2O, but several novel candidates such as Nytrox, MON, 

and ionic liquids are being considered for future mission. The most common fuels are 

HTPB and paraffin, and ABS is currently the only promising candidate. 
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2.2. Oxidizer Flow Manipulation 

Early combustion studies performed on aluminized polyurethane in FLOX flow 

by Lips [42] showed that proper design and implementation of mixing devices and the 

combustion chamber can significantly improve the combustion efficiency of hybrid 

propulsion systems. It is now well-known that the oxidizer injection system plays a major 

role in determining motor combustion efficiency and stability. [155] 

Swirling oxidizer flow represents a strategy that can increase both fuel regression 

rate and combustion efficiency. Paccagnella et al. [156-157] developed and utilized a 

numerical code to simulate hybrid rocket combustion phenomena involving swirling 

oxidizer flow. The authors found the tangential component of the oxidizer flow leads to a 

rotational flow field which enhances the mixing of the reacting chemical species, leads to 

higher temperatures, and increases regression rates and combustion efficiencies. [156] 

Increasing swirl number of the flow leads to further increases in the fuel’s regression rate 

due to further increases in mixing efficiency. [156] Increasing the chamber pressure did 

not affect the flow field shape, but it did increase its intensity which had negligible effect 

on the performance of the motor. [157] Furthermore, the authors were able to modify the 

classical empirical regression rate law to empirically predict regression rates based on 

oxidizer mass flux and swirl number with reasonable accuracy. [156] 

Summers and Villarreal [158] evaluated the combustion of HTPB/N2O motors 

with swirl injectors of various intensities (0-1.15). The measured regression rates linearly 

increased with increasing swirl number, and the highest swirl injector (1.15) yielded a 

50% increase in regression rate while yielding more uniform burning profiles than the 
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axial injection case. Shin et al. [159] induced swirl flow in PMMA fuel grains burning in 

gaseous oxygen by modifying the post’s geometrical structure, rather than the injector. 

The authors’ approach led to similar enhancements in regression rate, and a significantly 

more-uniform axial burn profile. 

Significant research efforts have been conducted on hybrid rocket configurat ions 

with swirling flows by researchers at Tokyo Metropolitan University [160-180]. These 

efforts have included direct visualization of swirling flow during the combustion of fuel 

grains, as shown in Figure 8. Experimental findings have indicated that the swirling flow 

is much more effective near the injection site and that the flow becomes more axial along 

the fuel grain’s length as mass is injected from the fuel surface. The research team has 

successfully developed control parameters, based upon the oxidizer viscosity and swirl 

number, which differed between the leading and downstream regions for the empirica l 

correlation of the regression rates in swirl-flow hybrids, which can be used to predict the 

performance of swirling flow hybrid systems. Hirata et al. [181], Araki et al. [182], and 

Ohe et al. [183] later proposed utilizing several swirl injection locations along the hybrid 

fuel grain’s length to yield further enhancement. This method did increase the regression 

rate and combustion efficiency further, but it also led to uninform burning near the 

injection sites. Ozawa et al. [184] successfully developed an oxidizer delivery system that 

was capable of transient variation of the oxidizer flow rate and swirl number to tailor the 

instantaneous regression rate, O/F ratio, and thrust of a hybrid rocket. 
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Figure 8. Direct visualization of swirling oxidizer flow during the combustion of a 

PMMA/GOX hybrid fuel grain. Image taken from Ref. [173]. 

The research team at Kyushu University [182-185] proposed utilizing several swirl 

injection locations along the hybrid fuel grain’s length to yield further enhancement. This 

method did increase the regression rate and combustion efficiency further, but it also led 

to uninform burning near the injection sites. Ozawa et al. [184] successfully developed an 

oxidizer delivery system that was capable of transient variation of the oxidizer flow rate 

and swirl number to tailor the instantaneous regression rate, O/F ratio, and thrust of a 

hybrid rocket. 

Tadini et al. [186] reported similar increases in regression rate for HTPB fuel 

combustion in a swirling gaseous oxygen flow but noted that aluminized formulations did 

not exhibit significant regression rate enhancement when swirl injection was substituted 
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for axial injection. Numerous other researchers have investigated swirl flows for hybrid 

rocket applications and presented similar findings. [92, 187-194] 

Boardman et al. [195] advocated for wire screens inside of the combustion 

chamber to enhance heat transfer and mixing, and increase regression rates and 

combustion efficiencies. Experimental results in the JIRAD project indicated combustion 

efficiencies approaching 100%. Osmon [196] incorporated protrusions into fuel grains and 

noted a slight increase in combustion efficiency. Gany and Timnat [197] utilized phenolic 

diaphragms to yield combustion efficiencies on the order of 97-98%. Furthermore, the 

authors noted that altering the location of the diaphragm had a negligible effect on the 

resultant combustion efficiency. Grosse [198] incorporated numerous diaphragm designs 

into the combustion chamber to yield improved combustion efficiencies, and also noted 

corresponding improvements in regression rate. 

Kumar and Ramakrishna [199] demonstrated the utilization of a bluff body in 

gaseous oxidizer flow to induce regression rate enhancement during the combustion of 

HTPB fuel. The enhancements effects were more prominent at lower oxidizer mass fluxes 

and shorter motor lengths. Additionally, the enhancement strategy led to a more uniform 

axial burn profile. Kumar and Ramakrishna [200-201] later reported on the inclusion of 

rubber and graphite protrusions in the oxygen flow field to yield enhanced regression rate, 

but this method did not yield as satisfactory uniform burning profiles. Example post-burn 

profiles of the fuel grains with protrusions at several locations are shown in Figure 9. 

Numerical computations by Kumar and Kumar [202] indicated that the protrusion’s height 
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plays an important role in enhancement due to alterations in the flame zone height in the 

downstream recirculation zone. 

Figure 9. Effect of diaphragms on the regression rate of hybrid fuel grains. Image taken 

from Ref. [201]. 

Researchers at the University of Padua and the University of Wuppertal [203-207] 

numerically and experimentally evaluated the effects of several diaphragm geometries and 

locations on the combustion behavior of paraffin burning in nitrous oxide. Incorporations 

of diaphragms yielded enhanced downstream mixing and regression rates, and 

significantly increased combustion efficiencies. For example, the presence of a four-hole 

diaphragm located at 1/3 the motor length yielded an 80% increase in regression rate and 

an absolute increase of 12% in delivered specific impulse. 

Kim et al. [208-209] evaluated the effects of tapered fuel ports and a midst mixing 

chamber on the performance of HDPE burning in GOX and noted increased regression 

rates and combustion efficiencies with both methods of enhancement. Similarity, Ishiguro 
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et al. [210] found that inclusion of a baffle plate amidst the mixing chamber led to 

regression rate and combustion efficiency enhancements. 

Sakashi et al. [211] evaluated hybrid fuel grains with alternating convex-concave 

surface structures of various sizes and spacings. Although the unique fuel geometries led 

to enhanced regression rates, significant combustion instabilities were produced. 

Yano [212] noted a significant increase in the combustion efficiency of an HTPB 

fuel grain containing 20% AP burning in aqueous HAN by the replacement of a shower 

head injector with an impingement type injector head. 

In summary, oxidizer injection schemes and combustion chamber design play 

major roles in determining the delivered performance of a HRE system. Improper design 

can lead to poor combustion efficiencies. Furthermore, the injector design can be modified 

through several means to yield alternative fuel regression rates, higher combustion 

efficiencies, and tailored motor operating conditions. 

2.3. Combustion Port Geometry Augmentation 

George et al. [213] performed a parametric investigation to determine the effects 

of cylindrical port grain geometry variations and determined that reduction in port 

diameter led to large increases in regression rate and increases in port length led to minor 

increases. The port diameter effect is much larger and is related to the increase in oxidizer 

mass flux, while the port length effect is related to increases in the local total mass flux. 

Evans et al. [214] performed scaling tests with plain and aluminized HTPB fuel 

grains burning in oxygen. The experimental results, shown in Figure 10, indicate that the 

larger motor exhibited lower regression rates at comparable oxidizer mass fluxes and that 
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the effectiveness of the additive aluminum was significantly reduced as the motor’s size 

was increased. 

Figure 10. Hybrid fuel grain size effects on regression rate and additive particle 

effectiveness. Image taken from Ref. [214]. 

2.3.1. Additive Manufacturing 

Fuller et al. [215-218] of the Aerospace Corporation were amongst the first to 

recognize the potential benefits of additive manufacturing for production of hybrid fuel 

grains. They designed and burned several epoxy-acrylate fuel grains with helical ports, 

swept star geometries, and passive flow control structures and burned them in gaseous 

oxygen as a demonstration of the technology. Recent work by Fuller [218] has focused on 
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the production of 3D-printed fuel grains which incorporate passive fuel storage inside of 

the fuel grain and release a secondary liquid fuel during combustion. 

Researchers at the Pennsylvania State University (PSU) [219-220] manufactured 

acrylic grains with various combustion port geometries. Novel geometries were 

manufactured by printing ABS substrates (swept honeycombs or turbulator vanes) and 

filling the remaining system with paraffin. In comparison to plain paraffin with a straight 

combustion port, the novel geometries yielded enhanced regression rates and higher 

combustion efficiencies 

A student team at Purdue University [221] recently designed and built a 3D printer 

for manufacturing paraffin-based fuel systems. The team successfully printed a lab-scale 

fuel grain and burned it at Zucrow Laboratories. 

Catina et al. [222] utilized additive manufacturing to develop sophisticated grain 

geometries with flow and injection configurations, as shown in Figure 11. The motors 

were fabricated with acrylic fuel and burned in gaseous oxygen at the PSU High Pressure 

Combustion Laboratory. In comparison to the traditional tube motor configuration, the 

alternative geometry (Figure 11) yielded a 10% increase in chamber pressure and 2.5% 

increase in combustion efficiency at the same oxidizer flow conditions. 
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Figure 11. Fuel grain geometries manufactured with internal flow injection structures. 

Images taken from Ref. [222]. 

Researchers led by Stephen Whitmore at Utah State University [49, 132-148] have 

evaluated several 3D-printed hybrid fuel systems based on ABS. Whitmore et al. [132-

134] have argued that ABS fuel is similar to HTPB in terms of combustion performance

and properties, but is also more versatile since it has better mechanical properties and print 

capabilities. Whitmore et al. [134-140] have also designed an arc ignitor compatible with 

ABS/GOX, and numerous other fuels and oxidizers, that allows for dependable restart 

capability and which has been incorporated into several fully designed hybrid rocket 

systems [135, 141-144]. 

Whitmore et al. [145-146] evaluated 3D-printed ABS fuel grains with helical port 

structures, as shown in Figure 12. The helical combustion port structures yielded 

significant regression rate enhancement, which is reduced over time as the fuel grain 
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‘straightens’ during combustion. The improved regression rates were attributed to higher 

skin friction coefficients and enhanced convection heat transfer stemming from reduced 

wall blowing due to centrifugal forces from the helical flow. 

Figure 12. Post-combustion images of ABS fuel grain with helical fuel structures. Image 

taken from Ref. [145]. 

McCulley et al. [223] printed an ABS mesh structure which was infilled with 

paraffin wax to yield enhanced regression rates and surprisingly good combustion 

stability, with a non-constant thrust profile. Eilers et al. [141, 144] 3D-printed an ABS 

pancake-type motor that was built into a cubesat system which included vortex flow, N2O 

regenerative cooling, a truncated aerospike nozzle, and secondary fluid injection. 

Whitmore et al. [143] developed a thruster which is entirely printed and then 

coated with Nickel, and they demonstrated its combustion performance capability. 

Whitmore et al. [147] has also suggested the use of consumable 3D printed hybrid 
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chambers in the structure of small satellite for deorbiting maneuvers, similar to the design 

proposed by Remson et al. [224]. 

Elliott et al. [225] recently demonstrated a process for additive manufacturing of 

fuel grains with 10% micro-aluminum loading through stereolithography. Jones [226] has 

patented a similar method that incorporates 5% polymer-capped nano-aluminum into a 

thermoplastic fuel system which is 3D-printed by fused deposition modeling. This 

technology is currently being employed under a DARPA contract by Rocket Crafters, Inc. 

to develop the two-stage Intrepid-1 hybrid rocket launch vehicle. Discussions with John 

DeSain of the Aerospace Corporation indicate that their Propulsion Science Department 

has developed a similar technique for printing thermoplastic fuels loaded with 10% micro -  

or nano-aluminum by fused deposition modeling. (Personal Communication, 2016) 

Johnson et al. [227] have demonstrated an additive manufacturing method capable of 

producing HTPB fuel samples with up to 80% solids loadings of micro-aluminum, 

although the system, method, and its performance have not been detailed. 

2.4. Energetic Additives 

Inclusion of energetic additives can improve theoretical specific impulse and fuel 

density, attenuate acoustic instabilities, and increase mass generation. [37] However, 

disadvantages of additives can include increased cost of materials and processing, poor 

aging performance, additional hazards, and decreased efficiency from slower chemical 

kinetics and two-phase losses. [37] The introduction of additives can also include 

additional complexities, such as a change in the optimum O/F during operation, alteration 

of the fuel’s mechanical and rheological properties, introduction of regression rate 
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dependency on pressure, slag formation during operation, increased nozzle erosion rates, 

increased toxicity, and compatibility issues. [37] Experimental efforts towards production, 

inclusion, and characterization of additives in solid fuels are reviewed in this section. 

2.4.1. Oxidizer Inclusion 

Raghunandan et al. [228] utilized 25% ammonium perchlorate (NH4ClO4/AP) 

loading in polyester fuel burning in air to yield smooth combustion and easy ignition in 

solid fuel ramjet experiments. George et al. [213] performed combustion experiments on 

plain HTPB fuel grains burning in GOX and with fuel grains including 8% AP, and both 

aluminum and AP. The inclusion of AP led to significant increases in regression rate, and 

further enhancement was seen with the additional inclusion of aluminum. 

Humble [55] included 2% potassium perchlorate (KClO4) in 

polydicyclopentadiene (DCPD) fuels burning in hydrogen peroxide (H2O2) to increase 

pressure dependence and regression rate. The additive fuel grain exhibited a 15% increase 

in average regression rate over the plain DCPD fuel grain but also exhibited evidence of 

burn-through at several axial locations. 

Experimental work by Frederick et al. [229] evaluated HTPB fuel seeded with 0-

30% AP and 0-5% burn rate catalyst (Fe2O3) burning in GOX. The introduction of AP into 

the fuel grain led to pressure-dependent regression behavior. The inclusion of 27.5% AP 

and 2.5% catalyst led to a 450% increase in regression rate over plain HTPB. Furthermore, 

additive fuel grains remained extinguishable through termination of oxidizer flow. 

Marothiya et al. [230] reported on HTB fuel grains containing micro-aluminum, 

AP, and iron oxide (Fe2O3) or copper chromite (Cu2Cr2O5) burn rate catalysts. The authors 
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noted that an AP loading limit exists above which the fuel grain is not extinguishab le 

through termination of oxidizer flow. Combustion experiments in a lab-scale hybrid 

burner were carried out on a formulation containing 35% micro-aluminum and 15% AP. 

Inclusion of these additives led to regression rate enhancement at low-moderate oxidizer 

mass fluxes (<20 kg/m2-s). Reduction of the AP size and inclusion of the burn rate 

catalysts led to further regression rate enhancement. Furthermore, the inclusion of the burn 

rate catalysts increased the oxidizer mass flux dependency, with copper chromite 

outperforming iron oxide. 

Wernimont et al. [231] investigated the utilization of a consumable sodium 

borohydride (NaBH4) catalyst bed system in a hybrid motor configuration with 

polyethylene (PE) and hydrogen peroxide (H2O2) as the binder, and oxidizer, respectively. 

The inventors’ intention was to utilize the combustion products for ignition and 

subsequent combustion of a downstream fuel grain. 

Yano [212] performed combustion experiments with an 80% AP/HTPB fuel grain 

burning in 90% HAN/water solution crossflow. Experimental results indicated high 

combustion efficiency, stable combustion, and that fuel regression was pressure dependent 

and not a function of mass flux. Yano also noted that injector type played a large role in 

combustion efficiency performance. Similar experiments performed by Takashita and 

Teramoto [232] with 60% AP/HTPB propellant burning in inhibited white fuming nitric 

acid exhibited comparable combustion efficiencies (>95%). 

The NASA PHUS [233] program aimed to develop a gas cycle hybrid engine based 

on 60% AP/HTPB propellant burning in 90% hydrogen peroxide flow. The low loading 
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of AP allowed for the team to classify the system as a 1.4C explosive, which allowed for 

retention of the hybrid’s touted safety advantages. Laboratory-scale experiments revealed 

the combustion behavior was dependent upon injector type, binder type, fluidic oxidizer 

level and type, and solid oxidizer particle size. Furthermore, the fuel exhibited pressure-

dependent burning behavior and little mass flux dependency. Scale-up tests with sub-scale 

motors demonstrated predictable fuel regression rates, high combustion efficienc ies 

(>98%), and controllable extinguishment. 

Numerous other researchers, including the works by Radinsky et al. [234] and Lee 

and Lee [235] have also evaluated fuel systems containing solid oxidizer with similar 

results. It is evident from these experimental undertakings that inclusion of oxidizers 

within the solid fuel matrix can yield improved performance in terms of specific impulse, 

regression rate, and combustion efficiency without removing the benefits of superior 

safety associated with hybrid rockets; however, oxidizer inclusion can significantly alter 

the already complex combustion response yielding additional regression rate dependency 

behavior. 

An alternative oxidizer incorporation method was recently developed by Matthews 

et al. [236-237] which entails an ultrasonic emulsification method to yield stable liquid -

fuel-in-solid-fuel-binder colloidal dispersions. This method could potentially be utilized 

to incorporate numerous energetic liquid oxidizers or additives into the solid fuel matrix, 

but the authors’ work has been limited to ethanol thus far. 
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2.4.2. Metal-Based Additives 

Risha et al. [54] include an extensive review of energetic additives utilized in 

hybrid rocket and solid fuel ramjet (SFRJ) systems as well as the history of their  

development. Metallic particles, both on a micro- and nano-scale, are one of the most well-

studied inclusions in hybrid motors owing to their capability to increase regression rates 

and serve as a dense, high-energy fuel source. The addition of metallic additives to solid 

fuel grains can result in higher specific impulse performance, higher volumetric heat of 

oxidation, improved adiabatic flame temperature and heat of combustion, and enhanced 

radiation heat transfer processes. [54] Figure 13 shows a comparison of the gravimetr ic 

and volumetric heats of combustion with oxygen for HTPB with common metallic fuels. 

[54] The highest specific-energy materials are aluminum, boron, and beryllium which can

be used to increase performance in mass- and volume-limited applications. Beryllium has 

the highest gravimetric heat of oxidation, but the high toxicity of its oxide has kept it from 

becoming a viable additive. Boron has the highest volumetric heat of oxidation, but 

difficulties with its ignition and complete combustion have hindered its adaptation. 

Aluminum is the most well-studied and adapted metallic particle for performance 

enhancement in hybrids but has its own complications. 
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Figure 13. Comparison of heats of combustion with oxygen of several fuels. Image taken 

from Ref. [54]. 

An alternative method for comparing the metals as potential additives in rocket 

propellants is presented by Karabeyoglu [37] and shown in Figure 14. The metals are 

ranked according to their heat of combustion during combustion with oxygen per total 

propellant mass, including the oxidizer mass. On this basis, total propellant mass for 

comparison, lithium out performs all other metals except the highly toxic beryllium. 
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Figure 14. Comparison of available energy per total propellant mass for metals 

combusting with oxygen. Image taken from Ref. [37]. 

Karabeyoglu and Arkun [37] performed a comprehensive assessment of fuel 

additives for hybrid rocket engines based on an open literature review and corresponding 

chemical equilibrium calculations. The selected additives were ranked according to their 

capability to increase performance; availability and cost; increase in hazards; storability; 

and potential for immediate adaptation into current designs. The key results of the study 

were 1) metallic additives are not an effective means to increase regression rate of solid 

fuels; 2) aluminum additives are excellent for increasing specific impulse and density 

specific impulse performance, especially when used with energy-deficient oxidizers; 3) 
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aluminum hydride (AlH3) delivers the best performance benefits, but is not commonly 

available and has long-term storability issues; and, 4) boron-based additives do not have 

a major impact on hybrid rocket performance due to incomplete combustion. The authors 

also noted that boron-hydride compounds, such as decaborane and ammonia borane, could 

potentially be useful in hybrid systems, if improvements in combustion efficiency could 

be made. 

Aluminum is the most researched additive for solid fuel formulations due to its 

relatively high heat of oxidation, high density, and ease of ignition. Micro-scale aluminum 

increases solid grain regression rates through energy release from metal oxidation and 

enhanced radiation heat fluxes from the diffusion flame zone back to the fuel surface. [54] 

Radiative heat transfer enhancement in aluminized hybrids stems from higher gas phase 

temperatures and radiating metallic particles. Nano-particle additives have been shown to 

yield better combustion efficiencies, enhanced heat transfer processes, and shorter ignit ion 

delay and burning times when compared to their micro-particle counterparts. [54] The 

drawbacks of nano-additives include higher cost, difficult synthesis and processing, and 

decreased safety. Nano-scale aluminum has the same radiative effect as micro-aluminum, 

but also has much lower ignition temperatures and times, due to a high specific surface 

area, resulting in energy release closer to the fuel surface. [54] However, most aluminum 

nano-particles have a significantly higher unreactive, oxide mass fraction which is 

dependent on the additive’s production and processing. A state-of-the-art review of 

aluminum-based nanoparticles for energetic applications, especially related to solid 

propellants, is provided by DeLuca [238]. 
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Boron has received significant attention as a fuel additive for hybrid rockets and 

SFRJ systems due to its high volumetric and gravimetric heats of combustion. However, 

boron has not yet yielded its performance potential in chemical propulsion systems due to 

difficulties with ignition and complete combustion. Ignition difficulties stem from the 

presence of boron oxide, B2O3, at the metal particle surface which inhibits ignition, and 

inefficient combustion is derived from the formation of HOBO compounds in systems 

containing hydrogen. 

The following section serves to provide a thorough review of experimenta l 

investigations focused on the incorporation of metal-based additives in solid fuels for HRE 

and SFRJ applications. Plain metal particles, especially aluminum and boron, are well 

studied and are discussed in detail. Metal hydrides are also discussed in detail due to their 

recent and widespread attention in the HRE literature. Advanced metal-based additives 

manufactured through various means are also considered; however most of the state-of-

the-art additives have been evaluated in solid propellant combustion rather than solid fuel 

combustion. 

2.4.2.1. Pure Metals 

The Air Force’s Sandpiper Target Missile’s development program was amongst 

the first to demonstrate hybrid motor firings with metal additives and included combustion 

testing of PMMA fuel loaded with several metallic powders burning in MON-25 oxidizer. 

[12, 239] Experimental results indicated that the addition of a magnesium additive led to 

regression rate enhancement, and increased loading (5, 10, and 20%) led to further 

regression rate enhancement but less-efficient combustion. [239] 



54 

Lips [40-42] was among the first researchers to comprehensively investigate 

aluminum additives in hybrid rockets propulsion systems. Lips performed combustion 

experiments of highly aluminized (60-80%) fuels burning in FLOX to evaluate the effects 

of binder composition; metal type and concentration; and oxidizer composition. Lips 

found that increasing the aluminum loading leads to further regression rate enhancement 

but reduces the observed combustion efficiency. [42] The regression rate enhancement 

effect seen with increased aluminum loading is shown in Figure 15. [42] The increase in 

regression associated with the increase in aluminum loading is evidence that some portion 

of the aluminum additive is combusting in the near-surface region and contributing to heat 

feedback. [54] Furthermore, Lips evaluated other metals including silicon, boron, and 

magnesium. The experimental results suggested that aluminum slightly outperformed 

silicon and boron in terms of regression rate and magnesium exhibited significantly larger 

regression rate enhancements than aluminum. [41] The higher regression rates exhibited 

by magnesium-loaded fuel were attributed to rapid vapor-phase combustion of the metal. 

Lastly, the aluminum particle size was varied in the micrometer range, with negligib le 

alteration to performance. [40-41] 



55 

Figure 15. Enhancement of regression rate seen with increased aluminum loading in 

HTPB fuels burning in FLOX. Image taken from Ref. [42]. 

Strand et al. [240-242] performed combustion studies of HTPB with and without 

micro-aluminum and coal particles burning in GOX on single- and double-slab burners. 

The combustion events and regressing fuel surfaces were characterized with high-speed 

video data acquisition. Strand noted a surface melt layer that contained binder and 

agglomerated additive that would periodically detach from the combustion zone. 

Reducing the aluminum particle size in the micrometer range did not reduce 

agglomeration size, which was on the order of 1 mm, and had negligible effects on 

performance.  At higher oxidizer fluxes, the melt layer transitioned to a steady regression 

of carbonaceous ash stemming from rapid decomposition of the HTPB due to increased 
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surface heat flux. [240] This finding resulted in pressure dependency at lower oxidizer 

mass fluxes and suggested that at higher oxidizer mass fluxes, the rate-limiting step is 

mass diffusion. The effect of adding a second slab to the experimental apparatus is shown 

in Figure 16. Inclusion of the second slab during combustion had no effect on plain HTPB 

regression, but it significantly increased aluminized fuel regression which is evidence of 

the role of radiation heat transfer in the regression process. 

Figure 16. Regression rate behavior of (left) plain HTPB and (right) aluminized HTPB 

with coal burning in gaseous oxygen in a single and double slab burner configurat ion. 

Images taken from Ref. [240]. 

George et al. [213] completed combustion testing of plain and 20% aluminized 

HTPB fuel grains burning in gaseous oxygen and found significant increases in regression 

rate for the aluminized fuel, especially at higher oxidizer mass fluxes. 

Some of the most comprehensive work on metallic additives has been completed 

by researchers at Pennsylvania State University under the supervision of Dr. Kenneth Kuo. 

and Dr. Vigor Yang. [1, 80, 39, 214, 243-276] Early investigations by Chiaverini et al. [1, 

243-247] reported on the combustion behavior of HTPB fuels loaded with carbon black



57 

and micro- and nano-scale aluminum. Experiments were performed in a double-slab 

burner configuration, where one slab was composed of pure HTPB and the second 

included additive particles. The inclusion of nano-aluminum led to higher regression rate 

enhancement than micro-aluminum. The regression rate enhancement for micro-

aluminum is attributed to increased radiative heat transfer and combustion gas 

temperature. The further enhancement from the addition of nano-aluminum is attributed 

to the higher rate of exothermic reactions in the near-surface region. The effects on nano-

aluminum (100-150 nm) addition are shown in Figure 17. Increasing regression rate 

enhancement is noted with increasing additive loading. Chiaverini et al. [245-246] also 

conducted hot disk pyrolysis experiments under rapid heating conditions (>100 K/s) for 

plain HTPB specimen and fuel samples loaded with 20% micro- and nano-aluminum. The 

Arrhenius regression rate parameters were not altered by the addition of aluminum, which 

supports their previous conclusions from hybrid rocket experiments. 
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Figure 17. The effects of nano-aluminum addition to HTPB fuels burning in gaseous 

oxygen. Image taken from Ref. [248]. 

Risha et al. [249-253] included numerous aluminum- and boron-based additives in 

HTPB fuel grains burning in gaseous oxygen. The additive particles were purchased from 

several commercial entities and preliminary characterized by thermal gravimetric analysis 

(TGA), dynamic scanning calorimetry (DSC), Brauner-emmet-teller (BET) analysis, base 

hydrolysis, and scanning electron microscope (SEM) methodologies to determine their 

respective composition, size, and morphology. Regression rate results for aluminum- and 

boron-based additives are shown in Figures 18 and 19, respectively, and the effects on 
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combustion and specific impulse efficiency of these additives are shown in Table 1. 

Experimental findings are summarized as follows: 

1) The regression rate enhancement and combustion efficiency associated with

aluminum or boron addition is dependent upon the particle size, type,

geometry, composition, and loading.

2) Decreasing the size of the aluminum additive particles leads to enhanced

regression rates stemming from fast and efficient combustion processes in the

near-surface region and enhanced heat transfer processes.

3) Increasing the additive content in the propellant increases the regression rate;

however, additional loading at high contents leads to less-efficient combustion

in the near-surface region and periodic surface-layer shedding, so that a

practical loading limit exists.

4) Passivation techniques that alter the oxide layer and coat the additive in an

alternative, protective chemical layer, such as a fluorinated compound, can

successfully lead to further regression rate enhancement and increased

combustion efficiency.

5) Combustion and specific impulse efficiency losses are more prevalent in boron

compounds than aluminum compounds due to the inherent difficult ly

associated with igniting boron and additional two-phase flow losses in the

nozzle.



60 

Figure 18. The effects of various aluminum additives on HTPB regression rate. Image 

taken from Ref. [254]. 

Figure 19. The effects of various boron additives on HTPB regression rate. Image taken 

from Ref. [254]. 
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Table 1. The effects of various aluminum and boron additive on HTPB combustion and 

specific impulse efficiency. Image taken from Ref. [254]. 

Evans et al. [39, 80, 214, 248, 254-255] went on to study the effects of aluminum 

additive in paraffin fuels and scalability of the previously observed enhancements. 

Experimental observations suggested that aluminum additives agglomerating on the 

surface of paraffin fuels can become encapsulated and entrained in oxidizer flow, which 
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leads to further increases in regression rate and combustion effic iency when compared to 

HTPB. [80] Larger HTPB fuel grains, scaled up by a factor of 3, were burned in a follow-

up set of experiments. [214] The regression rate of plain HTPB was decreased by 

approximately 15% which was attributed to decreases in heat flux associated with the 

larger port diameter. The regression rate enhancement due to aluminum addition exhibited 

by the smaller motor was not retained in the larger motor. The authors speculated that this 

finding is most likely associated with ‘flake’ geometry of the evaluated aluminum and 

stipulate that further work should be completed to identify scaling difficulties associated 

with metallic additives. 

Further researcher at PSU [266-269] focused on the evaluation of boron-based 

fuels for SFRJ applications which included numerical simulations, laser ignit ion 

experiments, and solid-fuel combustion experiments for various propellant systems. Solid-

fuel combustion experiments were performed in subsonic and supersonic air flows with 

varying boron concentrations, sizes, and purity; oxygen mass fraction; oxidizer 

temperature; and chamber pressure. The addition of boron particles to HTPB fuel led to 

an increase in regression rate at nearly all operating conditions. However, higher loadings 

(>10%) showed decrements in regression rate with the densest fuel (50% B) yielding a 

regression rate below that of plain HTPB. The increase in regression rate at low loadings 

of boron is derived from heat generated during particle burning in the diffusion flame and 

a corresponding increase in heat transfer back to the fuel surface. The diminishing returns 

associated with additional boron loading was attributed to a combination of unreacted 

boron particles absorbing heat which reduces the gas-phase temperature and boron 
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accumulation on the fuel surface which leads to a blocking effect. Reduction of particle 

size, increasing the purity, or magnesium coatings on the boron additive led to further 

enhancements in regression rate. The effects of boron were also more prevalent at higher 

freestream temperatures.  

A network of Italian-based researchers have been working towards improving the 

performance and understanding of hybrid rocket propulsion systems. [277] A significant 

amount of experimental work regarding energetic additives in hybrid fuel systems has 

been conducted at the Politecnico di Milano under the leadership of Dr. Luigi DeLuca. 

[14-18,186,278-296] The research team thereat has developed a typical cylindrical burner 

apparatus in conjunction with a time-resolved optical measurement system to visualize the 

transient combustion behavior of fuels burning in solid fuel samples. 

Galfetti et al. [278] evaluated the addition of nano-aluminum in gelled- and solid-

wax fuel formulations. Interestingly, the nano-aluminum additive was found to be 

significantly more effective in the gelled wax as compared to the solid wax, most likely 

since the plain, gelled-wax regression rate was much lower than that of the plain, solid 

wax. 

DeLuca et al. [279] and Paravan et al. [280] reported on aluminum particle size 

effects in HTPB fuels burning in gaseous oxygen. Reduction of particle size from micro-  

to nano- and then further in the nano-regime led to further increases in regression rate 

which was attributed to more-rapid exothermic reactions closer to the fuel surface. 

Experimental results from tensile testing of fuel samples showed micro-particles led to 

better reinforcement than nano-particles, which was attributed to aggregate formation 
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associated with the nano-particles. Furthermore, sonication treatments to reduce 

aggregation in the fuel samples containing nano-particles were able to improve the fuel’s 

mechanical properties. 

A cooperative researcher effort performed by the Israel Institute of Technology 

and the Naval Postgraduate School [297-302] examined the combustion of HTPB fuels 

loaded with boron and boron carbide particles burning in air crossflow for solid fuel ramjet 

(SFRJ) applications. The authors noted that the boron particles tended to form larger 

agglomerates on the fuel surface and that particle removal from the surface occurred by 

two distinct methods: 1) ejection of a fuel surface piece from shear forces or 2) a burst of 

particles due to oxidizer impingement and local pressure build up. [297] Regardless of the 

particle-removal phenomenon, the particles did not have sufficient residence times or 

oxidizer concentration to burn rapidly prior to nozzle ejection. Installation of a post-

combustor bypass air system allowed for significant combustion efficiency enhancements 

by increasing the local oxidizer concentration around the already burning particles and 

increasing particle residence times. [299] Improvement of combustion efficiency with 

boron-loaded solid fuels by the introduction of bypass air is a well-established result. [303] 

Fluorine is an extremely electronegative element and can be utilized as an 

oxidizing agent in the oxidation of fuels, including metallic particles. The most common 

form of fluorine inclusion for metallic particle combustion purposes is 

Polytetrafluoroethylene (PTFE), a fluorocarbon that contains 75% Fluorine by mass. [304] 

PTFE/metal systems have also been evaluated in numerous capacities as pyrolant 

mixtures, and a thorough review is given by Koch [305]. One representative study was 
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completed by Shidlovskii and Gorbunov [306] who measured the burning rates of PTFE 

pellets loaded with micro-boron, magnesium, and titanium at various pressures. In all 

cases, the inclusion of each metal led to an increase in burning rate of the system, with 

titanium and born yielding the best and worst results, respectively. Furthermore, each 

PTFE/metal system had an optimum fuel loading that yielded the highest burning rate 

value. 

Connell et al. [307-308] recently reported on utilization of a 

polytetrafluoroethylene ((C2F4)n/PTFE) binder containing 20% boron as a high-dens ity 

solid fuel for hybrid rocket applications. The fuel’s regression rate exhibited high pressure 

dependency and negligible mass flux dependency. High combustion efficiencies (>95%) 

were achieved at higher motor operating pressures (>15 MPa). The authors attributed the 

high combustion efficiency of the boron additive to the local presence of fluorine which 

enhances the removal rate of the passivating boron oxide surface layer and the lack of 

hydrogen which avoids production of metaboric acids (HBO2). Connell also provides an 

extensive review of research completed on boron combustion and the effects of fluorine 

oxidizing environments, all of which suggest that the presence of fluorine can lead to 

more-rapid and efficient ignition and combustion of boron additives. 

Connel et al. [309-310] evaluated PTFE and 20% boron as a potential hybrid fuel 

candidate and completed combustion testing with gaseous oxygen in a lab-scale rocket, 

and in oxygen and nitrogen environments in a strand burner. The authors noted that the 

presence of fluorine was expected to enhance the removal rate of boron oxide leading to 

enhanced ignition, while the lack of hydrogen in the system would mitigate the formation 
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of metaboric acid and other boron hydrides leading to enhanced combustion efficiency. 

The fuel formulation exhibited pressure dependency and burned similar to a solid 

propellant above the low-pressure, self-deflagration limit, but burned similar to a classical 

hybrid below this limit. 

Young et al. [322] evaluated the combustion of boron-containing PTFE fuel 

samples in an opposed flow burner configuration. Theoretical chemical equilib r ium 

calculations suggest this fuel system is capable of significant performance improvements 

over plain HTPB (~460 s Isp), but high flame temperatures (>3000 K) could limit their 

application. The opposed-flow ballistic testing showed the regression rates of PTFE/boron 

fuels are lower than that of plain HTPB, but the higher density of the system yielded 

comparable mass flow rates. Lab-scale hybrid rocket testing was characterized by odd 

burning behavior and suggested possible pressure and oxidizer mass flux dependencies.  

2.4.2.2. Metal Hydrides 

Metal hydrides represent a class of metal-based additives that can significantly 

improve the specific impulse of hybrid rocket propulsion systems, but one major difficulty 

with the incorporation of metal hydrides is their high reactivity with water and humid air. 

This complication makes utilization of some binders, such as HTPB, impractical due to 

outgassing and water penetration, but other binders, such as paraffin and DCPD, have 

shown good compatibility with metal hydrides. Lithium-based particles, such as lithium 

aluminum hydride, have relatively low volumetric heats of oxidation, but exhibit high 

gravimetric heats of oxidation and are extremely reactive due to their electropositive outer 
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shell. Another key advantage of metal hydride additives is the potential to remove the 

ignition system because they can be hypergolic with some oxidizers. 

Detailed theoretical chemical calculations for HTPB fuels loaded with numerous 

metals and metal hydrides burning in oxygen has been completed by the research team at 

Politecnico di Milano. [281-283] Impulse performance variation with the inclusion of 

these additives is shown in Figure 20. These calculations demonstrated that aluminum 

hydride (AlH3) has the greatest potential for specific impulse improvement amongst the 

surveyed metal hydrides. 

Figure 20. (left) Gravimetric and (right) volumetric specific impulse performance 

variation with the inclusion of various metal hydrides in comparison to plain HTPB 

burning in oxygen. Images taken from Ref. [283]. 

Smoot and Price [7-8] performed laboratory-scale combustion experiments of 

butyl rubber seeded with 0-90% lithium hydride (LiH) burning in pure oxygen, pure 

fluorine, and FLOX flows. Their experimental results are shown in Figure 21. These 
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experiments showed that the addition of LiH to rubber increased the regression rate, and 

that increasing the mass loading of LiH led to further regression rate enhancement, 

especially at higher oxidizer mass fluxes. Furthermore, increasing the amount of lithium 

additive reduced high-flow-rate pressure dependence. The transition from mass flow 

dependent behavior to pressure-dependent behavior was speculated to correspond to a 

shift from a diffusion-controlled regime to a chemical kinetics-controlled regime. 

Figure 21. Regression rate dependence on lithium hydride (LiH) loading in butyl rubber 

burning in oxygen. Image taken from Ref. [7]. 



69 

Osmon [196] performed combustion experiments of polyethylene (PE) fuel seeded 

with 95% lithium aluminum hydride (LiAlH4) burning in 90% liquid hydrogen peroxide 

(H2O2). The fuel grains exhibited increased regression rate in comparison to plain PE. 

Osmon noted non-uniform burning consisting of more-significant regression at the fuel 

port entrance and further downstream locations. Humble [55] incorporated 50% lithium 

aluminum hydride (Li3AlH6) into dicyclopentadiene (DCPD) fuel burning in hydrogen 

peroxide (H2O2). Theoretical thermochemical equilibrium calculations were performed to 

demonstrate the capability of the additive to significantly improve the specific impulse of 

hybrid systems. The additive fuel’s combustion gases were much hotter than expected and 

eroded the nozzle quickly, but early test data indicated a significant increase in chamber 

pressure and temperature, fuel regression, and thrust production corresponding to the 

introduction of the additive. Corpening et al. [323] performed combustion experiments of 

dicyclopentadiene (DCPD) fuel seeded with 50-80% lithium aluminum hydride (LiAlH4) 

burning in 98% liquid hydrogen peroxide (H2O2). Chemical equilibrium calculat ions 

confirmed the additive was capable of significantly improving specific impulse, but the 

test motors exhibited only moderately increased regression rate and poor combustion 

efficiencies. 

DeSain et al. [324] demonstrated the stability of lithium aluminum hydride 

(LiAlH4) additives in paraffin-fuel binders for long shelf lives, under humid conditions, 

during recasting, and even in water submersion. Furthermore, the authors theorized and 

demonstrated the potential use of the additive as a hypergolic ignition source under 

crossflow of strong acidic oxidizers, such as nitric acid (HNO3), potassium nitrate (KNO3), 
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and dinitrogen tetroxide (N2O4/NTO). Recent work by Stober et al. [325-327] is also 

focused on hypergolic ignition experiments through similar additive methods. Larson et 

al. [328] performed a follow-up set of combustion experiments with paraffin fuel seeded 

with 10-28% lithium aluminum hydride (LiAlH4) additive burning in gaseous oxygen. The 

experimental results indicated higher regression rates with increasing additive loading, 

similar to those seen by Smoot and Price [7]. Theoretical chemical calculations correlated 

large chamber pressure increases accompanying increased additive loading, not only to 

increased mass flux, but also to increasing combustion gas temperature and decreasing 

molecular weight. The authors also investigated triethylaluminum (Al2(C2H5)6) and 

diisobutylaluminum hydride (C8H19Al) as potential performance enhancers in single 

motor firings; both additives showed promise, but further work is required. [328] 

Galfetti et al. [278, 284-286] performed mechanical, rheological, and ballist ic 

evaluations of paraffin fuels containing carbon black, nano-aluminum, magnesium 

hydride (MgH2), lithium aluminum hydride (LiAlH4), polyurethane (PU) foam, and 

thermoplastic polymers. Findings suggested that the additive effects on viscosity 

dominated the corresponding regression rate due to the dependency of entrainment 

processes on this rheological property. All additive formulations exhibited enhanced 

mechanical properties and regression rates when compared to baseline paraffin. In terms 

of regression rate, lithium aluminum hydride outperformed magnesium hydride, and 

increasing the mass loading of either additive led to further regression rate enhancement. 

In contrast, follow-up investigations by Boiocchi et al. [329] determined that some wax-

based formulations including structural additives (SEBS-MA) exhibited poor 
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compatibility with lithium aluminum hydride which decreased the regression rates in 

ballistic testing. 

Paravan et al. [280] performed combustion experiments of fuels burning in gaseous 

oxygen with additives including micro- and nano-aluminum and magnesium-coated 

boron. Experimental results indicated that all additives led to regression rate enhancement, 

but Paravan et al. noted that a low loading of magnesium-coated boron (2.8%) led to 

significantly more enhancement than moderate loadings (10%) of nano-aluminum in both 

HTPB and paraffin fuels. Fanton et al. [287] later extended the study to include additiona l 

additives, such as carbon black, titanium dioxide (TiO2), nano-aluminum coated with 

palmitic acid (C16H32O2), and magnesium hydride (MgH2). The regression rate 

measurements are presented in Figure 22. The addition of carbon black led to significant 

enhancement, especially at higher oxidizer mass fluxes and regardless of other additive 

constituents. The introduction of titanium dioxide (TiO2) was detrimental to performance. 

This finding suggests carbon black’s role in regression rate enhancement is not as an 

opacifier in the subsurface solid fuel, but that it contributes directly to combustion 

processes. The coated nano-aluminum did not outperform the uncoated additive. Finally, 

the combination of low loadings of magnesium hydride (2.5%) and magnesium-coated 

boron (1.4%) yielded the largest regression rate enhancement. However, previous 

experimental work completed by the research team [281-282, 288] indicates that the 

inclusion of aluminum hydride (AlH3) leads to significantly better regression rate 

enhancement than magnesium hydride (MgH2), as shown in Figure 23. 
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Figure 22. Regression rate measurements of HTPB fuels with metallic additives burning 

in gaseous oxygen. Images taken from Ref. [118]. 

Figure 23. Regression rate comparisons of fuel formulations containing MgH2 and AlH3. 

Images taken from Ref. [288]. 

Qin et al. [289-290] studied the ignition of HTPB fuels with and without metals in 

a quiescent oxygen atmosphere. Metallic formulations included aluminum, magnesium, 

magnesium-coated boron, and an iron/yttrium/aluminum alloy. The ignition delay time 
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was reduced at higher pressures with the presence of any of the metals. Furthermore, the 

formulation containing plain magnesium exhibited the shortest ignition delay times. 

Recent work at Purdue University led by Dr. Steve Son [330-338] has focused on 

evaluation of metal hydrides and borane additives as potential additives in hybrid 

propulsion systems. Sippel et al. [133], followed by Shark et al. [331-334], focused on 

characterization of dicyclopentadiene (DCPD) fuel containing uncoated nano-aluminum, 

PTFE-coated nano-aluminum, aluminum hydride (AlH3), and sodium borohydride 

(NaBH4) burning in gaseous oxygen and hydrogen peroxide (H2O2) flows. Their unique 

optical cylindrical combustor (OCC) apparatus allows for clear visualization of the flame 

and combustion processes during operation. Evaluation of aged heats of combustion 

demonstrated the stability and lack of stability of the compounds in DCPD and HTPB fuel 

binders, respectively. Fuel grains containing 25% sodium borohydride (NaBH4) and 25% 

uncoated or coated nano-aluminum had comparable regression rates which were elevated 

in comparison to the plain DCPD fuel. Reduction of the sodium borohydride (NaBH4) 

particle size in the micro-range did not have an appreciable effect on the observed 

regression rate, but increasing the additive’s mass loading led to further regression rate 

enhancement and reduction in the combustion efficiency. The aluminum hydride (AlH3) 

additive outperformed the sodium borohydride (NaBH4) additive in terms of regression 

rate but exhibited a comparable combustion efficiency at all evaluated experimenta l 

conditions. 

The unique design of an optical chamber combustor [331] allows for visualizat ion 

of a cylindrical hybrid sample during combustion and has been utilized to visual flame 
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height for the previously described additives. The flame heights of DCPD fuels containing 

aluminum additives were comparable to the plain DCPD, but addition of sodium 

borohydride (NaBH4) led to an increase in flame height. This finding was attributed to an 

increase in flame thickness accompanying hydrogen diffusion into the flame zone and 

enhanced heat feedback. 

Young et al. [335] measured the ignition temperatures of alane (AlH3) in air, 

oxygen, and CO2 environments and found they increased with heating rate, were 

insensitive to oxygen concentration, and were comparable to that of nano-aluminum (900-

1500 K). Young et al. [336] also studied solid HTPB fuel formulation containing micro-

aluminum, nano-aluminum, and alane at loadings of 10, 20, and 40% burning in GOX on 

an opposed-flow burner. The alane-based formulations moderately outperformed the 

aluminized and plain HTPB formulations in the opposed-flow burner configuration, but 

they did not yield any measurable regression rate enhancement in the lab-scale hybrid 

experiments. 

Weismiller et al. [337] reported that the addition of ammonia borane (NH3BH3) 

can significantly increase specific impulse and performance through an increase in 

chamber temperature and reduction in combustion product molecular weight. 

Experimental results performed with paraffin burning in gaseous oxygen indicated that 

the addition of 10% additive led to regression rate enhancement, but additional loading 

actually decreased fuel regression rate. Furthermore, all tested formulations containing the 

additive exhibited increased characteristic velocity and combustion efficiency. 

Subsequent investigations by Pfeil et al. [338-339] and Ramachandran et al. [340] led to 
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the identification of amine boranes, such as ethylenediamine bisborane (C2H14B2N2), as a 

class of air-stable, rapid-ignition fuel additives that induce hypergolicity with nitric acids 

and improve regression rates. 

2.4.2.3. Metal Blends 

Vadala et al. [293] reported on the characterization of bimetallic blends of nano-

aluminum and copper. DSC/TGA analyses determined the presence of copper leads to a 

reduction in oxidation onset temperature and energy release, which is further intensified 

with increasing loading. Combustion tests of HTPB-loaded fuels in a gaseous oxygen flow 

revealed faster regression with bimetallic blends, compared to pure-aluminum-loaded 

fuel. Furthermore, increases in copper/aluminum ratios led to reductions in the regression 

rate sensitivity to changes in oxidizer mass flux. Further research efforts into these 

phenomena involving aluminum alloys are currently being undertaken and will be 

reported in future publications. [295] 

Farbar et al. [341] burned HTPB fuel formulations in a 90% hydrogen peroxide 

core flow. Additive fuel formulations contained 60% metallic loading of either micro -Al 

(3 𝜇m) or a 50/50 blend of micro-Al and Mg (120 𝜇m). The aluminized formula t ion 

performed comparably to the baseline HTPB formulation, while the formulat ion 

containing the Al/Mg mixture regressed faster than the baseline and the aluminized 

formulation and reduced the amount of slag accumulation. Both metallized formulat ions 

resulted in a small decrease in combustion efficiency, which is impressive considering the 

high loading of particles in the system. However, the authors make note that a non-
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traditional method was utilized to estimate the combustion efficiency, since significant 

nozzle erosion was present during motor firings. 

Liu et al. [342] evaluated the combustion of mixtures of boron and magnesium 

micro-particle mixtures prepared with a mortar and pestle. Ballistic testing was completed 

in a windowed combustor with CO2-laser ignition in air at atmospheric pressure. Addition 

of magnesium led to a reduction in ignition delay time at low loadings, with the best 

performance exhibited by the 20% magnesium loading and a return to nomina l 

performance at higher loadings (50%). The combustion efficiency of boron in the 

particulate samples was evaluated by residue titration. Increasing magnesium content 

consistently led to an increase in boron combustion efficiency. Complementary TGA/DSC 

studies were completed in air flow and showed the onset temperature of oxidation 

decreased with increasing magnesium loading. 

Obuchi et al. [343] assessed the effects of magnalium (50/50 Mg/Al, 20 m) 

addition on the combustion of boron (1.8 µm) particles in a series of experiments. 

TGA/DSC experiments showed the oxidation onset temperature for Mg:Al was similar to 

that or boron, but occurred much more rapidly, and that the addition of magnalium to 

boron at a loading of 50% led to more-rapid oxidation. Ignition experiments were 

conducted in a furnace at a pre-conditioned temperature. Magnalium exhibited the lowest 

ignition delay times and enhanced the ignition of boron particles by lowering their ignit ion 

delay time and allowing for boron ignition at lower temperatures where plain boron would 

not ignite. Ballistic experiments were performed in a ducted rocket configuration at low 

pressures (<0.5 MPa) with boron and magnalium incorporated into an AP/HTPB (70/30) 
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propellant formulation. Inclusion of the Mg:Al particles within the system led to 

significant increases in combustion efficiencies of the secondary combustor which were 

more prominent with higher concentrations of magnalium. The highest loading of 

magnalium (70/30/20/20 AP/HTPB/B/Mg:Al) yielded a relative increase in combustion 

efficiency of 70% over the formulation with only boron (70/30/20 AP/HTPB/B). Similar 

experiments were conducted by Negishi and Kuwahara [343] which showed comparable 

increases in combustion efficiency with increased Mg:Al particle loading. Hara et al. [344] 

measured the burning times of Mg:Al particles in a pre-conditioned, pressurized furnace 

system and found that burning times decreased sharply with increasing pressure and 

slightly with increasing temperature. 

Mitsuno et al. [345] performed ballistic experiments with HTPB and CTPB fuel 

containing AP, micro-B (5 µm), and micro-Mg/Al alloy (50/50, 30 µm) in a ram-air 

combustor. The propellant formulation containing the Mg/Al alloy burned significantly 

faster (~20%) and more efficiently (~5%) than the formulation containing B. the 

combustion efficiencies of each propellant were found to increase with increasing ram-air 

temperature, and the combustion efficiency of formulations containing B improved 

(~15%) by the incorporation of low loadings (5-10%) of the Mg/Al alloy. 

Carmicino et al. [346-347] reported on experimental efforts at the University of 

Naples that showed regression rate enhancement in HTPB fuels burning in gaseous 

oxygen with nano-aluminum additive at moderate mass loadings (10%) and significantly 

more enhancement with magnesium hydride (MgH2) at lower mass loadings (5%). 

Follow-up experiments included micro-aluminum, uncoated and Viton-coated nano-
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aluminum, magnesium, magnesium hydride (MgH2), iron, and a blend of magnesium and 

iron. [347] Although more experimental data should be collected for completeness, 

preliminary findings yielded interesting results regarding regression rate enhancement. 

The fuel seeded with micro-aluminum outperformed virgin nano-aluminum and was 

comparable to PTFE-coated nano-aluminum. The best results were realized with the fuel 

mixture containing both magnesium and iron. This finding was attributed to the low 

melting temperature of iron oxide (Fe2O3) which allowed for quicker combustion near the 

fuel surface and further released heat input that assisted in melting the magnesium oxide 

(MgO) coating. 

2.4.2.4. Boron Carbide 

Pein and Vinnemeier [348-349] performed ballistic testing of HTPB-based fuels 

containing up to 40% boron or boron carbide (B4C) with axial or swirl air flow. Fuels 

containing boron carbide exhibited higher combustion efficiencies than fuels containing 

plain boron. Increasing the loading of either additive led to a reduction in combustion 

efficiency. Incorporation of swirl flow led to relative enhancements of 50% and 100% in 

the combustion efficiencies of fuels containing boron and boron carbide, respectively. 

Nabity et al. [350] evaluated the combustion of fuels loaded with boron carbide 

(B4C) burning in air crossflows for SFRJ applications. Experimental measurements 

included combustion efficiencies and post-combustion particle size distributions at 

various operating conditions. Higher combustion efficiencies were noted with higher 

equivalence ratios (shorter grain lengths) and air temperatures. 
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The experimental work completed by Risha [249-253] which evaluated numerous 

aluminum and boron particles loaded in HTPB and burning in GOX also included B4C. In 

comparison to the plain and PTFE-coated boron fuel formulations, the B4C formulat ion 

exhibited a higher regression rate but lower combustion efficiencies. 

2.4.2.5. Metal Borides 

Korotkikh et al. [351-354] have performed thermochemical equilib r ium 

calculations and laser-ignition studies to compare the performance of solid propellants 

based on AP/AN/HTPB mixtures containing pure metals and metal borides. Ignition 

studies in a combustion chamber at atmospheric pressure showed the replacement of 

micro-aluminum at a mass loading of 30% in the propellant with aluminum borides (AlB2  

or AlB12) led to a 50% reduction in the ignition delay time. Follow-on ignition studies 

indicated that amorphous boron was more effective than the aluminum boride compounds 

at reducing the ignition delay time, and that titanium boride (TiB2) was not effective for 

this measure of performance. It is worth noting that the born particles were on the nano-

scale (≈200 nm, 99.5% purity), while the aluminum boride compounds were on the micro-

scale (≈1-5 um). 

Oleg et al. [355] measured the burning rate and boron combustion efficiency of 

composite propellant formulations based upon an energetic binder and AP which 

contained various loadings of micro-boron and several additives (AlB2, mixed micro-Al 

and B, and AlB2 coated in fluorine-substituted aliloxisilane at low pressures (P<2.5 MPa). 

Boron combustion efficiency measurements were completed by collection, treatment, and 

analysis of condensed-phase products. In general, the burning rates of formulat ions 
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containing high loadings (40%) of boron or additives were similar, but the calculated 

combustion efficiency of the plain boron formulation was highest. It is also interesting to 

note that calculated combustion efficiency of the propellant formulation increased with 

increasing boron content, while the measured regression rate decreased. 

Researchers at Tomsk State University [356-358] have detailed the potential of 

metal borides in energetic systems, developed micro-particle synthesis procedures for 

several systems, and evaluated their performance through TGA/DSC studies. In general, 

the heat of combustion for metal borides is high, and their onset temperatures of oxidation 

are significantly reduced in comparison to amorphous micro-boron. 

Researchers at Tomsk Polytechnic University [359-364] have reported on the 

passivation and stabilization of nano-scale aluminum with aluminum diboride (AlB2). The 

research team has developed a process for the production of nano-aluminum by the 

explosion of wire method which yields AlB2-passivated particles with 78% Al content and 

18% AlB2 content, which is quite good considering the nominal particle size (≈2 nm). 

The synthesized AlB2-passivated nano-aluminum particles yielded significant 

improvements over similarly synthesized ALEX in DTA/TGA experiments. [360-361] 

Liu et al. [365] evaluated the ignition and combustion of several micro-scale (1 

𝜇m) magnesium boride compounds (MgB5, MgB8, MgB12, and MgB20) in a windowed 

combustor at low pressures (<2 MPa). TGA/DSC studies at atmospheric pressure 

indicated the onset of the oxidation reaction for the boride particle was higher than that of 

amorphous boron. Combustion experiments indicated the ignition delay times of the 
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boride compounds were also longer than for amorphous boron, but this trend was 

diminished at the higher evaluated pressures. 

2.4.2.6. Advanced Particle Synthesis Strategies 

Specific activation processes can be performed on metallic additives to gain 

increased ignition and combustion performance without reducing the particle size to the 

sub-micrometric range. These processes include mechanical milling, metallic deposition 

coating, passivation techniques, and chemical weakening of the surface oxide shell. A 

comprehensive review of these techniques and their effects is outside of the scope of this 

paper, but specific examples related to metallic combustion and, especially, performance 

improvement in hybrid propulsion systems is given, as follows. 

Mechanical milling processes, also termed mechanical alloying, alter the particle 

morphology and/or chemistry through high-energy impact with processing spheres and 

chemicals. More explicitly, this process can decrease diffusion distances and increase 

surface area and reactivity. [366] A detailed survey of mechanical alloying and milling 

processing and parameters is given by Suryanarayana [366]. 

Dr. Edward Dreizin’s research group at the New Jersey Institute of Technology 

has developed arrested reactive milling (ARM) techniques to produce metallic alloys or 

nanocomposite powders. [367-395] The referenced nanocomposite powders comprise 

micron-sized powders in which each particle represents a metal matrix with nano-sized 

inclusions. [367] The research team has evaluated mechanical alloys encompassing 

numerous systems which have included metals (Al, Hf, Li, Mg, Ni, W, Zn, Zr); metallo ids 

(B, C, S, Si); metal oxides (Bi2O3, CuO, Fe2O3, MoO3, SrO3, WO3); metal hydrides 
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(MgH2); oxidizers (CaI2O6, NaNO3, I), and hydrocarbons (paraffin, PE). A significant 

amount of these research efforts have been aimed at the production of enhanced thermites. 

Potential materials of particular interest for hybrid rocket applications include Al 

composites containing Fe [368], Li [369], Mg [370-382], Ni [368], Ti [383-388], Zn [368], 

and PTFE [389-390]; and B composites containing Mg [371], Ti [367, 372, 377, 391-393], 

W [393], and Zr [394]. For further information on these techniques, the reader is referred 

to detailed reviews given by Dreizin [395-396]. 

SEM and XRD analyses are typically performed to characterize the powder 

morphology and composition. Combustion experiments have consisted of constant-

volume explosion testing in a variety of environments where the maximum overpressure 

and pressurization rate are numerical indicators of energetic and efficient combustion. 

Microscopic analysis of combustion residue has also yielded further insight into 

combustion mechanisms and oxidation efficiency. Alternative constant-volume 

combustion experiments have measured ignition times and powder combustion rates 

initiated by laser. Shock-tube experiments achieve ignition behind a reflected shock wave 

have focused on measurements of ignition delay time, particle combustion rate, emission 

spectra, and combustion temperature. Ignition temperatures of powder systems are 

commonly measured by the wire-heating method. Ballistic results have been coupled with 

thermal decomposition experiments to better understand the mechanisms involved in the 

observed enhancement. 

In general, the mechanical alloys produced through ARM have outperformed 

similar powder blends or pure metals. The observed performance enhancements are 
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typically derived from lowered ignition temperatures and more-efficient self-heating 

processes stemming from added metal-metal or metal-metalloid reactions, or from new 

metal-oxidizer reactions at the surface of aluminum or boron. For example, investigat ions 

of a mechanically alloyed 2B-Ti powder completed by Trunov et al. [367] demonstrated 

improvement in terms of rapid ignition, combustion rate, and combustion efficiency in 

comparison to a similar powder blend or plain aluminum powder in dry and wet gaseous 

environments. The observed enhancements were attributed to a significant increase in the 

interface surface area between B and Ti which yields rapid, nearly adiabatic heating 

stemming from the metal-metalloid reaction. In another investigation, Aly et al. [397] 

demonstrated the capability to produce Al-Mg nanocomposites with selectable 

composition and size, all of which exhibited ignition temperatures near that of magnesium 

and much lower than that of similar aluminum particles. Dreizin and Schoenitz [396] 

provide a detailed review of mechanochemically alloying techniques and results for their 

own work as well as for other investigators. 

White et al. [398] performed mechanical activation of Al-Ni mixtures and showed 

that it significantly reduces the exothermic reaction onset temperature, leading to 

increased reactivity. Filimonova et al. [399] further showed that these mixtures exhibited 

a reduction in ignition temperature and activation energy. Similar experiments performed 

by Mason et al. [400] showed the activation process of equi-atomic Al/Ni mixtures led to 

increased combustion velocities and flame temperature, and further demonstrated the 

dependency of these results on the milling procedure parameters. Combustion experiments 

performed by Hahma et al. [401] suggest the nickel coating catalyzes aluminum nitride 
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formation. Similar mechanical activation experiments with low loadings of secondary 

metals including Fe, Zn, and Ni in aluminum particles have exhibited reduced ignit ion 

temperatures and increased low-temperature oxidation reactivity. [368] The experiments 

performed by Hahma et al. [401] indicated aluminum particles coated with nickel 

exhibited quicker and more efficient combustion in comparison to cobalt. 

Sippel et al. [402-405] utilized mechanical milling to increase particle surface area 

and selectively include PTFE in the surface oxide layer. The activated particles exhibited 

two pre-ignition exothermic reactions and a corresponding increase in combustio n 

enthalpy and reduction in ignition temperature. Furthermore, this increased reactivity has 

been attributed to the very high volumetric and gravimetric heat releases resulting from 

fluorination of the aluminum instead of oxidation. [402, 405-408] The boiling point of 

metal-fluorides occurs at significantly lower temperatures compared to their respective 

oxides, which leads to enhanced ignition and gas production, and reduced condensed-

phase products. [402, 408] Various other experiments with inclusions of fluoro-polymers 

into the aluminum oxide structure have yielded similar results. [406-412] Osborne and 

Pantoya [410] noted similar exothermic reactions and reduced ignition temperatures, and 

showed that the benefits derived from these mechanical activation processes with PTFE 

are more pronounced in nano-aluminum. Furthermore, the particle size phenomenon was 

further probed by Pantoya and Dean [413] which showed the lower-temperature 

exothermic reaction becomes more pronounced as the aluminum particle size is decreased, 

suggesting the specific surface area of the particle plays a critical role in the fluorinat ion 

reaction. Combustion experiments performed by Hahma et al. [401] showed fluoride 
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coatings on aluminum particles accelerated combustion, especially in a carbon dioxide 

atmosphere, and even promoted combustion in an inert nitrogen atmosphere. 

Dossi et al. [291, 294, 414-416] performed mechanical activation of micro-

aluminum with PTFE and combusted the additive in HTPB fuel mixtures burning in 

gaseous oxygen at a mass loadings of 10%. A 10% loading of PTFE on the activated 

aluminum yielded negligible performance augmentation, while a 30% loading led to some 

regression rate enhancement but still less than the virgin micro-aluminum additive. Further 

experimentation showed that the activation process was more effective on nano-

aluminum. [415] Current investigations are probing aluminum activated with magnesium 

additives. 

An alternative means to increasing the reactivity of metal particles is through 

chemical coatings or passivation methods. Rosenband and Gany [417] developed a 

chemical deposition technique to coat aluminum particles with nickel, which were burned 

in nitrogen and air atmospheres. The coated particles did not agglomerate upon heating, 

unlike the plain aluminum particles, and they exhibited a lower ignition temperature which 

decreased with increasing nickel content (1-15%). Rosendband and Gany [418] also 

developed methods to coat aluminum particles with iron and to produce highly porous 

micro-particles with enhanced reactivity. 

Liu et al. [419] measured burning rates and ignition delay times of AP/HTPB solid 

propellant samples containing 8% magnalium and 37% boron. The micro-boron particles 

were coated in LiF, Viton A, and silane. All three coatings led to reductions in burning 

rates, especially at lower pressures, but decreased the ignition delay time, which was most 
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prominent with the LiF-coated boron particles. Li and Jin [420] performed TGA/DSC 

studies coupled with optical ignition experiments on AP/HTPB-based propellants 

containing boron particles at atmospheric pressure to evaluate the effects of magnesium 

addition and coatings comprised of AP, KP, and LiF. The addition of magnesium was 

found to reduce the propellant ignition temperature, while the LiF-coated boron 

formulation outperformed all others in terms of burning rate and ignition delay time. Liu 

et al. [421] showed that fluorinated graphite could effectively increase the burning rates 

of AP/HTPB propellants containing boron micro-particles, which was strongly dependent 

on the additive particle size. 

Experimental work completed at Purdue Unviersity [200-204] evaluated the 

combustion of DCPD containing nano-aluminum, PTFE-coated nano-aluminum, 

aluminum hydride (AlH3), and sodium borohydride (NaBH4) burning in gaseous oxygen 

and hydrogen peroxide (H2O2) flows. The PTFE-coated aluminum fuel samples did not 

yield any significant increase in regression rate over those loaded with uncoated 

aluminum. In contrast, lab-scale experiments conducted by Carmicino et al. [346-347] on 

HTPB fuels burning in GOX suggest that PTFE-coated nano-aluminum outperforms 

virgin nano-aluminum in terms of regression rate. 

As previously discussed, Oleg et al. [355] evaluated the combustion of several 

composite solid propellant formulations containing various additives (AlB2, mixed micro-

Al and micro-B, and AlB2 coated in fluorine-substituted aliloxisilane) at low pressures 

(P<2.5 MPa). The coated additive formulation exhibited the lowest combustion efficiency 

and similar burning rates to the plain boron formulation. 
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Dr. Dreizin’s group at NJIT has investigated numerous particle-coating 

technologies to enhance metal combustion processes. [394, 422-424] Vummidi et al. [422] 

evaluated a Ni-coated aluminum powder through constant-volume combustion 

experiments and thermal decomposition analyses, and they found that the coating yielded 

significantly reduced ignition delays, enhanced combustion rates, and increased oxidation 

efficiency. Zhang et al. [394] utilized reactive milling techniques to produce highly active, 

cyclooctane-coated aluminum particles which burned faster than similar oxide-coated 

particles, and exhibited significantly reduced ignition temperatures in a variety of 

atmospheric environments. Chintersingh et al. [423] modified the surface of boron 

particles by rinsing them in acetonitrile to dissolve the oxidized and hydrated surface 

layers and subsequently washing them with solutions to produce alternative protective 

coatings. The surface-modified boron particles were burned in an air-acetylene flame and 

exhibited similar burning times to the as-received particles but significantly shorter 

ignition delay times. Liu et al [424] further demonstrated that the surface-modified boron 

particles exhibited significantly reduced activation energies through thermal 

decomposition experiments.  

Mach I Chemicals has developed proprietary methods to produce Mg-coated boron 

particles via reactive milling or vapor deposition processes. [425-426] Magnesium 

efficiently heats the boron particles and reduces the concentration of boron oxide at the 

particle surface. [426] Pace et al. [275] studied the combustion of HTPB fuels containing 

magnesium-coated boron particles in oxygen crossflow. Fuels containing the coated boron 

exhibited higher regression rates than plain boron due to heating from magnesium 
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oxidation at the boron surface. The coating’s effects were prevalent at low pressures, but 

diminished at higher pressures due to the decrease in the relative amount of heat feedback 

generated from surface reactions. Furthermore, higher-magnesium-content coatings (10-

20%) led to further enhancement of regression rate. 

Paravan et al. [280] and Fanton et al. [287] performed hybrid rocket ballist ic 

studies with both HTPB and paraffin fuels burning in GOX with various additives (micro-

Al, nano-Al, Mg-coated B, C, TiO2, palmitic acid-coated Al, and MgH2), as previously 

discussed. The coated nano-aluminum did not outperform the plain nano-aluminum. The 

inclusion of magnesium-coated boron (2.8%) led to significantly more enhancement than 

moderate loadings (10%) of nano-aluminum in both fuels. the combination of low 

loadings of magnesium hydride (2.5%) and magnesium-coated boron (1.4%) yielded the 

largest regression rate enhancement. Qin et al. [289-290] evaluated HTPB loaded with the 

same magnesium-coated boron, as well as micro-scale magnesium and aluminum, and 

noted that all additive yielded a reduction in the ignition delay at higher pressures. 

Sossi et al. [292] characterized polymeric fuels containing plain nano-aluminum 

and several types of coated nano-aluminum. Most of the aluminum was passivated with 

dry air and subsequently coated through a chemical suspension processes. Coating 

chemicals included octadecanoic acid; hexadecanoic acid; 1H,1H-perfluoro-1-undecano l 

(10:1 fluorotelomer alcohol); and Fluorel, a copolymer of vinylidene fluoride and 

hexafluoropropylene, combined with ester from esterification of 1H,1H-perfluoro-1-

undecanol with furan-2,5-dione. Dynamic Scanning Calorimetry (DSC) and Thermal 

Gravimetric Analysis (TGA) experiments revealed some of the fluoride-based coatings 
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led to greater and more-efficient energy release. Combustion experiments in a hybrid 

rocket apparatus showed the fluoropolymer-coated aluminum formulations exhibited the 

highest regression rate enhancements. Furthermore, coating and suspension-separat ion 

processes for maximum combustion performance were identified. Gromov et al. [427] 

performed a similar DSC/TGA study with various non-inert coatings includ ing 

nitrocellulose, oleic acid, stearic acid, boron, nickel, fluoropolymer, and ethanol. Gromov 

noted that non-oxide coatings can increase reactivity and combustion enthalpy but reduce 

the overall fuel content in the additive aluminum. The experimental results suggested  

boron-coated aluminum outperformed all others, but contradicted previous studies by 

suggesting fluoropolymers were ineffective in promoting reactivity. 

2.4.2.7. Summary 

In general, the combustion of solid fuels loaded with metal-based additives has 

been studied extensively. Pure metals, especially aluminum and boron, represent additives 

that can increase the energy density, and in most cases they have been reported to increase 

the mass generation and regression rates of fuel systems. Metal hydrides are more-reactive 

additives that have been more recently explored and show great promise in yielding high 

energy densities and combustion rates, but they are currently too expensive for 

implementation. Advanced synthesis strategies, such as reactive milling or chemical 

coating technologies, are currently being developed through various approaches and have 

the potential to significantly increase the viability of many metal-based additives. 
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2.5. Unconventional Geometries 

An alternative means to ‘enhance’ a hybrid rocket design is to significantly alter 

its architecture by implementing an unconventional geometry. For instance, Lorente et al. 

[207, 428] designed a double-tube hybrid system with coaxial inner tube injectors 

distributed along the longitudinal axis, as shown in Figure 24. The hybrid motor fuel grain 

(HDPE) was burned in gaseous oxygen with the novel injection pattern and compared to 

a standard showerhead injector configuration. The inner-tube injector led to a 100% 

increase in regression rate and more-stable combustion but also yielded some uneven 

burning near the injector orifices. 

Figure 24. Double tube hybrid motor with internal distributed injection pattern. Image 

taken from Ref. [428]. 

Knuth et al. [429-431] evaluated the combustion of the vortex hybrid rocket engine 

configuration which is characterized by a coaxial, co-swirling, counter-flowing vortex 

combustion field, as shown in Figure 25. Ballistic testing was completed on a lab-scale 

rocket with HTPB/GOX which demonstrated regression rates that were 650% higher than 

classical hybrid systems. The observed regression rate enhancements were attributed to 
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significant increases in the heat transfer rates, as determined by an analysis of Stanton 

number ratios. The authors also demonstrated throttling and restart capabilities; observed 

no combustion instabilities; and developed theoretical and empirical models to predict 

regression rates in vortex hybrids. 

Figure 25. Schematic representation of the VH-20 vortex flow hybrid rocket engine. 

Image taken from Ref. [429]. 
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Paravan et al. [432-433] have designed and built a lab-scale vortex flow pancake 

(VFP) hybrid rocket motor, as depicted in Figure 26. Paravan et al. [432] also give a state-

of-the-art review regarding vortex combustion in HREs. The lab-scale rocket has been 

fired with both HTPB and paraffin fuels; has been utilized to determine the relative effects 

of oxidizer mass flow rate, pressure, and fuel slab height; and is currently being utilized 

to analyze forced, transient-burning phenomena. 

Figure 26. External and cross-section representation of the lab-scale vortex flow pancake 

hybrid developed at SPLab. Image taken from Ref. [432]. 

Chen et al. [434-440] have developed a numerical simulation capable of predicting 

the performance of VFP hybrids and validated it against experimental motor firings. The 

simulation has since been utilized to predict the performance of several oxidizer/fue l 

systems in the VHP hybrid configuration and to design a sounding rocket system. 

Eilers et al. [141, 144] 3D-printed an ABS pancake-type motor that was built into 

a cubesat system which included vortex flow, N2O regenerative cooling, a truncated 

aerospike nozzle, and secondary fluid injection. The as-built system for testing purposes 

is shown in Figure 27, has been test fired six times, and successfully demonstrated 
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performance capabilities. The system is capable of large impulse ΔV and small impulse 

attitude control maneuvers when designed into cubesat and nanosat systems. 

Figure 27. 3D-printed ABS pancake type motor with vortex flow, N2O regenerative 

cooling, a truncated aerospike nozzle, and secondary fluid injection. Image taken from 

Ref. [141]. 

The end-burning, axial-flow hybrid configuration, shown in Figure 28, has been 

investigated by several researchers. [441-443] In this configuration, the oxidizer port 

diameter is sufficiently small such that the flame does not propagate along its longitud ina l 

axis but burns at the aft-end. The end-burning configuration has large potential in hybrid 

rocket applications since it is more controllable, burns evenly, and yields high volumetr ic 

efficiency. 

Researchers at Hokkaido University [442-448] have investigated the combustion 

behavior of end-burning hybrids at various operating conditions to evaluate conditions of 



94 

flame spreading, blowoff, and stable end-burning combustion. The authors have 

successfully demonstrated motor firings under numerous operating conditions, established 

the capability for thrust augmentation, and developed a model for prediction of fuel flow 

based upon the granular diffusion flame model which calculates the regression rate’s 

dependency based upon chamber pressure rather than oxidizer mass flow. 

Figure 28. End-burning, axial flow hybrid rocket motor configuration during combustion. 

Image taken from Ref. [441]. 

Li et al. [441] fired several end-burning motors based on PMMA in gaseous 

oxygen to study the flame spreading, blowoff, and regression rate behavior. Li et al. [441] 

determined that the combustion behavior transitions from side-burning, to opposed-

propagating, and to end-burning modes as the oxygen velocity is increased above critical 

values. Li et al. [441] also noted that the regression rates measured in their system were 

significantly lower than those measured for traditional hybrid rocket configurations. 
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Hitt and Frederick [449-453] of the University of Alabama Huntsville evaluated 

the combustion behavior of a similar end-burning hybrid motor configuration but with 

porous fuel grains instead of grains with small fuel ports. Small-scale, porous polyethylene 

fuel grains were burned in gaseous oxygen and nitrous oxide flows. Experimenta lly 

measured regression rates were up to 350% larger than the nominal hybrid motor 

configuration. A granular diffusion flame model was adapted to simulate the combustion 

mechanism of the fuel grains, and the results indicated diffusion, and not kinetics, 

dominates the combustion process.  

Fuller [215-218] of the Aerospace Corporation was amongst the first to work with 

3D-printed fuel grains for hybrid rocket applications. Recent work by Fuller [218] has 

focused on the production of 3D-printed fuel grains which incorporate passive fuel storage 

inside of the fuel grain and release a secondary fuel during combustion. An example of 

such a geometry is shown in Figure 29. 

Figure 29. 3D-printed fuel grain with secondary liquid fuel storage compartments for 

passive thrust control. Image taken from Ref. [218]. 
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3. THEORETICAL PERFORMANCE ANALYSES

3.1. Stoichiometric Combustion 

The stoichiometric reactions of plain HTPB, pure metals, and mixtures thereof 

with pure oxygen are considered within this section. For any reaction, the heat of reaction, 

∆𝐻𝑅
0, is defined as the energy released or absorbed when products are formed from

reactants at standard reference conditions (25 ℃, 1 𝑎𝑡𝑚). The heat of reaction can be 

negative or positive which indicates an exothermic or endothermic reaction, respectively. 

Additionally, the heat of reaction can be calculated for reactions occurring at non-standard 

temperatures and pressure by accounting for changes in the enthalpy of the reactants and 

products due to these variations in conditions. In general, the heat of reaction at standard 

conditions is written as the total enthalpy of the products minus the reactants: 

∆𝐻𝑅
0 = ∑(𝑛𝑖∆𝐻𝑓,𝑖

0 )
𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠

− ∑(𝑛𝑖∆𝐻𝑓,𝑖
0 )

𝑅𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠
(3) 

where 𝑛𝑖 and ∆𝐻𝑓,𝑖
0  are the stoichiometric coefficient and heat of formation of the 𝑖th

species, respectively. The heat of formation, ∆𝐻𝑓,
0, of a substance is the energy released or

absorbed when 1 𝑚𝑜𝑙 of the substance is formed from its constituent elements at standard 

reference conditions (25 ℃, 1 𝑎𝑡𝑚). Heats of formation are typically determined 

experimentally, but can also be theoretically computed for some compounds. 

In general, idealized stoichiometric combustion reactions involving hydrocarbons 

and metals reacting with oxygen (𝑂2) yield product species including only 𝐻2𝑂, 𝐶𝑂2, and

𝑀𝑥 𝑂𝑦 with no residual oxygen. 𝑀𝑥 𝑂𝑦 represents a generalized metal oxide consisting of

𝑥 atoms of the metal, 𝑀, and 𝑦 atoms of oxygen, 𝑂. The heat of combustion, ∆𝐻𝑐
0, of a
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substance is the energy released when the substance undergoes complete, stoichiometr ic 

combustion with oxygen at standard conditions. The heat of combustion is a measure of 

specific energy production (per mass, volume, or mole of reactant) for a given substance 

and can be written as: 

∆𝐻𝑐
0 = −∆𝐻𝑅

0 (4)

where a positive or negative value indicates an exothermic or endothermic reaction, 

respectively. 

3.1.1. Plain HTPB Reacting with Oxygen 

The polymer fuel utilized herein is HTPB R-45M produced by Cray Valley. The 

molecular weight, density, and heat of formation of HTPB is dependent upon the 

manufacturer, variant, and curative, among other factors, and the reported values for these 

properties vary within the literature. The ‘model’ version of HTPB utilized for theoretica l 

calculations herein is represented by the chemical formula 𝐶200 𝐻302 𝑂2 with a density and

heat of formation of 900 𝑘𝑔 𝑚3⁄  and −240 𝑘𝐽 𝑚𝑜𝑙⁄ , respectively. Therefore, the 

stoichiometric combustion equation for HTPB is given by: 

𝐶200 𝐻302 𝑂2 + 274.5𝑂2 ⟶ 151𝐻2𝑂 + 200𝐶𝑂2 (5)

The heat of combustion is then given by: 

∆𝐻𝑐
0 = (ℎ̅𝑓,𝐶200 𝐻302 𝑂2

0 + 274.5ℎ̅𝑓,𝑂2

0 ) − (151ℎ̅𝑓,𝐻2 𝑂
0 + 200ℎ̅𝑓,𝐶𝑂2

0 ) (6) 

and is calculated to be 42.0 𝑘𝐽 𝑔⁄  or 37.8 𝑘𝐽 𝑐𝑚3⁄ . 
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3.1.2. Plain Metals Reacting with Oxygen 

The stoichiometric combustion reaction for a generalized metal, 𝑀, yielding a 

generalized metal oxide, 𝑀𝑥 𝑂𝑦, is given by:

𝑥𝑀 + (𝑦/2)𝑂2 ⟶ 𝑀𝑥 𝑂𝑦 (7)

The heat of combustion of this generalized metal combustion reaction is given by: 

∆𝐻𝑐
0 = −(1 𝑥⁄ )ℎ̅𝑓,𝑀𝑥 𝑂𝑦

0  (8)

since the standard heat of formation of oxygen gas and pure metals are zero at the 

standard reference conditions. 

In general, the oxide of a metal can take several forms, but has a preferential form 

at standard conditions. The heats of combustion of selected metals have been calculated 

with Equation (8) by assuming stoichiometric combustion with oxygen yielding the 

corresponding preferential metal oxide, and are shown in Table 2 alongside that of HTPB. 

Additionally, the molecular weight, density, melting temperature, and boiling temperature 

of the metals, and the density, melting temperature, and boiling temperature of the metal 

oxides have been compiled from JANNAF and NIST databases, and are shown in Table 

2. These specific parameters are important to consider in combustion applications because

they can drive the theoretical and delivered performance of metal-loaded fuel systems. 
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Table 2. Material property and combustion performance data for HTPB and pure metals. 

The relative heats of combustion of the selected metals and HTPB are shown in 

the top chart of Figure 30. The solid and striped bars represent the gravimetric and 

volumetric heats of combustion of each compound, respectively. The volumetric heat of 

combustion of most metals is larger than that of HTPB and the gravimetric heat of 

combustion is larger for some metals (B, Be, and Li). Accordingly, including metals in 

fuel formulations with HTPB not only leads to higher specific impulse at some O/F ratios 

(from increased energy release and flame temperature), but also higher density impulse. 

The relevant melting and boiling temperatures of the selected metals and HTPB 

are shown in bottom chart of Figure 30. The melting and boiling temperature of pure 

metals and the melting and boiling temperatures of their respective metal oxides are 

represented by solid, striped, dotted, and dashed bars, respectively. The melting and 

boiling temperature of some metals and/or their respective metal oxides is significantly 

Performance

MW ρ Tm Tb ρ Tm Tb ΔHf
0

(g/mol) (g/cm3) (K) (K) (g/cm3) (K) (K) (kJ/mol) (kJ/mol) (kJ/g) (kJ/cm3)

Aluminum Al 26.98 2.70 933 2792 Al2O3 3.99 2327 3253 -1676 838 31.1 83.8

Boron B 10.81 2.37 2348 4273 B2O3 2.55 723 2133 -1272 636 58.8 139.4

Beryllium Be 9.01 1.85 1560 2742 BeO 3.01 2780 4170 -608 608 67.5 124.9

Carbon C 12.01 2.27 3925 - CO2 (g) 0.002 217 195 -394 394 32.8 74.3

Chromium Cr 52.00 7.19 2180 2944 Cr2O3 5.220 2708 4270 -1135 567 10.9 78.5

Cobalt Co 58.93 8.90 1768 3200 CoO 6.440 2206 - -238 238 4.0 35.9

Copper Cu 63.55 8.96 1358 2835 Cu2O 6.00 1505 2070 -171 85 1.3 12.0

Iron Fe 55.85 7.87 1811 3134 Fe2O3 5.24 1825 - -824 412 7.4 58.1

Lithium Li 6.94 0.53 454 1603 Li2O 2.01 1711 2870 -599 299 43.1 23.0

Magnesium Mg 24.31 1.74 923 1380 MgO 3.60 3098 3870 -601 601 24.7 43.0

Manganese Mn 54.94 7.21 1519 2334 Mn3O4 4.86 1840 3120 -1387 462 8.4 60.7

Nickel Ni 58.69 8.91 1728 3003 NiO 6.67 2228 - -240 240 4.1 36.4

Silicon Si 28.09 2.33 1687 3538 SiO2 2.65 1986 3220 -911 911 32.4 75.5

Tin Sn 118.71 7.27 505 2875 SnO2 6.90 1900 2120 -578 578 4.9 35.4

Titanium Ti 47.87 4.51 1941 3560 TiO2 4.23 2116 3245 -945 945 19.7 89.0

Tungsten W 183.84 19.35 3695 6203 WO3 7.16 1746 1970 -843 843 4.6 88.7

Vanadium V 50.94 6.00 2183 3680 VO 5.76 2062 2900 -432 432 8.5 50.9

Zinc Zn 65.38 7.14 693 1180 ZnO 5.61 2248 2360 -350 350 5.4 38.3

Zirconium Zr 91.22 6.52 2128 4650 ZrO2 5.68 2988 4570 -1097 1097 12.0 78.4

HTPB C200H302O2 2738.54 0.90 514 - - - - - - 114980 42.0 37.8

Form Form

Final OxideFuel

ΔHCombustion
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higher than others. High melting and boiling temperature of either the metal or its 

respective oxide can inhibit efficient ignition and combustion of the metal. Hence, it is 

important to consider these when evaluating the theoretical performance of metal 

combustion, as well. 
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Figure 30. Theoretical performance for HTPB and pure metals combusting with 

stoichiometric oxygen. Charts depict (top) gravimetric and volumetric heat of combustion 

and (bottom) melting and boiling temperature of pure metals and their respective oxides. 
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3.1.3. Metal-Loaded HTPB Reacting with Oxygen 

Stoichiometric combustion equations can be derived for HTPB fuel loaded with 

metals by combining the two previously given reaction equations. This process is 

generalized for HTPB loaded with a metal (𝑀), as follows. The generalized stoichiometr ic 

combustion equation for HTPB loaded with a metal at a mass loading of 𝛼𝑀  (i.e. for 50%

loading, 𝛼𝑀 = 0.50) is given by:

𝐶200 𝐻302 𝑂2 + 𝑎𝑀 + 𝑏𝑂2 ⟶ 151𝐻2𝑂 + 200𝐶𝑂2 + (𝑎 𝑥⁄ )𝑀𝑥 𝑂𝑦 (9)

where 𝑎 and 𝑏 can be written as: 

𝑎 = [𝛼𝑀/(1 − 𝛼𝑀)](𝔐𝐻𝑇𝑃𝐵 𝔐𝑀⁄ ) (10) 

𝑏 = (𝑎𝑦 + 549) 2𝑥⁄  (11) 

where 𝔐𝐻𝑇𝑃𝐵  and 𝔐𝑀  are the molecular weights of HTPB and 𝑀, respectively, which

are given in Table 2. The heat of combustion of this reaction is then given by: 

∆𝐻𝑐
0 = (ℎ̅𝑓,𝐶200 𝐻302 𝑂2

0 + 𝑎ℎ̅𝑓,𝑀
0 + 𝑏ℎ̅𝑓,𝑂2

0 ) − [151ℎ̅𝑓,𝐻2 𝑂
0 + 200ℎ̅𝑓,𝐶𝑂2

0 + (𝑎 𝑥⁄ )ℎ̅𝑓,𝑀𝑥𝑂𝑦

0 ] 

(12) 

which can be reduced to: 

∆𝐻𝑐
0 = ℎ̅𝑓,𝐶200 𝐻302 𝑂2

0 − (𝑎 𝑥⁄ )ℎ̅𝑓,𝐵2 𝑂3

0  (13) 

since the heats of formation of 𝑀, 𝑂2, 𝐻2𝑂, and 𝐶𝑂2 are zero at the standard reference

conditions. The stoichiometric oxidizer-to-fuel mass ratio, (𝑂 𝐹⁄ )𝑠, can be written as:

(
𝑂

𝐹
)

𝑠
= (

𝑚𝑜𝑥

𝑚𝑓
)

𝑠

= [
𝑁𝑂2

𝔐𝑂2

(𝑁𝐻𝑇𝑃𝐵 𝔐𝐻𝑇𝑃𝐵+𝑁𝐵 𝔐𝐵)
]

𝑠

(14) 

where 𝑚𝑜𝑥  and 𝑚𝑓 are the masses of oxidizer and fuel involved in the reaction,

respectively; 𝑁𝑂2
, 𝑁𝐻𝑇𝑃𝐵 , and 𝑁𝑀 are the moles of 𝑂2, HTPB, and 𝑀 involved in the
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reaction, respectively; and 𝔐𝑂2
 is the molecular weight of 𝑂2 (32.00 𝑔/𝑚𝑜𝑙).

Accordingly, the stoichiometric oxidizer-to-fuel mass ratio can be written as: 

(
𝑂

𝐹
)

𝑠
=

𝑏𝔐𝑂2

(𝔐𝐻𝑇𝑃𝐵 +𝑎𝔐𝑀 )
 (15)

The fuel densities, stoichiometric O/F ratios, and gravimetric and volumetric heats 

of combustion for aluminum-loaded and boron-loaded HTPB fuels burning in pure oxygen 

are shown in the top and bottom plots of Figure 31, respectively. The fuel densities for 

both metal-loaded formulations increase with increasing metal loading due to the 

comparatively high densities of the metals. The stoichiometric O/F ratios decrease with 

increasing metal loading, indicating less oxygen is required to yield complete combustion 

metal-loaded fuels. The volumetric and gravimetric heats of combustion increase and 

decrease with increasing aluminum loading, respectively, since these parameters are 

greater than and less than that of HTPB, respectively. Both the gravimetric and volumetr ic 

heat of combustion increases with increasing boron loading. This trend is more prevalent 

in the volumetric heat of combustion due to the high density of boron (2.37 𝑔 𝑐𝑚3⁄ ) in 

comparison to HTPB (0.90 𝑔 𝑐𝑚3⁄ ). It is worth noting that a similar set of trends can be 

derived for most metal-loaded HTPB fuels which results in analogous trends. 
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Figure 31. Theoretical heat of combustion and stoichiometric O/F ratios for (top) 

aluminum-loaded and (bottom) boron-loaded HTPB burning in pure oxygen. 
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3.2. Chemical Equilibrium Analyses 

In real-world combustion systems, complete combustion is not achieved because 

many other species are formed during reactions. Chemical equilibrium of a reacting 

system is the state at which the forward reaction rate of forming products is equal to the 

reverse reaction rate of forming reactants from the products. Chemical equilib r ium 

analyses can be utilized to compare the theoretical performance of propellant formulat ions 

and combinations. These computations are typically performed by minimizing the Gibbs 

free energy of a reacting system and are capable of yielding the theoretical composition 

and thermodynamic condition of the system at equilibrium. Chemical equilib r ium 

computations presented herein were completed with NASA’s CEA which references a 

large thermodynamic and transport property database containing over 2,000 chemical 

species. [454-455] 

The performance parameters of interest discussed herein include the specific 

impulse and density impulse. The specific impulse of a propellant, 𝐼𝑠𝑝 , is the total impulse

(𝑇ℎ𝑟𝑢𝑠𝑡 𝐹𝑜𝑟𝑐𝑒 𝑥 𝑇𝑖𝑚𝑒) per unit weight and is a common figure of merit of performance 

in rocket propulsion systems. The theoretical specific impulse of propellants are 

determined through chemical equilibrium analyses, which can be utilized to compare 

alternative propellant formulations and combinations. The density impulse of a propellant, 

𝐼𝑑, is the total impulse per unit volume and  can be a more applicable figure of merit for

volume-limited propulsion applications. The density specific impulse of a propellant is 

given by: 

𝐼𝑑 = 𝛿𝑃𝐼𝑠𝑝 (16)
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where 𝛿𝑃 is the specific gravity of the propellant combination. The density of a metal-

loaded fuel containing HTPB and some metal, 𝑀, is given by: 

𝜌𝑓 = [
1−𝛼𝑀

𝜌𝐻𝑇𝑃𝐵
+

𝛼𝑀

𝜌𝑀
]

−1

 (17)

where 𝜌𝐻𝑇𝑃𝐵  and 𝜌𝑀  are the density of HTPB and the metal, respectively. The density of

the fuel/oxidizer combination, or the propellant density, can be determined in a similar 

manner. The oxidizer density, 𝜌𝑜𝑥 , is taken as the density of liquid oxygen (LOX,

1141 𝑘𝑔/𝑚3) or nitrous oxide (N2O, 1976 𝑘𝑔/𝑚3) herein. The density impulse can then 

be written as: 

𝐼𝑑 =
𝛿𝑜𝑥𝛿𝑓(1+𝑂 𝐹⁄ )

𝛿𝑓(𝑂 𝐹⁄ )+𝛿𝑜𝑥
𝐼𝑠𝑝 (18) 

where 𝛿𝑜𝑥 and 𝛿𝑓 are the specific gravity of the oxidizer and fuel system, respectively.

In the following sections, the theoretical performance of HTPB loaded with 

various metals, with special emphasis on aluminum and boron, is analyzed through 

chemical equilibrium computations. Firstly, the theoretical performance is compared for 

HTPB fuel loaded with selected metals at a mass concentration of 50% reacting with pure 

oxygen or nitrous oxide, and general conclusions are drawn about the potential for these 

metals in HRE and SFRJ applications. Further computations are completed regarding the 

theoretical performance of HTPB fuel loaded with aluminum or boron at various 

concentrations to elucidate some important trends. 

3.2.1. HTPB Loaded with Selected Metals 

The performance parameters of plain HTPB and HTPB fuels loaded with metals 

at a concentration of 50% burning in oxygen at a pressure of 1,000 psia with frozen 
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composition have been computed and the vacuum specific impulse, density impulse, 

characteristic velocity, and adiabatic flame temperature of these propellant systems is 

plotted against the O/F ratio in Figure 32. Each fuel formulation is represented by a unique 

line in these plots, as indicated in the figure legends. In general, the addition of metals to 

HTPB burning in oxygen leads to: 1) a decrease in the maximum specific impulse, 2) an 

increase in the maximum density impulse, 3) a decrease in the maximum characterist ic 

velocity, and 4) an increase in maximum adiabatic flame temperature. The notable 

exception to this general trend is lithium, which leads to a decrease in all of these 

performance measures. The addition of metals also shifts the maximum performance 

condition to lower O/F ratios, which could potentially allow for smaller oxidizer tanks in 

vehicle designs. The greatest density impulse values are obtained for fuels containing 

zirconium (Zr), titanium (Ti), aluminum (Al), tungsten (W), boron (B), chromium (Cr), 

nickel (Ni), beryllium (Be), silicon (Si), magnesium (Mg), and lithium (Li), in that 

respective order. 
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Figure 32. Theoretical performance of HTPB R-45M fuel loaded with selected metals at 

a mass concentration of 50% burning in oxygen gas (𝑂2). Plots depict (top left) specific

impulse, (top right) density impulse, (bottom left) characteristic velocity, and (bottom 

right) adiabatic flame temperature as calculated with NASA’s CEA at 1,000 psia. 

An analogous set of calculations has been completed for plain HTPB and HTPB 

fuels loaded with metals at a concentration of 50% burning in nitrous oxide at a pressure 

of 1,000 psia with frozen composition and the performance parameters of these propellant 

systems is plotted against the O/F ratio in Figure 33. In general, the addition of metals to 

HTPB burning in oxygen leads to: 1) an increase or decrease in the maximum specific 

impulse, 2) an increase in the maximum density impulse, 3) an increase or decrease in the 

maximum characteristic velocity, and 4) an increase in maximum adiabatic flame 
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temperature. The notable exception to this general trend is lithium, which leads to a 

decrease in all of these performance measures. Once again, the addition of metals also 

shifts the maximum performance condition to lower O/F ratios, which could potentially 

allow for smaller oxidizer tanks in vehicle designs. The greatest density impulse values 

are obtained for fuels containing beryllium (Be), boron (B), zirconium (Zr), aluminum 

(Al), titanium (Ti), tungsten (W), chromium (Cr), nickel (Ni), silicon (Si), magnesium 

(Mg), and lithium (Li), in that respective order. 

Figure 33. Theoretical performance of HTPB R-45M fuel loaded with selected metals at 

a mass concentration of 50% burning in nitrous oxide (𝑁2𝑂). Plots depict (top left) specific

impulse, (top right) density impulse, (bottom left) characteristic velocity, and (bottom 

right) adiabatic flame temperature as calculated with NASA’s CEA at 1,000 psia. 
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3.2.2. HTPB Loaded with Aluminum or Boron 

The maximum specific impulse and density specific impulse, and the 

corresponding O/F ratios at which they occur, have been calculated for HTPB loaded with 

various concentrations of aluminum or boron burning in oxygen at a pressure of 1,000 

psia with frozen composition. The maximum obtainable performance parameters are 

plotted against metal concentration for aluminum- and boron-loaded HTPB in the top plots 

of Figures 34 and 35, respectively. Although the maximum specific impulse decreases 

with increasing metal loading, the maximum density specific impulse increases due to the 

higher density of the metals in comparison to HTPB. The corresponding O/F ratios at 

which the maximum performance parameters occurs is plotted against metal concentration 

for aluminum- and boron-loaded HTPB in the bottom plots of Figures 34 and 35, 

respectively, along with the stoichiometric O/F ratio. The required O/F ratio to yield 

maximum performance decreases with increasing metal loading which translates to lower 

required oxidizer tank mass for a given vehicle design. This trend is more pronounced 

with aluminum-loaded HTPB. 
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Figure 34. Theoretical performance of HTPB R-45M fuel loaded with various 

concentrations of aluminum burning in oxygen gas (𝑂2). Plots depict (left) the maximum

specific and density impulse, and (right) oxidizer-to-fuel ratios corresponding to the 

maximum performance condition for several merits of performance. Calculations were 

completed with NASA’s CEA at 1,000 psia. 
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Figure 35. Theoretical performance of HTPB R-45M fuel loaded with various 

concentrations of boron burning in oxygen gas (𝑂2). Plots depict (left) the maximum

specific and density impulse, and (right) oxidizer-to-fuel ratios corresponding to the 

maximum performance condition for several merits of performance. Calculations were 

completed with NASA’s CEA at 1,000 psia. 
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4. HYBRID ROCKET PERFORMANCE MODEL

To size the experimental fuel grain designed herein, a state-of-the-art hybrid rocket 

performance model based on first principles has been developed and is derived, as follows. 

The basic geometry of the hybrid rocket design under analysis is shown in Figure 36. In 

the hybrid rocket diagram, 𝑃𝑇  is the pressure of the oxidizer tank, �̇�𝑜𝑥  is the oxidizer mass

flow rate, 𝜌𝑓  is the density of the solid fuel which undergoes pyrolysis at a fuel mass loss

rate of �̇�𝑓, 𝑟𝑓  is the radius of the cylindrical combustion port which increases at the radial

regression rate of �̇�, 𝑇𝑐 and 𝑃𝑐  are the temperature and pressure of the combustion products

inside of the rocket chamber, 𝐿𝑓 is the length of hybrid motor fuel grain, 𝐴𝑐  is the cross-

sectional area of the combustion port, 𝐴𝑏  is the surface area of the combustion port, 𝐴𝑡

and 𝐴𝑒 are the cross-sectional areas of the nozzle throat and exit, and �̇�𝑒 is the total mass

flow rate of combustion products exhausting through the nozzle. The oxidizer mass flow 

rate and chamber pressure can be precisely controlled through detailed design of the 

injector and oxidizer tank systems. These two quantities are considered constant 

throughout a motor firing for modeling purposes. The cross-sectional and surface area of 

the combustion port are given by: 

𝐴𝑐 = 𝜋𝑟𝑓
2 (19) 

𝐴𝑏 = 2𝜋𝑟𝑓𝐿𝑓 (20)
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Figure 36. Diagram of a hybrid rocket propulsion system with key features illustrated. 

The propulsive thrust force in chemical rockets is derived from accelerating and 

ejecting combustion products through a nozzle. A detailed derivation of a chemical 

rocket’s thrust force is given by Sutton and Biblarz [11] and can be written as: 

𝐹 = 𝐹𝑓 + 𝐹𝑃 = �̇� 𝑒𝑉𝑒 + (𝑃𝑒 − 𝑃𝑎𝑡𝑚)𝐴𝑒 (21)

where 𝐹𝑓  and 𝐹𝑃  represent the thrust force developed by mass flow and pressure,

respectively; �̇�𝑒 is total propellant mass flow rate; 𝑉𝑒 is the exit velocity of exhaust

products; 𝑃𝑒 and 𝑃𝑎𝑡𝑚 are the exit and atmospheric pressures, respectively; and 𝐴𝑒 is the

exit area of the nozzle. 

Equation (21) can be manipulated to render it in a more useful form. The ideal 

rocket model is used for our analysis which assumes the working substance, or chemical 

combustion products, are homogenous; all of the species of the working fluid are in the 

gas phase and obey the ideal gas law; the flow is adiabatic; friction and boundary layers 

effects are negligible; there are no shockwaves or discontinuities in the flow; propellant 

flow is steady and constant; exhaust gases are uniform across any cross-sectional area; all 

flow is axially directed; chemical equilibrium is established in the combustion chamber 

and is frozen in the nozzle flow; and stored propellants are at room temperature. [54] 



115 

Assuming that the rocket behaves in a quasi-steady state manner, so that expansion is 

uniform and steady and transient effects can be neglected, allows the mass flow rate 

through the system to be defined as: 

�̇� = �̇�𝑒 = �̇�𝑡 = �̇�𝑓 + �̇� 𝑜𝑥 =
𝐴𝑡𝑉𝑡

𝑣𝑡
 (22)

where 𝐴𝑡 is the nozzle throat area, 𝑉𝑡  is the flow velocity at the nozzle throat, and 𝑣𝑡  is the

specific volume of the working fluid at the nozzle throat. Accordingly, Equation (21) can 

be written as: 

𝐹 =
𝐴𝑡 𝑉𝑡𝑉𝑒

𝜈𝑡
+ (𝑃𝑒 − 𝑃𝑎𝑡𝑚)𝐴𝑒 (23) 

Flow through the nozzle is assumed to be isentropic and choked at the throat, so 

that many useful isentropic flow relations can be invoked. For this case, the exit velocity 

of the flow is given by: 

𝑉𝑒 = √(
2𝛾

𝛾−1
) 𝑅𝑇𝑐 [1 − (

𝑃𝑒

𝑃𝑐
)

𝛾−1

𝛾
] + 𝑉𝑐

2 (24) 

where 𝑅 and 𝛾 are the ideal gas constant and specific heat ratio for the combustion product 

mixture, respectively, and 𝑉𝑐 is the velocity of the combustion products within the

combustion chamber. The velocity of the combustion products within the combustion 

chamber will be small relative to that within the nozzle, so that 𝑉𝑐 can be neglected in

Equation (24). The specific volume and velocity of the flow at the nozzle throat are given 

by isentropic relations and are written as: 

𝜈𝑡 = 𝜈𝑐 (
𝛾+1

2
)

1

𝛾−1
(25)
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𝑉𝑡 = √
2𝛾

𝛾+1
𝑅𝑇𝑐 (26) 

It is worth noting that since the flow is choked at the nozzle throat, the Mach 

number at this point is one and the velocity is equal to the speed of sound in the combustion 

products. Other useful isentropic flow equations for analysis of the rocket system are the 

pressure and area ratios across the diverging section of the nozzle which are given by: 

𝑃𝑐

𝑃𝑒
= [1 +

𝛾−1

2
(𝑀𝑒)2]

𝛾

𝛾−1
(27) 

𝜖 =
𝐴𝑒

𝐴𝑡
= (

1

𝑀𝑒
) {

2

𝛾+1
[1 +

𝛾−1

2
(𝑀𝑒)2]}

𝛾+1

2(𝛾−1)
(28) 

where 𝑀𝑒 is the exit Mach number and 𝜖 is defined as the nozzle expansion ratio. Recall

that the combustion products are assumed to behave as an ideal gas, which is reasonable 

given their high temperatures. Accordingly, the ideal gas relation applies and is written 

as: 

𝑃𝑐 = 𝜌𝑐 𝑅𝑇𝑐 (29) 

Combining Equations (24)-(26) and (28) with Equation (23) and rearranging yields: 

𝐹 = 𝐴𝑡𝑃𝑐√(
2𝛾2

𝛾−1
) (

2

𝛾+1
)

𝛾+1

𝛾−1 [1 − (
𝑃𝑒

𝑃𝑐
)

𝛾−1

𝛾 ] + (𝑃𝑒 − 𝑃𝑎𝑡𝑚)𝐴𝑒 (30) 

The thrust coefficient is a dimensionless value that can be used to analyze rocket  

performance as a function of the specific heat ratio, nozzle area ratio, and pressure ratio 

across the nozzle and is defined by: 

𝐶𝐹 =
𝐹

𝑃𝑐𝐴𝑡
= √(

2𝛾2

𝛾−1
) (

2

𝛾+1
)

𝛾+1

𝛾−1 [1 − (
𝑃𝑒

𝑃𝑐
)

𝛾−1

𝛾 ] + (
𝑃𝑒−𝑃𝑎𝑡𝑚

𝑃𝐶
)

𝐴𝑒

𝐴𝑡
(31)
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The theoretical characteristic velocity is a thermodynamic property and is only 

dependent on fuel formulation and operating conditions. However, similar to the specific 

impulse, the actual characteristic velocity suffers from losses associated with combustion 

inefficiency and rocket chamber non-idealities. The theoretical and actual characterist ic 

velocities are given by: 

𝑐∗
𝑖𝑑𝑒𝑎𝑙 =

√𝛾𝑅𝑇𝑐

𝛾√[
2

𝛾+1
]

𝛾+1
𝛾−1

(32) 

𝑐∗
𝑎𝑐𝑡𝑢𝑎𝑙 =

𝑃𝑐 𝐴𝑡

�̇�
 (33)

The ratio of the actual characteristic velocity to the ideal characteristic velocity, 𝜂𝑐 , is

termed the 𝑐∗ (pronounced “cee-star”) efficiency and is a measure of how efficient ly 

propellant is combusted inside of the rocket chamber. This performance measure is a 

function of propellant characteristics and combustion chamber design, and is independent  

of the nozzle characteristics. This allows it to be used as a figure of merit when designing 

the propellants and combustion chamber. For purposes of this analysis, the 𝑐∗ efficiency 

is assumed to be 90%. Utilizing the definitions of thrust coefficient, characteristic velocity, 

and 𝑐∗ efficiency, the thrust can be written in a useful form: 

𝐹 = �̇�𝐶𝐹𝑐∗𝜂𝑐  (34)

which is much more convenient to calculate from measurable and empirical values. 

Theoretical methods for determining the fuel regression rate, �̇�, do exist, but are 

very complex and require the implementation of many more assumptions. For this 

analysis, an empirical power law relation was assumed for the regression rate which is 

written as: 
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�̇� = 𝑎𝐺𝑜𝑥
𝑛  (35)

where 𝑎 and 𝑛 are empirical constants, and 𝐺𝑜𝑥  is the oxidizer mass flux which is given

by: 

𝐺𝑜𝑥 =
�̇�𝑜𝑥

𝐴𝑐
(36) 

The empirical regression rate constants utilized herein were taken from Evans et 

al. [254]. The oxidizer/fuel ratio (𝑂/𝐹) of the combustion reaction inside of the rocket 

chamber is determined by the equation: 

𝑂
𝐹⁄ =

�̇�𝑜𝑥

�̇�𝑓
(37) 

and the fuel mass loss rate is given by: 

�̇�𝑓 = 𝐴𝑠 𝜌𝑓 �̇�𝑓 (38)

For a given oxygen/fuel ratio and chamber pressure, the chamber gas properties, 

including characteristic velocity and specific heat ratio, are fixed. To determine the 

molecular weight and specific heat ratio for the mixture of combustion products, it was 

assumed that the products were in chemical equilibrium, and that the pressure of the 

products was quasi-static. While it is possible to assume a set number of product species 

and solve using multiple equilibrium mechanism constants, several programs are available 

that allow the computation to be completed more quickly and accurately than could be 

done by hand. 

NASA’s CEA was used in this analysis to evaluate the combustion chemistry over 

the operating range of oxidizer/fuel ratios for two propellant formulations: plain HTPB 

and HTPB with 30.9% pure crystalline aluminum by mass. Specifically, the program was 
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used to create tables for the ratio of specific heats, γ, and the characteristic velocity, 𝑐∗, as 

functions of the oxidizer-to-fuel ratio, (𝑂/𝐹), which are used as inputs in the hybrid rocket 

performance code. Figure 37 shows performance comparisons for the plain HTPB and 

aluminized HTPB propellant formulations evaluated at 75 psia. 

Figure 37. Characteristic velocity, 𝑐∗, specific impulse, 𝐼𝑠𝑝 , specific heat ratio, γ, and

adiabatic flame temperature, 𝑇𝑐, calculated by CEA for each formulation over the

operating (𝑂/𝐹) range and a pressure of 75 psia. 

Unless otherwise noted, the parameters in all of the equations presented within this 

section vary with time during a hybrid motor firing. The combustion port radius of the 

hybrid motor can be discretized in time as per: 

𝑟𝑓(𝑡 + 𝑑𝑡) = 𝑟𝑓(𝑡) + �̇�𝑑𝑡 (39)

which allows all other parameters to vary with time as well. The previously presented set 

of equations are solved simultaneously at every time step, 𝑑𝑡, for a total burn time, 𝑡𝑏 , to

yield transient rocket performance. To accomplish this task, a simulation program and two 

functions were written in MATLAB and meshed together. The specific calculat ion 

algorithm process implemented, which runs for plain and aluminized motor formulations, 

is shown in Figure 38. 
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Figure 38. Calculation algorithm for hybrid rocket motor performance model. 

The program was utilized to evaluate the operating conditions of a lab-scale hybrid 

rocket motor and determine the optimal dimensions, oxidizer mass flow rate, and chamber 

pressure for a small-scale stand capable of evaluating various fuel additives in a timely 

and cost effective manner. The final operating conditions are given in Table 3. 

Table 3. Parameter input values for the hybrid motor burn simulation program. 



121 

The burn simulation program produces a set of plots which can be used to evaluate 

operating conditions throughout the hybrid rocket, determine combustion gas properties 

inside of the rocket chamber, assess rocket performance throughout the motor burning 

process, and ensure that the simulation is following fundamental and empirical trends for 

each fuel formulation in the calculation process. The entirety of the MATLAB code 

developed to simulate hybrid rocket combustion and its full output are given in 

Appendices A and B, respectively, and relevant plots are shown below for discussion 

purposes. Figures 39 and 40 show the oxidizer mass flux and regression rate for the hybrid 

motor fuel grains as a function of burn time. When combustion is initiated inside of the 

motor, the port diameter is small, leading to a small surface area and a high oxidizer mass 

flux. Accordingly, the initial regression rate of each hybrid motor is also high. As 

combustion processes continue, the diameter of the combustion port expands, so that with 

a constant oxidizer mass flow rate, the oxidizer mass flux decreases. The decrease in 

oxidizer mass flux begins rapidly because the regression rate of the motor is high at the 

beginning of the process, but decreases at a slower rate as the burn continues and the 

regression rate drops. The oxidizer mass flux for the plain HTPB motor is larger than that 

of the aluminized formulation for the entirety of the burn, with the exception of the init ia l 

ignition time, because the aluminized motor regresses faster. The regression rate of the 

aluminized motor formulation is higher than that of the plain HTPB formulation for the 

entirety of the burn, even though the oxidizer mass flux is lower. This is because of the 

regression rate enhancement due to the aluminum additive inclusion. 
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Figure 39. Oxidizer mass flux for plain and aluminized motor formulations versus burn 

time. 

Figure 40. Motor radial regression rate for plain and aluminized motor formulat ions 

versus burn time. 
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Figures 41 and 42 are performance plots illustrating the variation of propulsive 

thrust force and specific impulse for the two motor formulations throughout motor 

burning. The thrust force and specific impulse of each motor decrease throughout the burn 

as the regression rate and fuel mass loss rate decrease and the oxidizer to fuel ratios shift 

away from peak performance points. Both the thrust force and specific impulse of the 

aluminized motor formulation are higher than that of the plain HTPB formulation. The 

fuel mass loss rate, which is shown in Figure B.2, is higher for the aluminized formulat ion 

throughout the burn time because the regression rate and fuel density are higher. 

Accordingly, more mass is being ejected through the nozzle at high velocity, which results 

higher propulsive thrust force. Additionally, the rocket input dimensions were optimized 

so that operation occurs near peak performance for aluminized motor formulations, so the 

specific impulse of the aluminized formulation is higher throughout the burn time. 
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Figure 41. Propulsive thrust force for plain and aluminized motor formulations versus 

burn time. 

Figure 42. Specific impulse for plain and aluminized motor formulations versus burn 

time. 



5. BALLISTIC STAND DESIGN

The ballistic test stand consists of several interconnected subsystems which are 

depicted in Figure 43. The oxidizer delivery system transports oxidizer to the rocket 

chamber. Burning of the hybrid rocket fuel grain takes place in the combustion chamber 

once oxidizer is delivered and ignition is initiated. The diagnostics system consists of two 

pressure transducers for measuring the pressure in the oxidizer feed system and the 

combustion chamber, a mass flow controller for setting oxidizer flow, and a load cell for 

measuring the thrust force produced by the rocket. The data acquisition (DAQ) system 

records the outputs of the pressure transducers, mass flow controller, and load cell. The 

power system provides electrical power to all components of the thrust stand. 

Figure 43. Subsystems of the hybrid rocket ballistic test stand. 

Material within this chapter has been previously published and is reprinted with permission from 
“Design and Characterization of a Lab-Scale Hybrid Rocket Test Stand” by Thomas, J. C., Stahl, J. M., 
Morrow, G. R., and Petersen, E. L., AIAA 2016-4965, 52nd AIAA/ASME/SAE/ASEE Joint 
Propulsion Conference, Salt Lake City, UT, 2016, Copyright 2016 by James C. Thomas. 
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The hybrid rocket test stand is shown in Figure 44. Important individua l 

components are highlighted including the oxidizer blowdown tank, upstream oxidizer and 

chamber pressure transducers, mass flow controller, injection port, load cell, igniter, 

combustion chamber, and a plate for condensed combustion product (CCP) collection. 

Figure 44. Hybrid rocket ballistic test stand. Key components are highlighted. 

5.1. Fuel Grain and Chamber Sizing 

To size the combustion chamber and motor fuel grain, a state-of-the-art 

performance prediction program was developed and has been previously described in 
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Chapter 4 of the thesis. The program is based on fundamental engineering concepts and 

utilizes thermochemical analysis databases and empirical correlations given in the 

literature. 

This program was utilized to perform a parametric evaluation of motor fuel grain 

dimensions including the combustion port initial diameter and length. The constraints of 

the project included: 1) small motors for economical evaluation of numerous additives, 2) 

achievable oxidizer mass fluxes as high as 150 kg/m2-s, 3) experimental turn-around time 

of less than 10 minutes for time-efficient testing, and 4) modular design for easy variation 

of numerous parameters in future testing. The author settled on a combustion port diameter 

of 2 mm and a motor length of 5 cm. For the prescribed system, the performance program 

predicts a thrust force of 1.5 lbf (6.7 N) and oxidizer mass fluxes as high as 200 kg/m2-s 

for short-duration burns of baseline HTPB motors burning in gaseous oxygen. Detailed 

results of the performance prediction program are given in Appendix B for baseline and 

aluminized formulations. 

5.2. Combustion Chamber 

The combustion chamber section of the hybrid rocket thrust stand includes an 

injector bulkhead, an injector insert, a pressurized constant-volume chamber, and a nozzle 

bulkhead. Solid and wireframe Solidworks models of the combustion chamber assembly 

are shown in Figure 45. Detailed design drawings of the injector bulkhead, injector insert, 

combustion chamber, and nozzle bulkhead are given in Appendix C. All of these 

components were manufactured with 1018 steel. 
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Figure 45. Solid (left) and wireframe (right) Solidworks models of the combustion 

chamber assembly. 

When the hybrid rocket stand is used for motor firing, several components are 

added to the system. High-temperature silicone O-rings (#121) are utilized in the injector 

bulkhead, injector insert, and nozzle bulkhead to create high-pressure seals at either end 

of the rocket chamber. O-rings are mounted in internal radial slots which were machined 

according to the specifications of ISO 3601. Teflon tape is utilized on the threads of the 

injector bulkhead and nozzle section as a back-up sealing mechanism. A Swagelok quick-

connect system is utilized at the injector port for timely disassembly and reassembly of 

the motor. A pressure transducer is threaded into the injector side of the chamber for 

monitoring of chamber pressure during firing and utilizes a similar quick-connect system. 

A ceramic igniter bulkhead is threaded into the same side of the combustion chamber to 

initiate motor combustion. The igniter apparatus is further detailed later in this section of 

the thesis. The motor fuel grain is loaded into the nozzle end of the combustion chamber 

and is held in place by a steel spacer during motor firing. Figure 46 shows all of these 

components and how they are assembled for rocket testing. 
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Figure 46. Components of the combustion chamber section. 

The ignition system is shown in Figure 47. A high-pressure, probe-sealing 

assembly was acquired from Conax technologies. Two 1-mm steel lead wires are 

internally sealed in the probe assembly by a Viton plug. The probe assembly is sealed to 

the combustion chamber with Teflon tape and ¼" NPT threads. A composite AP/HTPB 

solid propellant sample (~1 g) is mounted onto a Nichrome wire strand and hooked onto 

the steel probe leads, which serves as an ignition booster. Ignition of the solid propellant 

sample is initiated by passing a high current through the probe leads via a variable power 

source, which in turn ignites the hybrid motor fuel grain when the oxidizer is flowing. The 

ignition power system is further detailed in the power and DAQ section of this chapter. 
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Figure 47. Ignition bulkhead assembly and mounted solid propellant sample. 

5.3. Chamber Stress Analysis 

It ws important to analyze the mechanical stresses inside of the combustion 

chamber to ensure that structural failure does not occur during motor firing. Structural 

failure can occur at the wall of the combustion chamber or at threaded connections such 

as the injector bulkhead, nozzle bulkhead, pressure transducer port, and igniter feed-

through port. The tangential, radial, and longitudinal stresses inside of a cylindr ica l 

pressure vessel are given by Equations (40)-(42), respectively: 

𝜎𝑡 =
𝑃𝑖 𝑟𝑖

2 −𝑃𝑜 𝑟𝑜
2−𝑟𝑖

2 𝑟𝑜
2(𝑃𝑜 −𝑃𝑖 )/𝑟2

𝑟𝑜
2 −𝑟𝑖

2  (40) 

𝜎𝑟 =
𝑃𝑖 𝑟𝑖

2 −𝑃𝑜 𝑟𝑜
2+𝑟𝑖

2 𝑟𝑜
2 (𝑃𝑜−𝑃𝑖 )/𝑟2

𝑟𝑜
2 −𝑟𝑖

2  (41) 

𝜎𝑙 =
𝑃𝑖 𝑟𝑖

2

𝑟𝑜
2 −𝑟𝑖

2 (42) 

where 𝑃𝑖 and 𝑃𝑜 are the pressures inside and outside of the pressure vessel, respectively;

𝑟𝑖 and 𝑟𝑜  are the inner and outer radii of the pressure vessel, respectively; and 𝑟 is the
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chamber radius where the mechanical stress is present. [456] The inner and outer radii of 

the combustion chamber were selected as 1.67 cm (0.66 in) and 2.54 cm (1.00 in), 

respectively. Preliminary results showed that the combustion chamber pressure for plain 

HTPB motors is approximately 90 psi. The stress distributions inside of the pressure 

chamber’s walls for an internal pressure of 100 psi and atmospheric pressure outside of 

the vessel are shown in Figure 47. The largest stress is the circumferential stress at the 

inner wall of the chamber, which is 201 psi when the operating chamber pressure is 100 

psi. As the chamber pressure increases, so do the mechanical stresses in the chamber walls.  

Figure 47. Stress distributions inside of the chamber walls with an internal pressure of 

100 psi and atmospheric pressure outside of the vessel. 

The factor of safety of a given design system with mechanical stress is defined as: 

𝑘𝑠 =
𝜎𝑓

𝜎𝑟𝑒𝑎𝑙
(43)
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where 𝜎𝑓  is the failure stress and 𝜎𝑟𝑒𝑎𝑙  is the real mechanical stress occurring in the

component under consideration. The yield stress of 1018 steel is approximately 45,000 psi 

[456] and was defined as the failure stress for the combustion chamber. The factor of

safety of the chamber design is 224 at an operating chamber pressure of 100 psi; which 

illustrates how overdesigned the system is. This factor of safety is plotted against chamber 

pressure in Figure 48. The factor of safety decreases with increasing operating pressure 

because the mechanical stresses present are larger at higher operating pressures. The factor 

of safety of the chamber design at an operating chamber pressure of 1,000 psi is 18, which 

is still acceptable; so testing at much higher chamber pressures is allowable under the 

design criteria of chamber wall thickness. 

Figure 48. Factor of safety of chamber wall thickness versus chamber operating pressure.  
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The mechanical stresses in the threaded connections of the injector and nozzle 

bulkheads are much more difficult to evaluate. To calculate these stresses, the shear area 

of the thread must be determined and is given by: 

𝐴𝑠 = 𝜋𝑛𝐿 𝑒𝐷𝑚𝑖𝑛 (
1

2𝑛
+ 0.57735(𝐷𝑝𝑖𝑡𝑐ℎ − 𝐷𝑚𝑖𝑛)) (44)

where 𝑛 is the number of threads per inch, 𝐿 𝑒 is the length of thread engagement, 𝐷𝑚𝑖𝑛 is

the minimum diameter of the thread, and 𝐷𝑝𝑖𝑡𝑐ℎ is the pitch diameter of the thread. This

equation was empirically determined and is given in Federal Standard #FED-STD-

H28/2B. Performing a static force balance on the bolt yields the shear stress acting on the 

threads: 

𝜏𝑠 = 𝑃𝑖 (
𝐴𝑏

𝐴𝑠
) (45) 

where 𝑃𝑖 is the internal chamber pressure and 𝐴𝑏  is the cross -sectional area of the bolt

connection. The bolt cross-sectional area can be readily calculated with the outer and inner 

bolt diameters. The failure shear stress is once again taken as the yield stress and is related 

to the tensile yield stress for metals by: 

𝜏𝑦 = 0.577𝜎𝑦 (46)

Thread dimensions for each connection are given in Table 4, and the corresponding 

shear area has been calculated according to Equation (44). The shear stress acting on each 

connection can be calculated with Equation (45) and utilized to evaluate the factor of 

safety at a given operating pressure, similar to the chamber stress analysis previously 

presented. At an operating pressure of 100 psi, the factors of safety of the injector and 

nozzle bulkheads are approximately 2,200. At an operating pressure of 1,000 psi, the 
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factors of safety of the injector and nozzle bulkheads are approximately 225. These large 

factors of safety once again demonstrate how overdesigned the pressure chamber is for its 

operating conditions. 

Table 4. Thread dimensions of the injector and nozzle bulkheads. 

5.4. Thrust Measurement System 

A system consisting of a linear bearing and load cell was designed to measure the 

thrust of the hybrid rocket and is shown in Figure 44. The rocket combustion chamber is 

secured to an aluminum I-beam by standard U-bolts and flange nuts for quick disassembly 

and reassembly. The I-beam has been custom manufactured to fit an aluminum t-slot linear 

bearing. The injector bulkhead at the front end of the rocket chamber has a small stud 

which fits snugly into a hole which has been drilled into ¼” steel bar stock. A ¼" steel 

angle iron piece is secured to the stand table by standard bolts. The load cell is mounted 

to both the bar stock and angle iron by M6 fasteners. When the rocket is operational, the 

thrust force produced is directly translated to the load cell by this apparatus. The load cell 

utilized on this thrust stand is an Omega Engineering LCAE-6KG single point model. The 

Ignition Bulkhead Nozzle Bulkhead

UNF 1-1/2" UNF 1-1/2"

Threads per Inch n (in-1) 12 12

Minimum Diameter Dmin (in) 1.40 1.40

Pitch Diameter Dpitch (in) 1.50 1.50

Engagement Length Le (in) 2.54 2.54

Shear Area As  (in2) 13.27 13.27

Inner Bolt Diameter Db (in) 0.04 0.08

Outer Bolt Diameter Db (in) 1.40 1.40

Bolt Area Ab (in2) 1.54 1.54

Connection

Thread Type



135 

output signal is amplified by an Omega Engineering DMD-465WB fast response amplifier 

model before being recorded by the system’s oscilloscope. 

5.5. Oxidizer Delivery System 

The hybrid rocket motor system has safety advantages over its pure solid and liquid 

counterparts because its oxidizer is stored separately from the fuel. The sold fuel grain is 

contained in the combustion chamber and the oxidizer is contained in an isolated tank. 

The purpose of the oxidizer feed system is to deliver the oxidizer to the rocket chamber 

for combustion with the solid fuel grain. 

A schematic of the oxidizer delivery and DAQ systems is given in Figure 49, and 

the actual manifold is shown in Figure 44. The bulk of the system is made up of Swagelok 

¼" stainless steel tubing rated up to 3,000 psi and various Swagelok fittings rated up to 

5,000 psi. Ball valves are installed throughout the system to allow for isolation of any 

subcomponent. Three manual exhaust valves are installed in for pressure relief in the case 

of a failed solenoid valve or clogged nozzle scenario. Oxidizer and inert gas can be 

delivered to the combustion chamber during motor firing by remote operation of the 

solenoid valves or the mass flow controller. The solenoid valves selected for this assembly 

are Omega Engineering SV121 high-pressure models which are rated to a maximum 

pressure of 1,450 psi. The mass flow controller utilized herein is a custom-designed Alicat 

Scientific MCRQ-100SLPM-D-20X32 model capable of flowing 2.5 g/s of GOX and 

withstanding inlet pressures of up to 325 psia. The MFC also has diagnostics for recording 

the oxidizer upstream pressure, temperature, and mass flowrate. Pressures at the outlets of 

the oxygen and inert gas tanks are set by standard pressure regulators with outlet 
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capabilities of 2,500 psia. The pressure in the delivery manifold and the rocket chamber 

are monitored by Omega Engineering PX309-1KG5V model pressure transducers, which 

are rated up to 1,000 psi. 

Figure 49. Schematic of the oxidizer delivery and DAQ subsystems. 

The hybrid rocket can be operated in several modes: steady, transient, and 

blowdown oxidizer flow. In the steady mode, the oxygen pressure regulator is set to a 

pressure compatible with the MFC, and the MFC is set to a constant mass flow rate. In the 

transient mode, the oxygen pressure regulator is set to a pressure compatible with the 

MFC, and variable flow conditions (such as stop/start or deep throttle) are implemented 

within the MFC’s software. In the blowdown mode, the attached oxidizer tank is filled to 

a desired pressure and allowed to blowdown during motor firing. Each mode has unique 

advantages. 

5.6. Power and Data Acquisition System 

The power and DAQ system is responsible for providing electrical power to all 

components of the test stand and for recording measurement voltages of the pressure 
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transducers and load cell. All components of the system are powered by a 120-VAC power 

source in the testing facility building. Twelve VDC transformers are utilized to power the 

pressure transducers and the MFC. The variable power transformer employed to power 

the ignition system is a GW Instek model GPR-1810HD. The oscilloscope used to record 

data is a GW Instek model GDS-2064. The remote control box has two switches which 

control the oxygen solenoid valve and the ignition system power supply. 

5.7. Failure Modes and Effects Analysis 

To evaluate the safety of the testing apparatus and operations, and quantify the 

likelihood of all potential failures and their consequences, a failure modes and effects 

analysis has been conducted. This analysis is presented in Table 5. The most severe 

failures are further detailed below. 
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Table 5. Failure modes and effects analysis. 
Probability Consequence Risk

(1-5) (1-5) (1-5)

Mechanical Failure 

of the Combustion 

Chamber (Walls)

1 5 1.0

In the event of a mechanical failure of the combustion chamber's wall, the consequences could be dangerous. Metal 

shrapnel could be expelled at high velocities. Combustion gases would rapidly exhaust from the failure interface and a 

possible motor explosion could take place. However, the high factor of safety of this component means this failure mode 

has an extremely low risk. This failure mode also poses a threat to loss of testing data.

Mechanical Failure 

of the Combustion 

Chamber (Threads)

1 5 1.0

In the event of a mechanical failure of the combustion chamber's threads, the consequences could be dangerous. The 

injector or nozzle bulkhead could be expelled from the system at high velocity. Combustion gases would rapidly exhaust 

from the failure interface which could lead to a fire hazard. However, the high factor of safety of this component means this 

failure mode has an extremely low risk. This failure mode also poses a threat to loss of testing data.

Mechanical Failure 

of a Diagnostic Port 

(Threads)

1 5 1.0

In the event of a mechanical failure of the combustion chamber's threads at a diagnostic port (injector hose, pressure tap 

hose, igniter feed-through, or post-combustion chamber plug), the consequences could be dangerous. The failed component 

could be ejected from the system at high velocity. Combustion gases would rapidly exhaust from the failure interface which 

could lead to a fire hazard. This failure mode is more likely than mechanical failure of the chamber because NPT threads are 

utilized instead of UNF threads, but it is still very unlikely when the threads are properly tightened. This failure mode also 

poses a threat to loss of testing data.

Mechanical Failure 

of Oxidizer Delivery 

Component

5, 1 1, 5 1.0, 1.0

The oxidizer delivery system is made up of numerous tubes, regulators, valves, and fittings and each component has a 

potential for failure. A failure at a valve/tube or fitting/tube interface is likely, but not dangerous and can be easily fixed by 

tightening or replacing the connection. The failure of a valve would lead to a system leak or unpredictable flow which is not 

significantly dangerous, but should be fixed by replacing the valve, so that accurate testing data can be recorded. The most 

significant threat is posed if the pressure regulator at the high-pressure oxidizer or nitrogen tanks fails which would lead to 

an uncontrolled blowdown of the entire gas bottle. This could lead to unsafe conditions near the testing rig via high pressure 

gas exhaust or by mechanical failure of the rig's components due to over pressurization.

Structural Failure of 

O-Ring Pressure 

Seals

5 1 1.0

The O-rings utilized to pressure seal the combustion chamber are made for high temperature environments, but the 

combustion gases are extremely hot. After numerous tests the O-rings can and will encounter structural failure. Visual 

inspections of each O-ring's integrity should be made prior to each test. When an O-ring fails a combustion gas bleed-

through will occur and hot gas will be expelled from the system. This even does not pose a significant fire hazard, but will 

invalidate testing pressure data.

Mechanical Failure 

of Linear Bearing 

Assembly 

Components

1 3 0.6

The linear bearing assembly includes the t-slot aluminum bolted to the main table, the bearing itself, the I-beam bolted to 

the bearing, the U-bolts securing the rocket to the I-beam, and all corresponding structural joints. In the event that any one 

of these individual components fail, then the rocket could potentially fly free from the stand. The rocket is not designed for 

flight purposes and would not travel at a high velocity, but would still pose a fire hazard and a loss of testing data. However, 

all load bearing components are overdesigned for the small thrust force the rocket will produce (1.5 lbf), so this event is very 

unlikely.

Mechanical Failure 

of Load Cell 

Apparatus 

Components

2 1 0.4

The load cell apparatus includes the load cell itself, the steel bar stock which interfaces the load cell with the rocket, the 

steel angle iron which interfaces the load cell with the table, and all corresponding structural joints. In the event that any 

one of these individual components fail, then the rocket/linear bearing assembly would be able to slide forward, but not 

leave the table. This failure mode is possible because of the unthreaded connection of the load cell/bar stock interface, but 

only presents a consequence of lost data and damaged equipment.

Structural Failure of 

the Stand Table
1 3 0.6

In the event that an individual leg or bolt on the stand table itself fails, the table should still be standing; but if several fail, 

then the table could fall over. This failure mode is extremely unlikely due to the low thrust force produced by the rocket, the 

high weight of the table, and the low center of gravity of the table. This failure mode would lead to a potential fire hazard 

and loss of testing data.

Sealing Failure of 

Oxidizer Delivery 

System

1 5 1.0

If a single fitting in the oxidizer delivery system is loose, then a leak of oxidizer to the atmosphere would occur. For short 

time scales, this failure mode is not dangerous. However, if the system were left pressurized over an extended period of 

time with an oxidizer leak, then a catastrophic event could occur if an unanticipated ignition source were encountered. This 

entire failure mode can be avoided by ensuring the fittings are tightened properly prior to testing and the risk of a 

catastrophic event can be completely avoided by ensuring the oxidizer tank is closed in between tests and at the end of 

testing days.

Electrical Failure 

(Diagnostic)
2 3 1.2

Electrical failure to diagnostic equipment (pressure transducers and load cell) is possible due to a loose electrical connection 

or power loss. This failure mode can lead to a loss of testing data. If operators approach the stand while it is pressurized, but 

the DAQ is not measuring the pressure, then significant injury could occur. Accordingly, the system should be purged prior to 

approach if this failure mode occurs.

Electrical Failure 

(Igniter)
2 1 0.4

Electrical failure to the ignition system is possible due to a loose electrical connection, incorrect fitting of the nichrome 

ignition wire, or power loss. This failure mode poses no significant risk except loss of testing data.

Electrical Failure 

(Oxidizer Solenoid 

Valve)

2 4 1.6

Electrical failure to a solenoid valve is possible due to a loose electrical connection or power loss. Prior to testing, loss of 

power to the oxidizer solenoid valve poses no potential risk. If power to the valve is lost during testing, then an uncontrolled 

blowdown of the oxidizer tank would occur. The motor fuel grain would burn to completion and excess oxygen oxidizer 

would be leaked to the atmosphere. Testing staff should wait for conditions to clear before approaching the testing rig after 

such a failure.

Electrical Failure 

(Nitrogen Solenoid 

Valve)

2 1 0.4

Electrical failure to a solenoid valve is possible due to a loose electrical connection or power loss. Prior to testing, loss of 

power to the nitrogen solenoid valve poses no potential risk. If power to the valve is lost during testing, then an inert purge 

can not be accomplished and testing staff should wait for conditions to clear before approaching the testing rig.

Fire 4 2 1.6

The rocket chamber exhausts hot combustion products to the atmosphere during testing. The test stand is close to the 

ground and testing will take place on a grass field, so the probability of a potential fire near the stand is relatively high. 

However, the area around the stand will be conditioned for this risk prior to testing and fire extinguishers will be kept on 

hand during testing, so the risk of this event is low.

Failure Mode Details
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The highest risk events from the failure modes and effects analysis are the 

uncontrolled blowdown of oxidizer through the system due to a loss of electrical power to 

the oxidizer solenoid valve during testing and an uncontrolled fire caused by the expulsion 

of hot combustion exhaust onto the testing location’s ground.  

If an uncontrolled blowdown occurs during testing, the motor fuel grain will burn 

until no fuel is left. The oxidizer tank would be allowed to blow down and exhaust to the 

atmosphere. Testing staff would remain in the control room and monitor the conditions 

remotely through pressure transducers in the oxidizer delivery system and visually. After 

the blowdown is completed, the conditions should be given time to clear before the testing 

staff approaches the testing apparatus. 

The uncontrolled fire hazard can be mitigated by conditioning the testing area prior 

to motor burning. In the event that a fire does occur, testing procedures should take place 

as planned until the test has been completed. After the test is complete, fire extinguishers 

kept inside the control room can be utilized to put out the fire. 

5.8. Summary 

A ballistic test stand for evaluating regression rates and combustion efficiencies of 

hybrid rockets has been developed at Texas A&M University. State-of-the-art prediction 

methodologies have been utilized to predict the conditions and performance of the rocket 

system. Thorough analysis has been conducted to ensure the stand is functional and safe. 
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6. EXPERIMENTAL METHODOLOGY: ADDITIVE CHARACTERIZATION

The size, purity, composition, and morphology of metallic additives can all have 

profound effects on the resultant combustion behavior in solid fuel combustion. 

Accordingly, efforts have been taken to characterize and document these attributes within 

this section of the thesis. The additives selected for the current project are shown in Table 

6 and include micro-aluminum, nano-aluminum, nano-boron, micro-magnesium, micro-

titanium, micro-zirconium, and magnesium-coated nano-boron. A summary of the 

additives’ key characteristics (average particle size, purity, and geometry) and their 

respective manufacturers are also given in Table 6 for comparison. Experimental methods 

for microscopy analyses are given in the next two sections, and results of the additive 

particle characterization are subsequently presented. 

Table 6. Key attributes of the metallic additives considered herein. 

6.1. Scanning Electron Microscopy 

Scanning Electron Microscopy (SEM) images of the micro-additive particles were 

taken on a Tesca Vega 3 SEM, located in Texas A&M University’s Microscopy and 

Imaging Center, to confirm additive particle sizes. SEM samples were prepared by placing 

Size Purity

(µm) (%)

micro-Al (µAl) Valimet, Inc. H-30 20-30 99.7 Spherical

nano-Al (nAl) US Research Nanomaterials, Inc. US-1043 0.1 99.9 Spherical

nano-B (nB) SB Boron Corporation SB-95 0.7 92.1-96.0 Irregular

micro-Mg (µMg) US Research Nanomaterials, Inc. US-1060 40 99.9 Flake

micro-Ti (µTi) US Research Nanomaterials, Inc. US-1038M 45 99 Irregular

micro-Zr (µZr) US Research Nanomaterials, Inc. US-1040M 75 99 Irregular

nano-MgB (nMgB) Mach I Specialty Chemicals, Inc. - 0.7 88 Irregular

IDManufacturerAdditive Geometry
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a piece of double-sided carbon tape on an aluminum sample holder. Additive particles 

were carefully sprinkled across the tape’s surface. 

6.2. Transmission Electron Microscopy 

Transmission Electron Microscopy (TEM) images of the nano-additive particles 

were taken on a JEOL JEM-2010 Transmission Electron Microscope, located in Texas 

A&M University’s Microscopy and Imaging Center, to confirm additive particle sizes and 

evaluate the surface chemistry. TEM samples were prepared by dispersing additive 

particles in an aqueous solution of nitromethane solvent at a mass concentration of 5% 

and subjecting the mixture to a 15-minute ultra-sonication treatment. The sample was 

diluted in a 5:1 volumetric ratio with additional solvent and suspended on a carbon film, 

400-mesh copper grid. The nitromethane was evaporated off the grid at atmospheric

conditions. TEM images were taken at various magnifications for representative particle 

network and fundamental particle sizing. In addition to particle imaging, Energy 

Dispersive X-Ray Spectroscopy (EDS) was utilized to map the surface chemistry and 

quantitatively evaluate the composition of the nano-B and nano-MgB particles. 

6.3. Additive Characterization Results 

All of the additives shown in Table 6 have been imaged through the previously 

described methods. The following sections serve to report manufacturer specifications, 

measured particle sizes, and EDS analyses completed herein. 

6.3.1. Micro-Aluminum Particles 

The aluminum micro-particles utilized herein (H-30) were obtained from Valimet, 

Inc. The manufacturer indicates the purity of the aluminum is 99.7% minimum with trace 
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amounts of volatile (<0.1%), oil and grease (<0.2%), and iron (<0.2%). Average particle 

size is reported as 20-30 µm with minimum pass-throughs of 99.5% and 85.0% on 200- 

and 325-mesh sieves, respectively. 

SEM images of the aluminum micro-particles at increasing magnification are 

shown in Figure 50. The average particle size is on the order of 20-30 µm, and the 

geometry is spherical. 

Figure 50. SEM images of aluminum micro-particles at increasing magnification. 

6.3.2. Nano-Aluminum Particles 

The aluminum nano-particles utilized herein (US-1043) were obtained from US 

Research Nanomaterials, Inc. and were produced by the electric explosion of wire method.  

The manufacturer indicates the purity of the aluminum is 99.9% minimum. Particles are 

reported to be spherical, have an average particle size of 100 nm, and a specific surface 

area of 10-20 m2/g. 

TEM images of the aluminum nano-particles at increasing magnification are 

shown in Figure 51. The nano-aluminum particles are all spherical and have a fundamenta l 

particle size of approximately 100 nm. However, the particles tended to form aggregate 
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chains which ranged in size from 0.2-2 µm in length. Measurements of the oxide layer 

thickness are shown in Figure 51 and indicate a thickness of approximately 3 nm. 

Figure 51. TEM images of aluminum nano-particles at increasing magnification. 

6.3.3. Nano-Boron Particles 

The boron nano-particles utilized herein (SB-95) were obtained from SB Boron 

Corporation. The manufacturer reports a purity of 92.1-96.0% with trace amounts of 

magnesium (<3.0%); iron (<0.10%); nitrogen (<0.10%); manganese (<0.08%); calcium, 

silicon, and sodium (<0.04%); aluminum, lead, and nickel (<0.01%); and barium, bismuth, 

cadmium, and copper (<0.005%). The average particle size is reported as 0.7 µm. 

TEM images of the boron nano-particles at increasing magnification are shown in 

Figure 52. The boron particles exhibit various morphologies including spheres and flakes. 

The spherical particles are on the order of 100 nm in diameter and vary in size. The boron 

flakes are much larger and were typically several 0.3-3 µm in length. 
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Figure 52. TEM images of boron nano-particles at increasing magnification. 

EDS analysis was utilized at five different sites within the boron nano-particle 

sample to determine the average particles’ composition, and the results are presented in 

Table 7. The particles are mostly composed of amorphous boron (~95%) with notable 

concentrations of oxygen (~2%) and magnesium (~2%), and trace amounts of iron, 

silicon, and cobalt. The EDS spectra collected also contained traces of several other 

elements (aluminum, barium, calcium, cadmium, chlorine, cobalt, copper, manganese, 

nitrogen, sodium, nickel, and lead) which were below the threshold of the composition 

measurement (0.1%). 

Table 7. Chemical compositions of boron nano-particles measured with EDS analysis. 

Atomic maps of a single boron particle’s surface are shown in Figure 53 for (b) 

boron, (c) oxygen, (d) magnesium, and (e) iron. In general, the contaminant atoms are 

Element Concentration (wt %)

B 95.2 ± 1.9

Mg 2.3 ± 1.1

O 2.1 ± 0.7

Fe 0.3 ± 0.3

Si 0.1 ± 0.1

Co 0.1 ± 0.1
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evenly spread across the surface of the boron particle. The atomic maps were also able to 

identify the location of the trace contaminants previously mentioned, which were also 

evenly spread across the particle’s surface. 

Figure 53. Atomic surface maps of a single boron nano-particle. (a) plain particle surface, 

(b) atomic boron [B] map, (c) atomic oxygen [O] map, (d) atomic magnesium [Mg] map,

and (e) atomic iron [Fe] map. 

6.3.4. Micro-Magnesium Particles 

The magnesium micro-particles utilized herein (US-1060) were obtained from US 

Research Nanomaterials, Inc. The manufacturer indicates the purity of the magnesium is 

99.9% minimum with trace amounts of copper (<0.02%); manganese, potassium, and 
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sodium (<0.01%); nitrogen and oxygen (<0.006%); iron, silicon, and sulfur (<0.005%); 

carbon (<0.003%); nickel and cobalt (<0.002%); and aluminum, calcium, and lead 

(<0.001%). Particles are reported to be irregular with an average particle size of 40 µm. 

SEM images of the magnesium micro-particles at increasing magnification are 

shown in Figure 54. The magnesium particles have an average particle size on the order 

of 40 µm with a narrow distribution and flake-like geometries. 

Figure 54. SEM images of magnesium micro-particles at increasing magnification. 

6.3.5. Micro-Titanium Particles 

The titanium micro-particles utilized herein (US-1038M) were obtained from US 

Research Nanomaterials, Inc. The manufacturer indicates the purity of the titanium is 99% 

minimum with trace amounts of iron (<0.05%); nickel (<0.038%); carbon and silicon 

(<0.028%); molybdenum (<0.002%); and aluminum (<0.0033%). Average particle size is 

reported as 45 µm, but no morphology is indicated. 

SEM images of the titanium micro-particles at increasing magnification are shown 

in Figure 55. The titanium particles have an average particle size on the order of 45 µm 

with a wide distribution and irregular geometries. 
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Figure 55. SEM images of titanium micro-particles at increasing magnification. 

6.3.6. Micro-Zirconium Particles 

The zirconium micro-particles utilized herein (US-1040M) were obtained from US 

Research Nanomaterials, Inc. The manufacturer indicates the purity of the zirconium is 

99% minimum with trace amounts of tin (<0.3%); iron (<0.2%); hydrogen and magnesium 

(<0.1%); silicon (<0.08%); aluminum (<0.05%); and calcium and chlorine (<0.02%). 

Average particle size is reported as 75 µm, but no morphology is indicated. 

SEM images of the zirconium micro-particles at increasing magnification are 

shown in Figure 56. The zirconium particles have an average particle size on the order of 

75 µm with a wide distribution and irregular geometries. 
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Figure 56. SEM images of zirconium micro-particles at increasing magnification. 

6.3.7. Magnesium-Coated Nano-Boron Particles 

The magnesium-coated boron (MgB) nano-particles utilized herein (US-1040M) 

were donated by Mach I Specialty Chemicals, Inc. and were recently developed in their 

R&D department. Their proprietary process begins with virgin SB95 boron nano-particles, 

which were previously discussed, and coats them in a 20% atomic loading (36% by mass) 

of magnesium.  

TEM images of the MgB nano-particles at increasing magnification are shown in 

Figure 57. In general, the MgB particle sizes and morphologies appear similar to that of 

the virgin SB95 boron nano-particles. 
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Figure 57. TEM images of magnesium-coated boron nano-particles at increasing 

magnification. 

EDS analysis was utilized at three different sites within the MgB nano-particle 

sample to determine the average particles’ composition and the results are presented in 

Table 8. The particles are mostly composed of amorphous boron (~63%) and magnes ium 

(~24%) with a notable concentration of oxygen (~10%), and trace amounts of cobalt, 

iron, calcium and silicon. The EDS spectra collected also contained traces of several other 

elements (aluminum, barium, calcium, cadmium, chlorine, cobalt, copper, manganese, 

nitrogen, sodium, nickel, and lead) which were below the threshold of the composition 

measurement (0.1%). In comparison to the SB95 boron nano-particles, the MgB nano-

particles have a significantly higher concentration of magnesium, as expected, but also 

have a significantly higher concentration of absorbed oxygen (2%→10%). 
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Table 8. Chemical compositions of boron nano-particles measured with EDS analysis. 

Atomic maps of a single MgB particle’s surface are shown in Figure 58 for (b) 

boron, (c) magnesium, and (d) oxygen. In general, the contaminant atoms are evenly 

spread across the surface of the boron particle. The atomic maps were also able to identify 

the location of the trace contaminants previously mentioned, which were also evenly 

spread across the particle’s surface. 

Element Concentration (wt %)

B 63.3 ± 14.7

Mg 23.8 ± 6.4

O 10.3 ± 5.8

Co 1.3 ± 1.2

Fe 1.2 ± 1.2

Ca 0.2 ± 0.1

Si 0.1 ± 0.1
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Figure 58. Atomic surface maps of a single boron nano-particle. (a) plain particle surface, 

(b) atomic boron [B] map, (c) atomic magnesium [Mg] map, and (d) atomic oxygen [O]

map. 
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7. EXPERIMENTAL METHODOLOGY: FUEL GRAIN MANUFACTURING

Fuels grains manufactured herein are composed of HTPB R45M, isophorone 

diisocyanate (IDPI), paraffin, and metallic additives. The HTPB R45M pre-polymer, IPDI 

curative, and paraffin wax (FR 3032) were obtained from Firefox Enterprises LLC, Sigma 

Aldrich, and the CanleWic Company, respectively. The metallic additives have been 

previously characterized and discussed in Chapter 6 of the thesis. 

Each fuel grain type (baseline, mixed-fuel, or metal-loaded) requires a unique set 

of manufacturing methods to achieve high-quality, void-free specimen for ballistic testing. 

This section of the thesis serves to document the calculations utilized in formulating fuel 

composition and the processes utilized in their manufacturing. 

7.1. Curing Calculations 

The fuel formulations herein consist of an isocyanate curative, hydroxyl-

terminated polymer, and metallic fuels. The chemical cure ratio, 𝑟𝑐 , is defined as the

number of isocyanate reactive groups (-NCO) in the curative to the number of hydroxyl 

reactive groups (-OH) in the polymer. The mechanical properties of the cured polymer are 

largely dependent on the degree of crosslinking [457-458] which is determined by the 

polyfunctional groups in the polyurethane [459-463] and the chemical cure ratio of the 

composite system [460, 462]. Fuel systems manufactured herein utilized a chemical cure 

ratio of 1.00, which has been shown to yield a high fuel strength and ductility. [460, 462] 

The equivalent weight, 𝐸𝑊, of the curative and polymer is defined as the mass of 

each compound that delivers one mole of reactant groups to the curing reaction, and is 
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typically provided by the manufacturer. The mass curative ratio, 𝑟𝑚, is the mass ratio of

polymer to curative and can be written in terms of the equivalent weights of each of these 

components: 

𝑟𝑚 =
𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝑚𝑐𝑢𝑟𝑎𝑡𝑖𝑣𝑒
=

𝐸𝑊𝑝𝑜𝑙𝑦𝑚𝑒𝑟

𝐸𝑊𝑐𝑢𝑟𝑎𝑡𝑖𝑣𝑒
× 𝑟𝑐

−1 (47) 

The equivalent weight of IPDI is 113.4 and the equivalent weight of the HTPB 

R45M utilized herein is 1184, yielding a mass curative ratio of 10.44. During the fuel grain 

manufacturing procedure, which is described in the following section, the ingredients are 

measured and mixed in order of polymer, curative, and metallic additive. The mass of 

curative required for a given mass of polymer is given by: 

𝑚𝑐𝑢𝑟𝑎𝑡𝑖𝑣𝑒 = 𝑟𝑚
−1 × 𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 (48) 

The total fuel system, binder (polymer and curative mixture), and metal additive 

mass can be written, respectively, as: 

𝑚 𝑇𝑜𝑡𝑎𝑙 = 𝑚𝑏𝑖𝑛𝑑𝑒𝑟 + 𝑚𝑚𝑒𝑡𝑎𝑙 (49) 

𝑚𝑏𝑖𝑛𝑑𝑒𝑟 = 𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 + 𝑚𝑐𝑢𝑟𝑎𝑡𝑖𝑣𝑒 = 𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟 × (1 + 𝑟𝑚
−1) (50) 

𝑚𝑚𝑒𝑡𝑎𝑙 = 𝛼𝑚𝑒𝑡𝑎𝑙 × 𝑚 𝑇𝑜𝑡𝑎𝑙 (51) 

where 𝛼𝑚𝑒𝑡𝑎𝑙 is the mass loading of the metal additive in the final fuel system. The total

mass of metal for a given binder or polymer mass is then given by: 

𝑚𝑚𝑒𝑡𝑎𝑙 = (
𝛼𝑚𝑒𝑡𝑎𝑙

1−𝛼𝑚𝑒𝑡𝑎𝑙
) × 𝑚𝑏𝑖𝑛𝑑𝑒𝑟 = (

𝛼𝑚𝑒𝑡𝑎𝑙

1−𝛼𝑚𝑒𝑡𝑎𝑙
) × (1 + 𝑟𝑚

−1) × 𝑚𝑝𝑜𝑙𝑦𝑚𝑒𝑟  (52)

Equation (52) can be generalized to all other additives, as well, and is not particular 

to metallic additives. Equations (28) and (52) are typically utilized for convenience during 

fuel mixing processes, which are further described in the following section. 
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7.2. Manufacturing Procedures 

Optimum in-house motor manufacturing procedures of hydroxyl terminated 

polybutadiene (HTPB) hybrid fuel grains, with and without various additives, have been 

developed at Texas A&M University through a combination of previous experience with 

solid propellants, a detailed review of commercial and university manufacturing methods, 

and a trial-and-error testing process. This section of the thesis serves to detail these 

manufacturing processes and is separated into three sections which describe 

manufacturing of baseline fuel specimen (plain HTPB), fuel specimen containing metallic 

additives, and mixed-fuel specimen (HTPB and paraffin). Fuel formulation and curing 

calculations have been previously presented and are not given within this section. Sets of 

representative mixed-fuel and metal-loaded fuel grains are shown in Figures 59 and 60, 

respectively. 

Figure 59. Representative mixed-fuel grains. (left to right) Plain HTPB, HTPB containing 

0%, 10%, 25%, 50%, 75% paraffin, and plain paraffin. 
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Figure 60. Representative metal-loaded fuel grains. (left to right) Plain HTPB and HTPB 

containing 10% micro-Al, nano-Al, nano-B, micro-Mg, micro-Ti, and micro-Zr particles. 

7.2.1. Baseline (HTPB) Fuel Specimen 

This section details the manufacturing procedures for fuel specimen composed of 

plain HTPB. The motor mold includes several 1" schedule 40 PVC components (pipe, 

coupling, and end-cap) and sheets of Saran wrap and wax paper, all of which are shown 

in Figure 61. 

7.2.1.1. Pre-Mixing Mold Preparation 

1) Cut a 1" schedule 40 PVC pipe to ~10" in length on a horizontal band saw. Sand

both ends to a smooth finish on a bench-top sander. Slightly chamfer the outer

edges of the PVC pipe by hand with a piece of sand paper.

2) Clean a 1" schedule 40 PVC coupling and the PVC pipe from step 7.2.1.1.1 with

soap and water. Thoroughly dry all components with a paper towel.

3) Insert a 1" schedule 40 PVC end-cap into the PVC coupling.

4) Cut a 3"×3" square of Saran wrap and wax paper. Place the Saran wrap square on

top of the open side of the PVC coupling. Place the wax paper square on top of the

Saran wrap square.
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5) Slowly insert the PVC pipe into the coupling, on the side covered by the Saran

wrap and wax paper squares, in a twisting motion. Care should be taken not to tear

or rip the Saran wrap and wax paper sheets.

Figure 61. Unassembled mold components for baseline (plain HTPB) fuel specimen. 

7.2.1.2. Fuel Mixing 

1) Clean a 250-mL glass beaker and a glass stirring rod with soap and water, and dry

thoroughly with a paper towel.

2) Clean the beaker and stirring rod with acetone, and dry thoroughly with a lint- free

wipe.

3) Measure out HTPB pre-polymer (~70 g) on a high-resolution scale (≤0.01 g

resolution).

4) Add the required amount of curative to the pre-polymer.

5) Mix thoroughly (~10 minutes).

6) Vacuum out entrained air. (See Figure 62)

1) Place the mixture inside of a vacuum chamber.

2) Increase vacuum level (via needle valve) until the mixture is near the top

of the beaker.

3) Rapidly decrease the vacuum level (open to atmosphere).
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4) Repeat steps 7.2.1.2.6.2 – 7.2.1.2.6.3 until the maximum vacuum level can

be applied without the fuel mixture overflowing the beaker.

5) Allow adequate time for all entrained air bubbles to be removed from the

fuel.

6) Remove sample from the vacuum chamber.

Figure 62. (left) Fuel mixture after mixing containing entrained air bubbles in atmosphere, 

(middle) fuel mixture containing entrained air bubbles under vacuum, and (right) fuel 

mixture containing no entrained air bubbles. 

7.2.1.3. Post-Mixing Mold Preparation 

1) Tilt the motor mold at an angle of ~45° and slowly pour the processed fuel mixture

into the mold. Care should be taken to minimize the amount of air that becomes

entrained during pouring. The fuel mixture should be poured to a height just above

6".

2) Vacuum out entrained air. (See step 7.2.1.2.6)
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7.2.1.4. Fuel Curing 

1) Place the motor mold containing the vacuumed fuel mixture upright inside of an

oven at 63 °C.

2) Allow adequate time (~1 week) for the motor to fully cure before removing it from

the oven.

3) Allow the motor adequate time to cool (~1 hour) before post-processing.

7.2.1.5. Post-Curing Mold Preparation 

1) Place the top portion of the motor (without the PVC coupling) snugly in a vise.

2) Remove the PVC coupling with channel locks by applying an upward force with

a twisting motion.

3) Cut the end of the PVC without fuel off on a horizontal band saw.

4) Cut the motor into multiple fuel grains of desired length (~5 cm).

5) Sand both ends of each fuel grain to a smooth finish on a bench-top sander. Slightly

chamfer the outer edges of the PVC pipe by hand with a piece of sand paper.

6) Drill a 2-mm hole through the center of the motor on a lathe.

7.2.2. Mixed (HTPB/Paraffin) Fuel Specimen 

This section details the manufacturing procedures for mixed-fuel specimen 

composed of HTPB and paraffin. The motor mold is the same as in the previous section 

outlined for baseline fuel specimen composed of plain HTPB, and is shown in Figure 61. 

It is worth noting that no vacuum cycle is required for the final mixed-fuel mixtures, as 

deaeration at atmospheric pressure is sufficient for air removal. 
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7.2.2.1. Pre-Mixing Mold Preparation 

1) See steps 7.2.1.1 – 7.2.1.5.

7.2.2.2. Fuel Mixing 

1) Clean (2) 250-mL glass beakers and a glass stirring rod with soap and water, and

dry thoroughly with a paper towel.

2) Clean the beakers and stirring rod with acetone, and dry thoroughly with a lint- free

wipe.

3) Measure out HTPB pre-polymer on a high-resolution scale (≤0.01 g resolution).

4) Add the required amount of curative to the pre-polymer.

5) Mix thoroughly (~10 minutes).

6) Vacuum out entrained air. (See step 7.2.1.2.6)

7) Measure out more than the required amount of paraffin in a separate beaker.

8) Heat both beakers on a hot plate to a temperature above the melting point of the

paraffin (~75 °C). Allow the mixtures to sit at this temperature until all of the

paraffin has melted.

9) Add the required amount of molten to the HTPB/curative mixture.

10) Mix thoroughly (~10 minutes) atop the hot plat to maintain the high temperature.

7.2.2.3. Post-Mixing Mold Preparation 

1) Tilt the motor mold at an angle of ~45° and slowly pour the processed fuel mixture

into the mold. Care should be taken to minimize the amount of air that becomes

entrained during pouring. The fuel mixture should be poured to a height just above

6".
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7.2.2.4. Fuel Curing 

1) Place the motor mold containing the fuel mixture upright inside of an oven at 63

°C.

2) Allow adequate time (~1 week) for the pre-polymer to fully cure before removing

it from the oven.

3) Allow the motor adequate time to cool (~1 hour) before post-processing.

7.2.2.5. Post-Curing Mold Preparation 

1) See steps 7.2.1.5.1 – 7.2.1.5.6

7.2.3. Metal-Loaded Fuel Specimen 

This section details the manufacturing procedures for fuel specimen composed of 

plain HTPB and metallic additives. The motor mold includes several 1" schedule 40 PVC 

components (pipe and threaded end-caps) and threaded metal fastener system, all of which 

are shown in Figure 63. 

7.2.3.1. Pre-Mixing Mold Preparation 

1) Cut a 1" schedule 40 PVC pipe to ~6" in length on a horizontal band saw. Sand

both ends to a smooth finish on a bench-top sander. Slightly chamfer the outer

edges of the PVC pipe by hand with a piece of sand paper.

2) Clean two 3/4" threaded schedule 40 PVC end-caps and the PVC pipe from step

3.1.1 with soap and water. Thoroughly dry all components with a paper towel.

3) Thoroughly coat the threads of one of the 3/4" threaded schedule 40 PVC end-caps

with quick-dry silicone. Insert the end-cap into one side of the PVC pipe. Clean

away excess silicone.
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Figure 63. (top) Unassembled and (bottom) mold components for mixed-fue l 

(HTPB/paraffin) specimen. 

7.2.3.2. Fuel Mixing 

1) Clean a 250-mL glass beaker and a glass stirring rod with soap and water, and dry

thoroughly with a paper towel.

2) Clean the beaker and stirring rod with acetone, and dry thoroughly with a lint- free

wipe.

3) Measure out HTPB pre-polymer (~70 g) on a high-resolution scale (≤0.01 g

resolution).

4) Add the required amount of metal additive to the mixture.

5) Mix thoroughly (~5 minutes). Ultrasonicate the mixture to decrease additive

agglomeration (~5 minutes). Mix thoroughly (~5 minutes).

6) Vacuum out entrained air. (See Figure 62)
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1) Place the mixture inside of a vacuum chamber.

2) Increase vacuum level (via needle valve) until the mixture is near the top

of the beaker.

3) Rapidly decrease the vacuum level (open to atmosphere).

4) Repeat steps 7.2.3.2.6.2 – 7.2.3.2.6.3 until the maximum vacuum level can

be applied without the fuel mixture overflowing the beaker.

5) Allow adequate time for all entrained air bubbles to be removed from the

fuel.

6) Remove sample from the vacuum chamber.

7) Add the required amount of curative to the mixture.

8) Mix thoroughly (~10 minutes).

9) Vacuum out entrained air. (See step 7.2.3.2.6)

7.2.3.3. Post-Mixing Mold Preparation 

1) Tilt the motor mold at an angle of ~45° and slowly pour the processed fuel mixture

into the mold. Care should be taken to minimize the amount of air that becomes

entrained during pouring. The fuel mixture should be poured to a height just below

the top of the PVC pipe.

2) Insert the second threaded 3/4" schedule 40 PVC end-cap into the open side of the

PVC pipe. Firmly press the end-cap down. Utilize the threaded fastener system

(Figure 63) to fully insert the threaded end-cap into the pipe. Remove the fastener

system.
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3) Excess fuel should overflow and should be cleaned. Allow adequate time for the

excess fuel to overflow (~10 minutes) before continuing.

4) Seal the end-cap with quick-dry silicone. Allow adequate time for the silicone to

dry (~10 minutes).

5) Seal the entire motor mold within a Ziploc bag. Reapply the fastener system.

7.2.3.4. Fuel Curing 

1) Place the motor mold horizontally on top of the roller (Figure 64) inside of an oven

at 63 °C. the roller is utilized to avoid additive settling during the curing process.

2) Allow adequate time (~1 week) for the motor to fully cure before removing it from

the oven.

3) Allow the motor adequate time to cool (~1 hour) before post-processing.

Figure 64. Roller assembly utilized to mitigate additive particle settling effects during 

fuel curing. Fully processed motors are shown. 
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7.2.3.5. Post-Curing Mold Preparation 

1) Cut both end-caps off of the PVC on a horizontal band saw.

2) Cut the motor into multiple fuel grains of desired length (~5 cm).

3) Sand both ends of each fuel grain to a smooth finish on a bench-top sander. Slightly

chamfer the outer edges of the PVC pipe by hand with a piece of sand paper.

4) Drill a 2-mm hole through the center of the motor on a lathe.

7.3. Fuel Density Measurements 

The density of a motor’s fuel, 𝜌𝑓 , is given by:

𝜌𝑓 =
𝑚𝑓

𝑉𝑓
= (𝐷𝑖

2 − 𝐷𝑝
2)

−1
[

4𝑚𝑇

𝜋𝐿𝑓
− 𝜌𝑃𝑉𝐶 (𝐷𝑜

2 − 𝐷𝑖
2)] (53) 

where 𝑚𝑓 is the fuel mass in the motor, 𝑉𝑓  is the fuel volume of the motor, 𝐿𝑓 is the

measured length of the motor (~5 cm), 𝐷𝑖 is the inner diameter of the PVC tube or outer

diameter of the fuel volume (2.61 cm), 𝐷𝑝 is the combustion port diameter (2.0 mm), 𝑚𝑚

is the measured mass of the motor, 𝜌𝑃𝑉𝐶  is the density of the PVC pipe (~1.375 g/cm3),

and 𝐷𝑜 is the outer diameter of the PVC tube (3.34 cm). The fuel density is generally

measured prior to drilling the combustion port, so that this value is set equal to zero in 

Equation (53). 

The measured fuel densities of all fuel formulations manufactured herein are given 

in Table 9. The measurement uncertainty of the fuel density has been evaluated through a 

Kline-McClintock (root-sum-of-squares) uncertainty analysis, which is presented in 

Appendix D, and ranges from 3.5-4 kg/m3. 
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Table 9. Fuel Density Measurements. 

Average Standard Deviation (kg/m3) (%)

Baseline - 914 7 930 98

H90 10% Paraffin 892 17 924 97

H75 25% Paraffin 888 6 914 97

H50 50% Paraffin 882 17 898 98

H25 75% Paraffin 917 9 881 104

P100 100% Paraffin 852 10 865 98

µAl-10 10% micro-Al 999 8 995 100

µAl-20 20% micro-Al 1069 1 1070 100

µAl-30 30% micro-Al 1149 6 1158 99

µAl+nB-10 3.5% micro-Al, 6.5% nano-B 995 1 992 100

nAl-10 10% nano-Al 969 18 995 97

nAl-20 20% nano-Al 1043 10 1070 97

nAl+nB-10 3.5% nano-Al, 6.5% nano-B 1007 4 992 102

nB-10 10% nano-B 989 0 990 100

nB-20 20% nano-B 1043 19 1059 99

nB-30 30% nano-B 1144 0 1137 101

µMg-10 10% micro-Mg 972 5 975 100

µMg-20 20% micro-Mg 1008 7 1025 98

µMg-30 30% micro-Mg 1079 3 1081 100

µMg+nB-10 3.5% micro-Mg, 6.5% nano-B 970 11 985 98

µTi-10 10% micro-Ti 1001 3 1010 99

µTi-20 20% micro-Ti 1096 2 1105 99

µTi-30 30% micro-Ti 1207 4 1221 99

µTi+nB-10 3.5% micro-Ti, 6.5% nano-B 1015 1 997 102

µZr-10 10% micro-Zr 1011 5 1017 99

µZr-20 20% micro-zr 1099 11 1122 98

µZr-30 30% micro-Zr 1225 10 1252 98

µZr+nB-10 3.5% micro-Zr, 6.5% nano-B 999 0 999 100

nMgB-10 10% nano-MgB 989 1 986 100

nMgB-20 20% nano-MgB 1052 - 1049 100

Density (kg/m3) Theoretical Maximum Density
AdditivesFormulation
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8. EXPERIMENTAL METHODOLOGY: BALLISTIC TESTING

The design of the ballistic test stand has been described in Chapter 5 of the thesis, 

and this chapter serves to document ballistic testing procedures and data reduction 

methods. Several steps precede motor firing in the rocket chamber. All pressure 

transducers and the load cell are calibrated, and all mechanical connections on the test 

stand are checked for their integrity. The solenoid valve, mass flow controller, and ignit ion 

power system are checked to ensure they are working properly. The testing site is secured 

by testing personnel to ensure no one is in the vicinity of the testing rig during motor 

firing. 

Immediately preceding motor firing, the rocket chamber is prepared. The fuel grain 

is loaded into the chamber, and all chamber connections and diagnostic ports are tightly 

sealed. The chamber is secured to the linear bearing with U-bolts and flange nuts. The 

injector hose, chamber pressure hose, and ignition leads are connected to their 

corresponding components. Testing personnel return to the control room which is isolated 

from the testing stand. 

The test is initiated when the oxidizer solenoid valve is remotely opened 

(blowdown orientation) or the mass flow controller is engaged (steady flow orientation), 

which allows oxidizer to flow through the system. The oxidizer flow triggers the 

oscilloscope which begins recording data. After a short time, approximately 1 second, the 

ignition system is powered and the motor begins to burn. After a predetermined testing 
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time, between 2-10 seconds, oxidizer flow is terminated and the motor extinguishes. The 

testing site is secured and checked for testing anomalies. 

8.1. Data Reduction 

One motor firing produces a significant amount of data, that when properly 

analyzed can yield useful information about the fuel composition’s combustion behavior . 

A representative set of transient data for a baseline HTPB fuel grain burning in GOX with 

a constant oxidizer mass flow rate is shown in Figure 65. The upstream oxidizer pressure, 

combustion chamber pressure, oxidizer mass flowrate, and thrust force are indicated by 

the magenta, red, green, and blue lines, respectively. Important events in the testing 

process are highlighted in this figure. The spike in combustion chamber pressure and thrust 

at approximately 1 second correspond to ignition of the motor. The steady-state chamber 

pressure is indicated by a dashed line at approximately 75 psia. The oxidizer flow is 

terminated at approximately 3.5 seconds when the oxidizer mass flowrate sharply 

decreases. However, the motor firing is not considered ‘complete’ until the chamber 

pressure drops below 75% of the steady state value. The motor burn time is taken between 

this point and the time of ignition. 
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Figure 65. Representative set of transient data traces for plain HTPB burning in GOX. 

The mass of the motor and diameter of the combustion port are recorded before 

and after each test for data reduction. Telescoping gauges and a digital caliper can be 

utilized to make measurements of the port diameter at several locations along the length 

of its axis. In the current studies, the final diameter of the combustion port after each motor 

firing was not directly measured, but was calculated according to: 

𝐷𝑓 = [
4(𝑚𝑖−𝑚𝑓 )

𝜋𝜌𝑓 𝐿𝑓
+ 𝐷𝑖

2]

1
2⁄

(54) 

where 𝑚𝑖 and 𝑚𝑓 are the initial and final mass of the motor, respectively, and 𝐷𝑖 is the

initial diameter of the combustion port. The average regression rate for the motor firing 

can be calculated according to: 
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�̇�̅ =
𝐷𝑓 −𝐷𝑖

2𝑡𝑏
(55) 

where 𝐷𝑓 is the final combustion port diameters and 𝑡𝑏  is the burn time of the

motor firing. The initial and final combustion port diameters are spatially averaged and. 

the regression rate computed is spatially and temporally averaged. 

When the stand is operated in the blowdown oxidizer flow configuration, the 

oxidizer mass flow rate decreases during the motor firing, and the average oxidizer mass 

flux is given by the ideal gas law applied to the oxidizer tank: 

�̅̇�𝑜𝑥 =
∆𝑚𝑜𝑥

𝑡𝑜𝑥
=

𝑀𝑉(𝑃𝑜𝑥 ,𝑖−𝑃𝑜𝑥 ,𝑓 )

𝑅𝑢𝑇0 𝑡𝑜𝑥
(56) 

where ∆𝑚𝑜𝑥 the change in mass in the oxidizer tank, 𝑡𝑜𝑥  is the total time of oxidizer flow,

𝑉 is the volume of the oxidizer tank, and 𝑃𝑜𝑥,𝑖 and 𝑃𝑜𝑥,𝑓  are the initial and final pressures

in the oxidizer tank, respectively. The transient oxidizer mass flux is evaluated according 

to choked flow equations and an empirically determined discharge coefficient. In the 

current study, the ballistic stand was only operated in the steady-flow mode, and the 

oxidizer mass flowrate was measured by the mass flow controller. 

The average oxidizer mass flux, �̅�𝑜𝑥 , can be computed through several different

methods. Karabeyoglu et al. [464-465] showed that the evaluation method can have a 

significant effect on the final value and that utilizing the average diameter of the 

combustion port yields the most accurate results. Accordingly, the average oxidizer mass 

flux is given by: 

�̅�𝑜𝑥 =
16 �̅̇�𝑜𝑥

𝜋(𝐷𝑖 +𝐷𝑓 )
2 (57)
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where �̅̇� 𝑜𝑥 is the average oxidizer mass flow rate and �̅�𝑐  is the average cross-sectional

area of the combustion port. The average fuel mass loss rate is given by: 

�̅̇�𝑓 =
𝑚𝑖 −𝑚𝑓

𝑡𝑏
(58) 

The average oxidizer-to-fuel mass ratio is then given by: 

𝑂

𝐹
=

�̅̇�𝑜𝑥

�̅̇�𝑓
(59) 

The time-averaged characteristic velocity of the motor burn can be calculated with 

the chamber pressure data according to: 

𝑐̅∗ =
1

𝑡𝑏
∫ 𝑐∗ 𝜕𝑡 ≅

𝑃𝑐𝐴𝑡

𝑡𝑏(�̅̇�𝑜𝑥+�̅̇�𝑓 )
 (60)

where �̅�𝑐  is the average chamber pressure. Note that the approximately equal to sign has 

been used because utilizing the average properties in this calculation introduces some 

error. The theoretical characteristic velocity for the motor burn, 𝑐𝑡ℎ
∗ , is evaluated with

thermochemical equilibrium programs at the average chamber pressure and oxidizer- to-

fuel ratio. The characteristic velocity or combustion efficiency is then given by: 

𝑛𝑐 ∗ =
𝑐̅∗

𝑐𝑡ℎ
∗  (61) 

The characteristic chamber length, 𝐿∗, is defined as the length a post-combustion 

chamber of the same volume would have if it were a straight tube and had no converging 

nozzle section. [11] It can be written as: 

𝐿∗ =
𝑉𝑐

𝐴𝑡
(62) 

where 𝑉𝑐 is the post-combustion chamber volume which includes the converging section

of the nozzle and 𝐴𝑡 is the throat area. For the experimental apparatus described herein,
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the post-combustion chamber volume includes the converging section of the nozzle, a 

cylindrical section whose diameter is set by the chamber spacer and whose length is set 

by the length of the fuel grain being tests, and the combustion port itself. Only one-half of 

the combustion port volume is considered herein since this is the average volume that 

ejected fuel atoms experience during the motor firing. The post-combustion chamber 

volume can be written as: 

𝑉𝑐 =
𝜋

4
[𝐷𝑐

2(𝐿 𝑐 − 𝐿𝑓) +
(𝐷𝑐

3 −𝐷𝑡
3)

6
+

𝐿𝑓 (𝐷𝑖 +𝐷𝑓 )
2

8
] (63) 

where 𝐷𝑐 is the diameter of the combustion chamber spacer (2.80 cm), 𝐿𝑐 is the length of

the combustion chamber (10.65 cm), 𝐿𝑓 is the length of the fuel grain (≅5 cm), 𝐷𝑡 is the

throat diameter (3.175 mm), and 𝐷𝑖 and 𝐷𝑓 are the initial and final combustion port

diameters, respectively. Accordingly, the characteristic chamber length can be written as: 

𝐿∗ =
1

𝐷𝑡
2 [𝐷𝑐

2(𝐿𝑐 − 𝐿𝑓) +
(𝐷𝑐

3−𝐷𝑡
3 )

6
+

𝐿𝑓(𝐷𝑖 +𝐷𝑓 )
2

8
] (64) 

Typical values for the post-combustion chamber length and characteristic chamber 

length, assuming a fuel grain length of 5 cm and disregarding the combustion port volume 

contribution, are 37.7 cm3 and 476 cm, respectively. The residence time of the propellant 

combustion products, 𝑡𝑟, is the average value of time spent by each molecule or atom

within the chamber volume and is given by: 

𝑡𝑟 =
𝑉𝑐 𝜌𝑐

�̇�𝑇
(65) 

where 𝜌𝑐  is the average density of the combustion products and �̇� 𝑇 is the total mass flow

rate through the nozzle. The combustion product density, similar to the characterist ic 
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velocity, evaluated with thermochemical equilibrium programs at the average chamber 

pressure and oxidizer-to-fuel. The residence time can be rewritten as: 

𝑡𝑟 =
𝜋𝜌𝑐

4(�̇�𝑜𝑥+�̇�𝑓 )
[𝐷𝑐

2(𝐿𝑐 − 𝐿𝑓) +
(𝐷𝑐

3 −𝐷𝑡
3 )

6
+

𝐿𝑓(𝐷𝑖 +𝐷𝑓 )
2

8
] (66) 

In addition to the average property calculations previously outlined, two separate 

burn reconstruction algorithms are implemented in some cases to analyze the transient 

combustion data. An in-house developed burn reconstruction code, based primarily on the 

hybrid rocket model previously outlined in Chapter 4, assumes the regression rate is well-

known based upon the measured empirical constants and allows for evaluation of a 

transient combustion efficiency during the burn. The alternative algorithm, developed by 

George et al. [213] assumes the combustion efficiency is constant and allows for 

evaluation of the transient regression rate. The transient combustion efficiency and 

regression rate reconstruction techniques utilize the measured change in diameter and 

mass, respectively, to converge to the computation to applicable values. The details of 

these algorithms are not discussed herein since they are not applied to the current datasets.  
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9. RESULTS AND DISCUSSION: METAL LOADED FUEL SYSTEMS

Solid fuel grains composed of plain HTPB and HTPB loaded with metallic 

additives have been manufactured according to the procedures detailed in Chapter 7. A 

minimum of two solid fuel grains were manufactured for each metallic additive (micro-

aluminum, micro-magnesium, micro-titanium, micro-zirconium, nano-aluminum, nano-

boron, and magnesium-coated nano-boron) at three separate loadings (10%, 20%, and 

30%). This combination of fuel compositions allowed for the independent parametric 

evaluation of the effects of each metallic additive and their relative loading on the solid 

fuels’ ballistic performance. Additionally, solid fuel grains containing a mixture of each 

additive and nano-boron were also manufactured at a loading of 10% (6.5% nano-boron 

and 3.5% other) to evaluate the synergistic effects of each additive on nano-boron 

combustion performance. 

Each solid fuel grain was fired in GOX a minimum of three times, and the 

regression rates and combustion efficiencies were computed according to the data 

reduction methods described in Chapter 8. Additionally, the condensed combustion 

products ejected through the nozzle were collected for the motor firings of fuel 

compositions containing a mass loading of 30%. The collected combustion residue was 

analyzed with SEM and EDS diagnostics to determine the general chemistry of the 

specimen. 
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9.1. Micro-Aluminum Fuels 

The regression rates of plain HTPB and HTPB loaded with micro-aluminum 

burning in GOX are shown in Figure 66. Motor firings of plain HTPB are represented by 

open black circles, and motor firings of HTPB loaded with 10%, 20%, and 30% micro-

aluminum are represented by solid blue squares, solid green triangles, and solid red 

diamonds, respectively. Error bars are shown for both the baseline and 30% loading 

formulations in the regression rate plot, as is the case for all regression rate plots given in 

this section of the thesis. These error bars are derived from a Kline-McClintock (root-sum-

of-squares) uncertainty analysis which is further detailed in Appendix D. The regression 

rate data of each formulation have been correlated with a traditional power law, Equation 

(1), and the corresponding empirical coefficients are given in the regression rate plot and 

in Table 10 at the end of this section. 

In general, the inclusion of micro-aluminum in the solid fuel reduced the observed 

regression rate. This trend is more observable at higher oxidizer mass fluxes and higher 

additive loadings. This finding is in direct conflict with most of the data available in the 

literature which indicate the inclusion of micro-aluminum yields regression rate 

enhancement in solid fuel combustion.  

The reaction time of aluminum particles has been shown to be dependent on 

pressure [466] which could play a significant role in the observed trends. More explicit ly, 

the data collected herein were for motor firings at approximately 75-100 psia, which is 

lower than previous investigations where regression rate enhancement due to aluminum 

inclusion was observed. For example, Strand et al. [240-242], George et al. [213], 
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Chiaverini et al. [243], Risha et al. [249-253], and Evans et al. [248, 254-25] observed 

regression rate enhancement for ballistic testing at pressures of approximately 170-180, 

290, 170-800, 335-665, and 315-615 psia, respectively. These regression rate 

enhancements are generally attributed to energy release from metal oxidation near the 

surface of the fuel and enhanced radiation heat fluxes. [54] However, if the aluminum is 

not reacting rapidly enough due to the lower-pressure environment, oxidation and 

combustion may not take place in the combustion port fuel grain and instead in the post-

combustion chamber. 

Strand et al. [240-242] observed that micro-aluminum additives included in HTPB 

burning in GOX would agglomerate on the fuel surface and periodically detach from the 

surface. This accumulated surface layer acts as a thermal isolator and hinders heat transfer 

from the diffusion flame to the solid fuel, which is termed the blowing effect. Increased 

loading of micro-aluminum led to further decreases in the observed regression rate. This 

trend is likely due to accumulation of more agglomerations and additive mass on the fuel 

surface which further decreases the heat flux that reaches the virgin fuel. 

At moderate oxidizer mass fluxes, mass diffusion processes dominate the fuel 

regression rate behavior, but at lower oxidizer mass fluxes, thermal radiation processes 

dominate the regression behavior. [11] The reduced regression rates accompanied by 

micro-aluminum addition are more observable at higher oxidizer mass fluxes which 

results in a decreased oxidizer mass flux exponent (𝑛). This observation may indicate that 

there is some combustion of the aluminum in the combustion port yielding enhanced 

radiation heat transfer. 
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Figure 66. Regression rates of plain HTPB and fuel samples loaded with 10%, 20%, and 

30% micro-aluminum. 

The combustion efficiencies of plain HTPB and HTPB loaded with micro-

aluminum burning in GOX are shown in Figure 67. Once again, motor firings of plain 

HTPB are represented by open black circles, and motor firings of HTPB loaded with 10%, 

20%, and 30% micro-aluminum are represented by solid blue squares, solid green 

triangles, and solid red diamonds, respectively. Error bars are shown for the baseline 

formulation in the combustion efficiency plot, as is the case for all combustion efficiency 

plots given in this section of the thesis. These error bars are derived from a Kline-

McClintock (root-sum-of-squares) uncertainty analysis which is further detailed in 

Appendix D. 
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Generally, the measured combustion efficiencies of hybrid rocket experiments are 

plotted against the average O/F ratio. However, these types of plots yielded no general 

trends in the current investigation. Alternatively, the measured combustion efficiencies of 

all motor firings are plotted against the residence time of the fuel reaction. In general, the 

combustion efficiency of all motor firings increases with increasing residence time, as 

expected. Furthermore, the combustion efficiencies of the plain and all of the micro -

aluminized motors collapse onto a single trend which approaches a combustion efficiency 

of 100% near a residence time of 75 ms. These observations suggest that although 

chemistry (O/F ratio) probably does play a role in determining the combustion efficiency 

of hybrid rockets, the residence time is the more dominant factor. Furthermore, given the 

simplistic design of the current ballistic stand, the current results also suggest that high 

combustion efficiencies can be achieved without post-combustion mixing devices if 

sufficient post-combustion chamber volume is included in the HRE design. 
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Figure 67. Combustion efficiencies of plain HTPB and fuel samples loaded with 10%, 

20%, and 30% micro-aluminum. 

SEM images of the combustion residue collected for an HTPB fuel loaded with 

30% micro-aluminum burning in GOX at an average O/F ratio of 2.4 is shown in Figure 

68. Due to the large amount of mass collected on the specimen, individual particles are

not discernible and these particles appear to have agglomerated and sintered into a single 

layer. EDS analysis was performed on the collected residue layer, and the resultant 

aluminum, oxygen, and carbon atomic maps are shown in Figure 69. In general, the 

oxygen (64%) and aluminum (33%) atoms account for most of the surface layer and 

completely encompass the map, which suggests that the majority of the aluminum is 

reacted. Elemental compositional analysis of the EDS spectra showed that the ratio of 
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O/Al is 1.9 which is greater than the ratio in the standard aluminum oxide (Al2O3 – O/Al 

= 1.5) indicating efficient combustion. This finding is in agreement with the high 

measured combustion efficiency (92%) for the motor firing. 

Figure 68. SEM analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-aluminum burning in GOX. 

Figure 69. EDS analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-aluminum burning in GOX. Atomic maps show the overlay 

of (red) aluminum, (green) oxygen, and (blue) carbon. 
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9.2. Micro-Magnesium Fuels 

The regression rates and combustion efficiencies of plain HTPB and HTPB loaded 

with micro-magnesium burning in GOX are shown in Figures 70 and 71, respectively. 

Once again, motor firings of plain HTPB are represented by open black circles, and motor 

firings of HTPB loaded with 10%, 20%, and 30% micro-magnesium are represented by 

solid blue squares, solid green triangles, and solid red diamonds, respectively 

In general, the inclusion of micro-magnesium in the solid fuel reduced the 

observed regression rate. Once again, this trend is more observable at higher oxidizer mass 

fluxes and higher additive loadings. These observations are attributed to slow metal 

additive reactions which likely mostly take place in the post-combustion chamber and an 

increased accumulation of mass on the fuel surface. 
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Figure 70. Regression rates of plain HTPB and fuel samples loaded with 10%, 20%, and 

30% micro-magnesium. 

The combustion efficiency of HTPB fuels loaded with micro-magnesium increases 

with increasing residence time. Although the combustion efficiency data shown in Figure 

71 appear to collapse onto a single trend within the measurement uncertainty of the 

experiment, the data suggest that higher loadings of micro-magnesium require longer 

residence times to combust efficiently. 
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Figure 71. Combustion efficiencies of plain HTPB and fuel samples loaded with 10%, 

20%, and 30% micro-magnesium. 

SEM images and atomic maps derived from EDS analyses of the combustion 

residue collected for an HTPB fuel loaded with 30% micro-magnesium burning in GOX 

at an average O/F ratio of 2.0 are shown in Figures 72 and 73, respectively. Once again, 

due to the large amount of mass collected on the specimen, individual particles are not 

discernible and these particles appear to have agglomerated and sintered into a single 

layer. In general, the oxygen (58%) and magnesium (33%) atoms account for most of the 

surface layer and completely encompass the map, which suggests that the majority of the 

magnesium is reacted. Elemental compositional analysis of the EDS spectra showed that 

the ratio of O/Mg is 1.8 which is greater than the ratio in the standard magnesium oxide 
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(MgO – O/Mg = 1.0) indicating efficient combustion. This finding is in agreement with 

the high measured combustion efficiency (95%) for the motor firing. However, close 

inspection of Figure 73 shows that some of the larger particles, which appear brighter in 

Figure 72, have not fully reacted and are not completely covered in an oxide layer. 

Figure 72. SEM analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-magnesium burning in GOX. 
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Figure 73. EDS analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-magnesium burning in GOX. Atomic maps show the 

overlay of (red) magnesium, (green) oxygen, and (blue) carbon. 

9.3. Micro-Titanium Fuels 

The regression rates and combustion efficiencies of plain HTPB and HTPB loaded 

with micro-titanium burning in GOX are shown in Figures 74 and 75, respectively. Once 

again, motor firings of plain HTPB are represented by open black circles, and motor firings 

of HTPB loaded with 10%, 20%, and 30% micro-titanium are represented by solid blue 

squares, solid green triangles, and solid red diamonds, respectively 

In general, the inclusion of micro-titanium in the solid fuel reduced the observed 

regression rate. Once again, this trend is more observable at higher oxidizer mass fluxes 

and higher additive loadings. These observations are attributed to slow metal additive 

reactions which likely mostly take place in the post-combustion chamber and an increased 

accumulation of mass on the fuel surface. 
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Figure 74. Regression rates of plain HTPB and fuel samples loaded with 10%, 20%, and 

30% micro-titanium. 

The combustion efficiency of HTPB fuels loaded with micro-titanium increases 

with increasing residence time. The combustion efficiency data shown in Figure 75 appear 

to collapse onto a single trend within the measurement uncertainty of the experiment. 
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Figure 75. Combustion efficiencies of plain HTPB and fuel samples loaded with 10%, 

20%, and 30% micro-titanium. 

SEM images and atomic maps derived from EDS analyses of the combustion 

residue collected for an HTPB fuel loaded with 30% micro-titanium burning in GOX at 

an average O/F ratio of 2.2 are shown in Figures 76 and 77, respectively. Once again, due 

to the large amount of mass collected on the specimen, individual particles are not 

discernible and these particles appear to have agglomerated and sintered into a single 

layer. In general, the oxygen (70%) and titanium (26%) atoms account for most of the 

surface layer and completely encompass the map, which suggests that the majority of the 

magnesium is reacted. Elemental compositional analysis of the EDS spectra showed that 

the ratio of O/Ti is 2.7 which is greater than the ratio in the standard titanium oxide (TiO2  
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– O/Ti = 2.0) indicating efficient combustion. This finding is in agreement with the high

measured combustion efficiency (94%) for the motor firing. 

Figure 76. SEM analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-titanium burning in GOX. 

Figure 77. EDS analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-titanium burning in GOX. Atomic maps show the overlay 

of (red) titanium, (green) oxygen, and (blue) carbon. 
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9.4. Micro-Zirconium Fuels 

The regression rates and combustion efficiencies of plain HTPB and HTPB loaded 

with micro-zirconium burning in GOX are shown in Figures 78 and 79, respectively. Once 

again, motor firings of plain HTPB are represented by open black circles, and motor firings 

of HTPB loaded with 10%, 20%, and 30% micro-zirconium are represented by solid blue 

squares, solid green triangles, and solid red diamonds, respectively 

The inclusion of micro-zirconium at a loading of 10% led to a moderate increase 

in the fuel’s regression rate (10-20%). However, the inclusion of micro-zirconium at 

higher loadings reduced the observed regression rate. Once again, the observed trends are 

more prevalent at higher oxidizer mass fluxes, resulting an in increased oxidizer mass flux 

exponent (𝑛) for the 10% loading formulation and a decreased exponent for the 20% and 

30% loading formulations. 

As previously discussed, at higher oxidizer mass fluxes, turbulent mass diffus ion 

processes, and not thermal radiation processes, dominate the fuel’s regression rate. [11] 

These observations indicate that the metal additives are likely reacting in a diffusion flame 

within the combustion port, but increased mass accumulation at the fuel surface leads to 

the blocking effect, retarding thermal radiation enhancement at higher mass loadings. 
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Figure 78. Regression rates of plain HTPB and fuel samples loaded with 10%, 20%, and 

30% micro-zirconium. 

The combustion efficiency of HTPB fuels loaded with micro-zirconium increases 

with increasing residence time. Although the combustion efficiency data shown in Figure 

79 appear to collapse onto a single trend within the measurement uncertainty of the 

experiment, the data suggest that higher loadings of micro-zirconium require longer 

residence times to combustion efficiently. 
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Figure 79. Combustion efficiencies of plain HTPB and fuel samples loaded with 10%, 

20%, and 30% micro-zirconium. 

SEM images and atomic maps derived from EDS analyses of the combustion 

residue collected for an HTPB fuel loaded with 30% micro-magnesium burning in GOX 

at an average O/F ratio of 2.0 are shown in Figures 80 and 81, respectively. Once again, 

due to the large amount of mass collected on the specimen, individual particles are not 

discernible and these particles appear to have agglomerated and sintered into a single 

layer. In general, the oxygen (59%) and zirconium (13%) atoms account for most of the 

surface layer and completely encompass the map, which suggests that the majority of the 

zirconium is reacted. However, a large concentration of carbon (28%) was observed in the 

surface layer, suggesting a substantial fraction of the zirconium is forming a carbide or 
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carbonate compound. Elemental compositional analysis of the EDS spectra showed that 

the ratio of O/Zr is 4.5 which is greater than the ratio in the standard zirconium oxide 

(ZrO2 – O/Zr = 2.0) indicating efficient combustion. This finding is in agreement with the 

high measured combustion efficiency (88%) for the motor firing. However, close 

inspection of Figure 81 shows that some of the larger particles, which appear brighter in 

Figure 80, have not fully reacted and are not completely covered in an oxide layer. 

Figure 80. SEM analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-zirconium burning in GOX. 
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Figure 81. EDS analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% micro-zirconium burning in GOX. Atomic maps show the overlay 

of (red) zirconium, (green) oxygen, and (blue) carbon. 

9.5. Nano-Aluminum Fuels 

The regression rates and combustion efficiencies of plain HTPB and HTPB loaded 

with nano-aluminum burning in GOX are shown in Figures 82 and 85, respectively. Motor 

firings of plain HTPB are represented by open black circles, and motor firings of HTPB 

loaded with 10% and 20% nano-aluminum are represented by solid blue squares and solid 

green triangles, respectively 

In general, the inclusion of nano-aluminum in the solid fuel reduced the observed 

regression rate. This trend is more observable for the 10% loading formulation at higher 

oxidizer mass fluxes. This observation is attributed to slow metal additive reactions which 

likely mostly take place in the post-combustion chamber and an increased accumulat ion 

of mass on the fuel surface. 

The fuel formulations containing 20% nano-aluminum did not exhibit stable 

combustion during secondary motor firings (i.e. after the first motor firing). An example 

transient pressure data trace for a secondary firing of an HTPB fuel loaded with 20% nano-



193 

aluminum burning in GOX is shown in Figure 83. The chamber pressure exhibits large 

excursions from the average steady-state value. Video analysis of the rocket plume 

indicated that these pressure excursions were accompanied by large ejections of mass, 

which appeared to be aluminum and/or aluminum oxide particles. 

As previously mentioned, Strand et al. [240-242] have observed that micro-

aluminum additives included in HTPB burning in GOX would agglomerate on the fuel 

surface and periodically detach from the surface. Similarly, Risha et al. [249-253] noted 

that higher loadings of metallic additives led to periodic surface layer shedding. Similar 

results have been reported for highly- loaded fuels containing boron. [266-276, 297] 

Although this phenomenon does not appear to be prevalent with any of the previously 

discussed metal additives (micro-aluminum, micro-magnesium, micro-titanium, and 

micro-zirconium) at any of the evaluated metal loadings (10%, 20%, or 30%), it becomes 

problematic in the formulations containing nano-aluminum at relatively low loadings 

(20%). This observation may be due in part to the variation in rheological properties 

associated with nano-additives versus micro-additives, and more specifically increases in 

liquid viscosity and surface tension. Furthermore, post-combustion examination of the 

fuel grains containing 20% nano-aluminum showed approximately a 1.2-mm thick layer 

of molten material accumulated on the fuel’s surface (Figure 84). Accordingly, the 

regression rate data for secondary motor firings of the 20% nano-aluminum formulat ion, 

i.e. 𝐺𝑜𝑥<100 kg/m2-s, should be treated qualitatively, rather than quantitatively.
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Figure 82. Regression rates of plain HTPB and fuel samples loaded with 10% and 20% 

nano-aluminum. 
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Figure 83. Transient pressure data trace for a 20% nano-aluminum fuel burning in GOX 

exhibiting large pressure excursions. 
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Figure 84. Fuel grains loaded with (left) 20% micro-aluminum and (right) 20% nano-

aluminum. A layer of molten material accumulated on the combustion port surface of fuel 

containing 20% nano-aluminum. 

The combustion efficiency of HTPB fuels loaded with nano-aluminum increases 

with increasing residence time. The combustion efficiency data shown in Figure 85 appear 

to collapse onto a single trend within the measurement uncertainty of the experiment. 
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Figure 85. Combustion efficiencies of plain HTPB and fuel samples loaded with 10% and 

20% nano-aluminum. 

9.6. Nano-Boron Fuels 

The regression rates and combustion efficiencies of plain HTPB and HTPB loaded 

with nano-boron burning in GOX are shown in Figures 86 and 88, respectively. Once 

again, motor firings of plain HTPB are represented by open black circles, and motor firings 

of HTPB loaded with 10%, 20%, and 30% nano-boron are represented by solid blue 

squares, solid green triangles, and solid red diamonds, respectively 

In general, the inclusion of nano-boron in the solid fuel reduced the observed 

regression rate. This trend is more observable for the 10% loading formulation at higher 

oxidizer mass fluxes. This observation is attributed to slow metal additive reactions which 
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likely mostly take place in the post-combustion chamber and an increased accumulat ion 

of mass on the fuel surface. 

Similar to the fuel specimen containing nano-aluminum, the fuel formulat ions 

containing 20% or 30% nano-boron did not exhibit stable combustion during secondary 

motor firings (i.e. after the first motor firing). Post-combustion examination of the fuel 

grains containing 20% and 30% nano-boron showed approximately 0.9-mm and 1.8-mm 

thick layers of molten material, respectively, accumulated on the fuels’ surface (Figure 

87). Accordingly, the regression rate data for secondary motor firings of the 20% nano-

aluminum formulation, i.e. 𝐺𝑜𝑥<40 kg/m2-s, should be treated qualitatively, rather than

quantitatively.  

The author considered that the poor secondary firings and larger surface 

accumulations with nano-additive formulations could be an artifact of the start-stop testing 

methodology. Accordingly, a long-duration burn (12 s) of a fuel grain containing 20% 

nano-boron was completed, but no significant change in behavior was noted. 
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Figure 86. Regression rates of plain HTPB and fuel samples loaded with 10%, 20%, and 

30% nano-boron. 
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Figure 87. (top) Injector- and (bottom) nozzle-side views of fuel grains containing (left) 

20% and (right) 30% nano-boron. A layer of molten material accumulated on the 

combustion port surfaces. 

The combustion efficiency of HTPB fuels loaded with nano-boron increases with 

increasing residence time. The combustion efficiency data shown in Figure 88 appear to 

collapse onto a single trend within the measurement uncertainty of the experiment. 
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Figure 88. Combustion efficiencies of plain HTPB and fuel samples loaded with 10%, 

20%, and 30% nano-boron. 

SEM images and atomic maps derived from EDS analyses of the combustion 

residue collected for an HTPB fuel loaded with 30% nano-boron burning in GOX at an 

average O/F ratio of 3.2 are shown in Figures 89 and 90, respectively. Once again, due to 

the large amount of mass collected on the specimen, individual particles are not discernib le 

and these particles appear to have agglomerated and sintered into a single layer. In general, 

the oxygen (25%) and boron (43%) atoms account for most of the surface layer and 

completely encompass the map, which suggests that the majority of the boron is reacted. 

However, a large concentration of carbon (31%) was observed in the surface layer, 

suggesting a substantial fraction of the boron is forming a carbide or carbonate compound. 
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Elemental compositional analysis of the EDS spectra showed that the ratio of O/B is 41.7 

which is greater than the ratio in the standard boron oxide (B2O3 – O/B = 1.5) indicat ing 

efficient combustion. This finding is in agreement with the high measured combustion 

efficiency (73%) for the motor firing. 

Figure 89. SEM analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% nano-boron burning in GOX. 
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Figure 90. EDS analysis of the combustion residue collected during the motor firing of 

HTPB loaded with 30% nano-boron burning in GOX. Atomic maps show the overlay of 

(red) boron, (green) oxygen, and (blue) carbon. 

9.7. Magnesium-Coated Nano-Boron Fuels 

The regression rates and combustion efficiencies of plain HTPB and HTPB loaded 

with magnesium-coated nano-boron burning in GOX are shown in Figures 91 and 92, 

respectively. Once again, motor firings of plain HTPB are represented by open black 

circles, and motor firings of HTPB loaded with 10% and 20% magnesium-coated nano-

boron are represented by solid blue squares and solid green triangles, respectively. 

In general, the inclusion of magnesium-coated nano-boron in the solid fuel reduced 

the observed regression rate. Once again, this trend is more observable at higher oxidizer 

mass fluxes and higher additive loadings. These observations are attributed to slow metal 

additive reactions which likely mostly take place in the post-combustion chamber and an 

increased accumulation of mass on the fuel surface. In comparison to the uncoated nano-

boron, the 10% loaded formulation regressed at approximately the same rate, while the 

20% loaded formulation regressed slightly faster. Furthermore, post-combustion analysis 
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of the port surface indicated the magnesium-coated nano-boron did alter the surface 

accumulation layer, but did not significantly change its thickness. 

Figure 91. Regression rates of plain HTPB and fuel samples loaded with 10% and 20% 

magnesium-coated nano-boron. 

The combustion efficiency of HTPB fuels loaded with magnesium-coated nano-

boron increases with increasing residence time. The combustion efficiency data shown in 

Figure 87 appear to collapse onto a single trend within the measurement uncertainty of the 

experiment. 
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Figure 92. Combustion efficiencies of plain HTPB and fuel samples loaded with 10% and 

20% magnesium-coated nano-boron. 

9.8. Bimetallic Fuels 

To evaluate the possible synergetic effects of bimetallic blends of plain metals on 

the combustion of HTPB fuels, and nano-boron, burning in GOX, formulations containing 

mixtures of the previously described at a loading of 10% were prepared. As previously 

described in Chapter 6, the magnesium-coated nano-boron additive contains an 

approximate mass ratio of B/Mg of 65/35. Bimetallic blends incorporated in HTBP fuel 

were also prepared at this ratio for consistency and to allow for direct comparison. 

The regression rates and combustion efficiencies of plain HTPB, HTPB loaded 

with 10% micro-aluminum, 10% nano-boron, and a 10% 35/65 blend of micro-aluminum 
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and nano-boron burning in GOX are shown in Figures 93 and 94, respectively. Motor 

firings of plain HTPB, HTPB loaded with micro-aluminum, HTPB loaded with nano-

boron, and HTPB loaded with a 10% blend of the two additives are represented by open 

black circles, solid blue squares, solid green triangles, and solid red diamonds, 

respectively. Interestingly, the fuel containing a bimetallic blend of micro-aluminum and 

nano-boron regressed faster than the other formulations at higher oxidizer mass fluxes, 

suggesting a synergistic effect. The combustion efficiency data appear to collapse onto a 

single trend line within the experimental uncertainty. 

Figure 93. Regression rates of plain HTPB and fuel samples loaded with 10% micro -

aluminum, nano-boron, and a 35:65 mixture of each. 
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Figure 94. Combustion efficiencies of plain HTPB and fuel samples loaded with 10% 

micro-aluminum, nano-boron, and a 35:65 mixture of each. 

The regression rates and combustion efficiencies of plain HTPB, HTPB loaded 

with 10% micro-magnesium, 10% nano-boron, and a 10% 35/65 blend of micro-

magnesium and nano-boron, and 10% magnesium-coated nano-boron burning in GOX are 

shown in Figures 95 and 96, respectively. Motor firings of plain HTPB, HTPB loaded 

with micro-magnesium, HTPB loaded with nano-boron, HTPB loaded with a 10% blend 

of the two additives, and HTPB loaded with 10% magnesium-coated nano-boron are 

represented by open black circles, solid blue squares, solid green triangles, solid red 

diamonds, and solid magenta triangles respectively. The fuel containing magnes ium-

coated nano-boron performed similarly to the fuel contained plain nano-boron, and both 
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slightly outperformed the fuel containing a blend of micro-magnesium and nano-boron, 

suggesting no synergistic effects. The combustion efficiency data appear to collapse onto 

a single trend line within the experimental uncertainty. 

Figure 95. Regression rates of plain HTPB and fuel samples loaded with 10% micro-

magnesium, nano-boron, a 35:65 mixture of each, and magnesium-coated nano-boron. 
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Figure 96. Combustion efficiencies of plain HTPB and fuel samples loaded with 10% 

micro-magnesium, nano-boron, a 35:65 mixture of each, and magnesium-coated nano-

boron. 

The regression rates and combustion efficiencies of plain HTPB, HTPB loaded 

with 10% micro-titanium, 10% nano-boron, and a 10% 35/65 blend of micro-titanium and 

nano-boron burning in GOX are shown in Figures 97 and 98, respectively. Motor firings 

of plain HTPB, HTPB loaded with micro-titanium, HTPB loaded with nano-boron, and 

HTPB loaded with a 10% blend of the two additives are represented by open black circles, 

solid blue squares, solid green triangles, and solid red diamonds, respectively. The fuel 

containing a bimetallic blend of micro-titanium and nano-boron performed similarly to 

the formulation containing plain nano-boron, suggesting no synergistic effects. The 
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combustion efficiency data appear to collapse onto a single trend line within the 

experimental uncertainty. 

Figure 97. Regression rates of plain HTPB and fuel samples loaded with 10% micro-

titanium, nano-boron, and a 35:65 mixture of each. 
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Figure 98. Combustion efficiencies of plain HTPB and fuel samples loaded with 10% 

micro-titanium, nano-boron, and a 35:65 mixture of each. 

The regression rates and combustion efficiencies of plain HTPB, HTPB loaded 

with 10% micro-zirconium, 10% nano-boron, and a 10% 35/65 blend of micro-zirconium 

and nano-boron burning in GOX are shown in Figures 99 and 100, respectively. Motor 

firings of plain HTPB, HTPB loaded with micro-zirconium, HTPB loaded with nano-

boron, and HTPB loaded with a 10% blend of the two additives are represented by open 

black circles, solid blue squares, solid green triangles, and solid red diamonds, 

respectively. The fuel containing a bimetallic blend of micro-zirconium and nano-boron 

performed similarly to the formulation containing plain nano-boron, suggesting no 

synergistic effects. The combustion efficiency data appear to collapse onto a single trend 
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line within the experimental uncertainty, but appear to be slightly lower for the plain 

micro-zirconium formulation. 

Figure 99. Regression rates of plain HTPB and fuel samples loaded with 10% micro-

zirconium, nano-boron, and a 35:65 mixture of each. 
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Figure 100. Combustion efficiencies of plain HTPB and fuel samples loaded with 10% 

micro-zirconium, nano-boron, and a 35:65 mixture of each. 

The regression rates and combustion efficiencies of plain HTPB, HTPB loaded 

with 10% nano-aluminum, 10% nano-boron, and a 10% 35/65 blend of nano-aluminum 

and nano-boron burning in GOX are shown in Figures 101 and 102, respectively. Motor 

firings of plain HTPB, HTPB loaded with nano-aluminum, HTPB loaded with nano-

boron, and HTPB loaded with a 10% blend of the two additives are represented by open 

black circles, solid blue squares, solid green triangles, and solid red diamonds, 

respectively. The fuel containing a bimetallic blend of nano-aluminum and nano-boron 

performed similarly to the formulation containing plain nano-boron, suggesting no 

synergistic effects. This result is in contrast to the formulation containing a bimetall ic 
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blend of micro-aluminum and nano-boron, which warrants further investigation. The 

combustion efficiency data appear to collapse onto a single trend line within the 

experimental uncertainty, but appear to be slightly lower for the plain nano-aluminum 

formulation. 

Figure 101. Regression rates of plain HTPB and fuel samples loaded with 10% nano-

aluminum, nano-boron, and a 35:65 mixture of each. 
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Figure 102. Combustion efficiencies of plain HTPB and fuel samples loaded with 10% 

nano-aluminum, nano-boron, and a 35:65 mixture of each. 

9.9. Summary 

In general, the inclusion of any of the selected additives (micro-aluminum, micro-

magnesium, micro-titanium, micro-zirconium, nano-aluminum, nano-boron, and 

magnesium-coated nano-boron) into HTPB fuel burning in GOX led to a reduction in the 

regression rate and minor changes in the combustion efficiency behavior. The one 

exception to this trend was the formulation containing a 10% loading of micro-zirconium, 

which yielded a moderate (10-20%) increase in the fuel’s regression rate. 

The observed trends were generally more prevalent at higher oxidizer mass fluxes 

and higher additive loadings. The reduction in regression rate accompanying the inclus ion 
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of nearly all the additives was attributed to a combination of slow metal reactions which 

may take place in the post-combustion chamber, rather than the combustion port, and heat 

transfer-blocking effects derived from accumulation of mass on the fuel surface layer. The 

enhanced regression rate and increase in the oxidizer mass flux exponent accompanied by 

the addition of 10% micro-zirconium led to the deduction that the blocking effect is the 

more dominant phenomenon of the two. 

Fuel formulations containing high loadings (20% or 30%) of the nano-additives 

(nano-aluminum or nano-boron) exhibited poor combustion stability and large pressure 

excursions. Secondary motor firings exhibited significantly reduced regression rates. Post-

combustion analysis showed thick molten layers accumulated on their fuel surfaces. The 

poor combustion performance as attributed to periodic shedding of the large accumulat ion 

of mass on the surface layer. 

Bimetallic blends of each additive with nano-boron were evaluated at a loading of 

10% to evaluate possible synergistic effects. In general, none of the fuels containing 

bimetallic blends outperformed the plain nano-boron fuel. The one exception to this trend 

was the fuel formulation containing a blend of micro-aluminum and nano-boron, which 

warrants further investigation. 

To make direct comparisons between the metallic additives evaluated herein, the 

regression rate and combustion efficiency data for fuel formulations loaded with 10% 

additives are shown in Figures 103 and 104, respectively, and the regression rate and 

combustion efficiency data for fuel formulations loaded with 30% additives are shown in 

Figures 105 and 106, respectively. In Figures 103 and 104, plain HTPB and HTPB loaded 
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with 10% micro-aluminum, nano-aluminum, nano-boron, micro-magnesium, micro-

titanium, and micro-zirconium are represented by open black circles, solid blue squares, 

solid green triangles, solid red diamonds, solid magenta triangles, solid brown pentagons, 

and solid purple stars, respectively. In Figures 105 and 106, plain HTPB and HTPB loaded 

with 30% micro-aluminum, nano-boron, micro-magnesium, micro-titanium, and micro-

zirconium are represented by open black circles, solid blue squares, solid red diamonds, 

solid magenta triangles, solid brown pentagons, and solid purple stars, respectively. 

Regarding the regression rates of HTPB loaded with 10% additives, the micro -

zirconium outperformed all other formulations, and the nano-boron performed poorest. 

Regarding the regression rates of HTPB loaded with 30% additives, the micro-magnes ium 

outperformed all other formulations, and the nano-boron performed poorest. Once again, 

the general trends observed within the regression rate data have been attributed to 

accumulation of mass on the combustion port surface. Post-combustion analysis of fuel 

grains (Figure 107) provided further evidence of this phenomenon. Qualitatively, the 

combustion ports shown in Figure 107 indicate mass accumulation is worse for higher 

metallic loadings, which is in agreement with the regression rate data. 

The combustion efficiency data for the fuel formulations containing a 10% loading 

of additives appears to collapse onto a single trend line within the experimenta l 

uncertainty. This trend is well-represented by a linear approximation (𝜂𝑐∗ = 0.98𝑡𝑟 +

32.5) for the given range of data (40 < 𝑡𝑟 < 65 ms). This linear approximation is system

dependent and specific to the current experimental apparatus and testing conditions. 

Furthermore, this linear approximation would not hold true in a larger residence time 
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range, since the combustion efficiency should asymptote to 100% at long residence times 

and 0% at short residence times. The data do not collapse upon each other for the fuel 

formulations containing a 30% loading of additives. In this case, the micro-zirconium fuels 

exhibit the poorest combustion efficiency while the micro-aluminum and nano-boron fuels 

exhibit the highest combustion efficiencies.  

Figure 103. Relative effects of metallic additives at a loading of 10% on the regression 

rate of HTPB fuels burning in GOX. 
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Figure 104. Relative effects of metallic additives at a loading of 10% on the combustion 

efficiency of HTPB fuels burning in GOX. 
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Figure 105. Relative effects of metallic additives at a loading of 30% on the regression 

rate of HTPB fuels burning in GOX. 
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Figure 106. Relative effects of metallic additives at a loading of 30% on the combustion 

efficiency of HTPB fuels burning in GOX. 
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Figure 107. Post-combustion fuel ports surfaces for metallized fuels containing (top) 

30%, (middle) 20%, and (bottom) 10% concentrations of metals. Motor formulations are 

shown left to right: baseline HTPB, micro-aluminum, micro-magnesium, micro-titanium, 

micro-zirconium, nano-aluminum, nano-boron, and magnesium-coated nano-boron. 

The relative effects in terms of regression rate and fuel mass flux alteration in 

comparison to plain HTPB burning in GOX have been computed for each fuel formulat ion 

evaluated herein at an oxidizer mass flux of 100 kg/m2-s and are shown in Table 10 and 

depicted in Figure 108. Although all of these formulations yield increases in the density 

specific impulse of the HRE system, only two of the formulations led to an increase in the 

regression rate and only three of the formulations led to an increase in the fuel mass flux. 

Zirconium appears to be the best metallic additive available since it can yield the highest 

energy density at the lowest O/F ratio (Figure 32) without resulting in substantia l 

decreases in the fuel regression rate and mass flux. 
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Table 10. Performance parameters of baseline and metal-loaded HTPB fuel formulations 

burning in GOX. 

ρf ṙ (100) ρfṙ (100) Δṙ Δρfṙ

(kg/m3) (mm/s) (kg/m2-s) (%) (%)

Baseline - 930 0.09 0.61 0.99 1.49 1.38 - -

µAl-10 10% micro-Al 995 0.13 0.49 0.98 1.20 1.19 -19 -14

µAl-20 20% micro-Al 1070 0.18 0.36 0.99 0.93 0.99 -38 -28

µAl-30 30% micro-Al 1158 0.19 0.32 0.99 0.85 0.98 -43 -29

µAl+nB-10 3.5% micro-Al, 6.5% nano-B 992 0.07 0.65 0.98 1.43 1.42 -4 3

nAl-10 10% nano-Al 995 0.10 0.55 0.97 1.31 1.30 -12 -6

nAl-20 20% nano-Al 1070 0.02 0.84 0.97 1.02 1.09 -31 -21

nAl+nB-10 3.5% nano-Al, 6.5% nano-B 992 0.12 0.45 0.99 0.95 0.94 -36 -32

nB-10 10% nano-B 990 0.09 0.53 0.97 1.07 1.06 -28 -23

nB-20 20% nano-B 1059 0.03 0.72 0.98 0.95 1.01 -36 -27

nB-30 30% nano-B 1137 0.04 0.67 0.98 0.85 0.97 -43 -30

µMg-10 10% micro-Mg 975 0.09 0.58 0.99 1.38 1.35 -7 -2

µMg-20 20% micro-Mg 1025 0.12 0.51 0.99 1.22 1.25 -18 -9

µMg-30 30% micro-Mg 1081 0.16 0.44 0.97 1.17 1.26 -21 -9

µMg+nB-10 3.5% micro-Mg, 6.5% nano-B 985 0.13 0.43 0.98 0.94 0.92 -37 -33

µTi-10 10% micro-Ti 1010 0.11 0.55 0.98 1.34 1.35 -10 -2

µTi-20 20% micro-Ti 1105 0.15 0.43 0.99 1.10 1.22 -26 -12

µTi-30 30% micro-Ti 1221 0.19 0.35 0.99 1.00 1.22 -33 -12

µTi+nB-10 3.5% micro-Ti, 6.5% nano-B 997 0.11 0.49 0.99 1.02 1.02 -31 -26

µZr-10 10% micro-Zr 1017 0.09 0.65 0.98 1.75 1.78 18 29

µZr-20 20% micro-Zr 1122 0.13 0.50 0.99 1.27 1.43 -14 3

µZr-30 30% micro-Zr 1252 0.16 0.41 0.99 1.06 1.33 -29 -4

µZr+nB-10 3.5% micro-Zr, 6.5% nano-B 999 0.08 0.58 0.99 1.14 1.14 -23 -17

nMgB-10 10% nano-MgB 986 0.09 0.53 0.98 1.05 1.04 -29 -25

nMgB-20 20% nano-MgB 1049 0.05 0.63 1.00 0.96 1.01 -35 -27

a nAdditivesFormulation R2
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Figure 108. Relative effects of metallic additives on the regression rate (solid black) and 

fuel mass loss rate (dashed grey) of HTPB fuels burning in GOX at 100 kg/m2-s. 
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10. RESULTS AND DISCUSSION: MIXED-FUEL SYSTEMS

To evaluate the potential of mixed-fuel (HTPB/paraffin) systems for tailoring the 

regression rate of an HRE, fuel specimen composed of HTPB, paraffin, and HTPB loaded 

with paraffin at several concentrations (10, 25, 50, and 75%) were manufactured and 

burned in GOX. In contrast to the previously described metal-loaded fuel systems, fuel 

formulations described in this section were fired in the oxidizer blowdown configurat ion.  

The average regression rate of all fuel grains burned in gaseous oxygen are plotted 

against the corresponding average oxidizer mass flux in Figure 109. The solid and dashed 

lines represent least-squares regression fits of the data to a power law approximation for 

plain HTPB and plain paraffin, respectively. 

The paraffin fuel grains exhibited a regression rate increase of approximate ly 

300% in comparison to plain HTPB over the evaluated testing conditions. In general, the 

mixed-fuel systems performed similar to the plain HTPB fuels and did not exhibit 

measureable enhancements in regression rates at any paraffin loading between 10 and 

75%. Although all data points lie within the experimental scatter, at higher oxidizer mass 

fluxes (>90 kg/m2-s), the mixed-fuel systems appear to begin to outperform the plain 

HTPB fuel specimen. The observed lack of regression rate enhancement, even up to a 

paraffin loading of 75%, supports the hypothesis of a practical loading limit required prior 

to the realization of enhancement, but this explanation does not fully explain the observed 

results. These findings agree with those presented by Boronowsky [124], partially agree 

with the findings presented by Lee and Tsia [122-123], and are in conflict with the findings 
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presented by Sakote et al. [117] and Thomas et al. [128]. One explanation for the observed 

trends is that the paraffin and HTPB are homogenously mixed, and the pyrolysis of HTPB 

dominates the regression process, so that no significant melt layer is formed during motor 

combustion. However, this explanation cannot fully account for the discrepancies between 

the current results and certain literature results. 

Figure 109. Measured regression rates for plain HTPB, plain paraffin, and mixed-fue l 

systems burning in GOX. 

A summary of regression rate measurements of HTPB/paraffin fuel systems 

presented in the literature is shown in Table 11. Table 11 only includes studies where a 

direct comparison was made to a plain HTPB fuel specimen, so that the regression rate 

enhancement over the plain HTPB baseline could be evaluated. Furthermore, the hybrid 
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rocket studies shown in Table 11 only include experiments with axially flowing gaseous 

oxygen. The data in Table 11 from the experiment performed by Boronowsky [124] 

include fuel mixtures with paraffin included both as a molten liquid and as a solid particle; 

however, the subsequent discussion focuses entirely on fuel mixtures where the paraffin 

as incorporated as a molten liquid. 

There is some disagreement between the studies, but there are also clear trends. 

The four presented hybrid rocket studies support the argument for a practical paraffin 

loading limit for realizable regression rate enhancement, because all loadings below 90% 

exhibit little to no enhancement, specifically for when the paraffin is included as molten 

liquid. One explanation for the discrepancies between the presented results of the selected 

experimental studies is that the operating conditions may play a significant role in 

regression rate enhancement of the mixed-fuel system. Within the dataset of the current 

study, the mixed-fuel systems’ appear to begin to outperform the plain HTPB baseline at 

higher oxidizer mass fluxes (>90 kg/m2-s). The experiments of Boronowsky [124] showed 

no regression rate enhancement, and they were conducted at low oxidizer mass fluxes (15-

60 kg/m2-s) and similar pressures. Lee and Tsai [122-123] observed a 10% regression rate 

enhancement for a paraffin loading of 50%, but their experiments were conducted at 

significantly larger oxidizer mass fluxes (50-500 kg/m2-s) and chamber pressures that 

were approximately 300% larger than the current study and that of Boronowsky [124]. 

Thomas et al. [128] observed a 20% increase in regression rate for a paraffin loading of 

10%, but their experiments were conducted at chamber pressures that were also 

approximately 300% larger than the current study and that of Boronowsky [124]. This 
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comparison of experimental results suggests the operating conditions of motor firings, 

specifically the oxidizer mass flux and chamber pressure, may play a role in the 

effectiveness of mixed-fuel systems leading to regression rate enhancement. However, a 

comprehensive series of tests independently spanning a larger range of oxidizer mass 

fluxes and chamber pressures would be necessary to support this argument. 

Table 11. Summary of relevant regression rate results for HTPB/paraffin binders. 



229 

11. SUMMARY AND CONCLUSIONS

Hybrid rockets have numerous advantages over their pure solid or liquid propellant 

counterparts, but their characteristically low regression rates and combustion efficienc ies 

have hindered their widespread application. Following a brief introduction to their basic 

principles of operation and potential applications in Chapter 1, a thorough review of 

potential enhancement strategies for hybrid rockets was given in Chapter 2. These 

potential strategies included ideal selection of the oxidizer and fuel combination, 

manipulation of the oxidizer flow, augmentation of the combustion port geometry, 

inclusion of energetic additives, and implementation of unconventional geometries. 

Special emphasis was placed upon metal-based energetic additives and mixed-fue l 

systems. 

Theoretical stoichiometric combustion and chemical equilibrium analyses were 

carried out in Chapter 3 for HTPB fuels loaded with various metal additives reacting with 

oxygen and nitrous oxide. These computations demonstrated the potential for metallic 

additives to yield significant improvement of hybrid rocket systems in terms of density 

specific impulse. Furthermore, relative performance rankings were given for metals 

incorporated in the HTPB/LOX system. 

A state-of-the-art hybrid rocket model was developed in Chapter 4 and utilized to 

preliminary size components for a ballistic test stand. The design of the ballistic test stand 

was presented in detail in Chapter 5. The final configuration allows for economica lly 

feasible, time-efficient evaluation of multiple fuel formulations on a lab-scale 
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experimental apparatus. Furthermore, the modular design allows for manipulation of 

numerous experimental variables including oxidizer mass flow, oxidizer flow type, 

combustion chamber size, fuel grain length and initial diameter, and chamber pressure. 

Several metallic additives (micro-aluminum, micro-magnesium, micro-titanium, 

micro-zirconium, nano-aluminum, nano-boron, and magnesium-coated nano-boron) were 

selected as potential candidates for hybrid rocket applications. Each additive was 

characterized by applicable microscopy techniques (SEM, TEM, and EDS) in Chapter 6 

to determine relative particle size and composition, and asses their effects on combustion 

performance. 

Fuel grain manufacturing techniques for plain HTPB, mixed-fue l 

(HTPB/paraffin), and metal-loaded HTPB fuel specimen were given in detail in Chapter 

7. Ballistic testing procedures and data reduction methods were described in Chapter 8.

The regression rates and combustion efficiencies of plain HTPB and HTPB loaded 

with each additive at various loadings (10%, 20%, and 30%) burning in GOX were 

evaluated on the ballistic stand in Chapter 9. In general, the inclusion of any of the selected 

additives led to a reduction in the regression rate and minor changes in the combustion 

efficiency behavior. The one exception to this trend was the formulation containing a 10% 

loading of micro-zirconium, which yielded a moderate (10-20%) increase in the fuel’s 

regression rate. 

The observed trends were generally more prevalent at higher oxidizer mass fluxes 

and higher additive loadings. The reduction in regression rate accompanying the inclus ion 

of nearly all the additives was attributed to a combination of slow metal reactions which 
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may take place in the post-combustion chamber, rather than the combustion port, and heat 

transfer-blocking effects derived from accumulation of mass on the fuel surface layer. The 

enhanced regression rate and increase in the oxidizer mass flux exponent accompanied by 

the addition of 10% micro-zirconium led to the deduction that the blocking effect is the 

more dominant phenomenon of the two. 

Fuel formulations containing high loadings (20% or 30%) of the nano-additives 

(nano-aluminum or nano-boron) exhibited poor combustion stability and large pressure 

excursions. Secondary motor firings exhibited significantly reduced regression rates. Post-

combustion analysis showed thick molten layers accumulated on their fuel surfaces. The 

poor combustion performance is attributed to periodic shedding of the large accumulat ion 

of mass on the surface layer. 

Future work should focus on evaluation of the molten surface layer on a lab-scale 

apparatus with optical capabilities. In particular, evaluation of the effects of operating 

pressure on particle combustion in the diffusion flame and evaluation of particle 

geometry/size effects on their accumulation in the surface layer would prove useful. 

Bimetallic blends of each additive with nano-boron were evaluated at a loading of 

10% to evaluate possible synergistic effects. In general, none of the fuels containing 

bimetallic blends outperformed the plain nano-boron fuel. The one exception to this trend 

was the fuel formulation containing a blend of micro-aluminum and nano-boron, which 

warrants further investigation. 

Combustion efficiency data of the plain HTPB and metal-loaded fuel formulat ions 

were not well correlated with the average O/F ratio, but they were well correlated to the 
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residence time. High combustion efficiencies (>95%) were achievable for all fuel 

formulations when a satisfactory residence time (~75 ms) was realized. 

Although all of the metal-loaded HTPB fuel formulations yield increases in the 

theoretically calculated density specific impulse of the HRE system, only two of the 

formulations led to an increase in the regression rate, and only three of the formulat ions 

led to an increase in the fuel mass flux. Zirconium appears to be the best metallic additive 

available since it can yield the highest energy density at the lowest O/F ratio without 

resulting in substantial decreases in the fuel regression rate and mass flux. 

In Chapter 10, the inclusion of paraffin in HTPB burning in GOX as a regression 

rate enhancement strategy was evaluated by inclusion of molten paraffin at mass loadings 

ranging from 10-75%. The plain paraffin fuel exhibited a 300% increase in regression rate 

in comparison to plain HTPB, but none of the mixed-fuel systems showed signs of 

regression rate enhancement at the tested operating conditions. Comparison of the current 

experimental results and the presented literature survey indicated that the manufactur ing 

procedures of mixed HTPB/paraffin fuel systems and the operating conditions, such as the 

pressure and oxidizer mass flux, could play significant roles in any potential regression 

rate enhancement. 
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APPENDIX A 

BURN SIMULATION PROGRAM 

This appendix contains the matlab code used to produce burn simulations of the 

alternate hybrid rocket formulations for comparison. It is separated into three sections: the 

main simulation program, a regression and heat transfer function, and a rocket 

performance function. 

A.1 Burn Simulation Program

%% Burn Simulation Program 

% This program is designed to simulate the burning of hybrid motor fuel 
% grains in a gaseous oxygen environment with prescribed rocket motor 

% dimensions, oxidizer mass flow rate, and chamber pressure 

% Clearing all past data 

clc; 
clear all; 

close all; 

%% System Parameters - USER SPECIFIED 

% Oxdizer Mass Flow Rate 

mdot_ox=4.46; %[g/s] 

% Chamber Pressure 

P_Chamber=75; %[psi] 

% System Dimensions 
% Motor Port Diameter and Length 
D0=0.2; %[cm] 

L=5; %[cm] 
% Throat Diameter 

D_t=0.2; %[cm] 
% Nozzle Expansion Ratio 
exp=6.275; 

% Parameter Calcs for Standard Input 

mdot_ox=mdot_ox/1000; %[kg/s] 
L=L/100; %[m] 
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D_t=D_t/100; %[m] 
A_t=(pi/4)*(D_t^2); %[m2] 

D0=D0/100; %[m] 
P_Chamber=P_Chamber*6894.75729; %[Pa] 

%% Setting Simulation Time 
dt=0.01; %[s] 

t_final=10; %[s] 
N=(t_final/dt); 

t=0:dt:t_final; 

%% Running Simulation 

%Note: Run 1 is plain HTPB; Run 2 is HTPB + 30.6% Al 

for k=1:2 

    % Setting Fuel Formulation Parameters 

    if k==1,  

        % Plain HTPB {run:k=1} 
        % Fuel Density; 
        rho_f=930; %[kg/m3] 

        % Fuel Effective Heat of Decomposition 
        dhv_f=1.8; %[MJ/kg] 

        % Regression Rate Correlation Parameters - For use with Gox [g/cm2-s] and dr/dt 
[mm/s] 
        a=0.240; 

 n=0.647; 
        % Combustion Efficiency 

        n_c=1; 

    elseif k==2    

        % HTPB + 30.6% Al {run:k=2} 

        % Fuel Density; 
        rho_f=1480; %[kg/m3] 
        % Fuel Effective Heat of Decomposition 

        dhv_f=4.61; %[MJ/kg] 
        % Regression Rate Correlation Parameters - For use with Gox [g/cm2-s] and dr/dt 

[mm/s] 
        a=0.343; 
        n=0.596; 

        % Combustion Efficiency 
        n_c=1; 
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    end 

    % Implementing Burn Simulation 

    % Initial Value 
        D=D0; %Setting Initial Port Diameter 

        M_Exit_Old=3; %Required Guess for Initial Mach Number 

    for i=1:N+1 

        % Implementing Regression Tracking Model 

        [rdot, G_ox, mdot_f, OF, D_New, mdot_sys, Q, QFlux]=RegressionModel(L, D, 
mdot_ox, a, n, rho_f, dhv_f, dt); 

        % Calculating Combustion Gas Properties 
        if k==1 %HTPB Properties @ Pc=75psi 

OFinterp=[0.2, 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6.5, 8]; 
cstarinterp=[3051.59, 3767.006, 4556.017, 5531.12, 5801.537, 5686.52, 

5541.346, 5285.716, 5088.379, 4850.413, 4651.418]; %[ft/s] 
gammainterp=[1.148152, 1.221816, 1.298322, 1.260501, 1.236525, 1.228132, 

1.223879, 1.21971, 1.218176, 1.218282, 1.220076]; 

cstar=interp1(OFinterp,cstarinterp,OF); %[ft/s] 
cstar=cstar*0.3048; %[m/s] 

gamma=interp1(OFinterp,gammainterp,OF); 
        elseif k==2 %HTPB + 30.6% Al Properties @ Pc=75psi 

OFinterp=[0.95, 1, 1.5, 2, 3, 4, 5, 6.5, 8]; 

cstarinterp=[5203.839, 5515.905, 5700.264, 5450.113, 5221.048, 5010.354, 
4844.958, 4642.178, 4461.289]; %[ft/s] 

gammainterp=[1.240191, 1.224845, 1.200629, 1.196873, 1.195724, 1.19697, 
1.199074, 1.203058, 1.2077]; 

cstar=interp1(OFinterp,cstarinterp,OF); %[ft/s] 

cstar=cstar*0.3048; %[m/s] 
gamma=interp1(OFinterp,gammainterp,OF); 

        end 

        % Implimenting Performance Model 

        [P_Exit, M_Exit, CF, F, Isp]=NozzleModel(P_Chamber, gamma, mdot_sys, cstar, 
exp, M_Exit_Old, n_c); 

        % Choked Condition Check @ Nozzle 
        P_ratio_c=((gamma+1)/2)^(gamma/(gamma-1)); 

        P_ratio=P_Chamber/P_Exit; 
        if P_ratio<P_ratio_c 
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display('Nozzle Not Operating Under Choked Conditions'); 
        end 

    % Setting Stored Values in Comparable Units 

        ChamberPressure(i,k)=P_Chamber/6894.75729; %[psi] 
        ExitPressure(i,k)=P_Exit/6894.75729; %[psi] 
        ExitMach(i,k)=M_Exit; 

        RegressionRate(i,k)=rdot*1000; %[mm/s] 
        Radius(i,k)=D*100/2; %[cm] 

        OxidizerMassFlow(i,k)=mdot_ox*1000; %[g/s] 
        OxidizerMassFlux(i,k)=G_ox*1000/100/100; %[g/cm2-s] 
        FuelMassFlow(i,k)=mdot_f*1000; %[g/s] 

        OxidizerToFuelRatio(i,k)=OF; 
        TotalMassFlow(i,k)=mdot_sys*1000; %[g/s] 

        ThrustCoefficient(i,k)=CF; 
        ThrustForce(i,k)=F/4.44822; %[lbf] 
        SpecificImpulse(i,k)=Isp; %[s-1] 

        TotalImpulse(i,k)=dt*sum(ThrustForce(:,k)); %[lbf-s] 
        SpecificHeatRatio(i,k)=gamma; 

        CharacteristicVelocity(i,k)=cstar; %[m/s] 
        HeatFlow(i,k)=Q; %[kW] 
        HeatFlux(i,k)=QFlux; %[kW/m2] 

    %Setting Simulation New Values 

    D=D_New; 
    M_Exit_Old=M_Exit; 

    end 

end 

%% Plotting Results 

% Pressure Plot 
    figure; 
    plot(t,ChamberPressure(:,1),'LineStyle','-','Color','r') 

    hold on 
    plot(t,ExitPressure(:,1),'LineStyle','-','Color','b') 

    plot(t,ExitPressure(:,2),'LineStyle','--','Color','b') 
    hold off 
    title('Pressure Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Pressure [psi]'); 
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    legend('Chamber','Exit-HTPB','Exit-HTPB+Al'); 

% Mass Flow Plots 
    figure; 

    plot(t,OxidizerMassFlow(:,1),'LineStyle','-','Color','b') 
    hold on 
    plot(t,FuelMassFlow(:,1),'LineStyle','-','Color','r') 

    plot(t,FuelMassFlow(:,2),'LineStyle','--','Color','r') 
    plot(t,TotalMassFlow(:,1),'LineStyle','-','Color','g') 

    plot(t,TotalMassFlow(:,2),'LineStyle','--','Color','g') 
    hold off 
    title('Mass Flow Rate Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Mass Flow Rate [g/s]'); 

    legend('Oxidizer','Fuel-HTPB','Fuel-HTPB+Al','Total-HTPB','Total-HTPB+Al'); 

    figure; 

    plot(t,OxidizerMassFlux(:,1),'LineStyle','-','Color','b') 
    hold on 

  plot(t,OxidizerMassFlux(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Mass Flux Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Oxidizer Mass Flux [g/cm2-s]'); 

    legend('HTPB','HTPB+Al'); 

    figure 

    plot(t,OxidizerToFuelRatio(:,1),'LineStyle','-','Color','b') 
    hold on 

    plot(t,OxidizerToFuelRatio(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('O/F Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('O/F'); 

    legend('HTPB','HTPB+Al'); 

% Regression Plots 

    figure 
    plot(t,RegressionRate(:,1),'LineStyle','-','Color','b') 

    hold on 
    plot(t,RegressionRate(:,2),'LineStyle','--','Color','r') 
    hold off 

    title('Regression Rate Plot'); 
    xlabel('Testing Time [s]'); 



281 

    ylabel('Regression Rate [mm/s]'); 
    legend('HTPB','HTPB+Al'); 

    figure 

    plot(t,Radius(:,1),'LineStyle','-','Color','b') 
    hold on 
    plot(t,Radius(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Combustion Port Radius Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Combustion Port Radius [cm]'); 
    legend('HTPB','HTPB+Al'); 

% Performance Plots 

    figure 
    plot(t,ExitMach(:,1),'LineStyle','-','Color','b') 

    hold on 
    plot(t,ExitMach(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Mach Number Plot'); 
    xlabel('Time [s]'); 

    ylabel('Exit Mach Number'); 
    legend('HTPB','HTPB+Al'); 

    figure 
    plot(t,ThrustCoefficient(:,1),'LineStyle','-','Color','b') 

    hold on 
    plot(t,ThrustCoefficient(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('CF Plot'); 
    xlabel('Testing Time [s]'); 

    ylabel('Thrust Coefficient'); 
    legend('HTPB','HTPB+Al'); 

    figure 
    plot(t,ThrustForce(:,1),'LineStyle','-','Color','b') 

    hold on 
    plot(t,ThrustForce(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Thrust Plot'); 
    xlabel('Testing Time [s]'); 

    ylabel('Thrust Force [lbf]'); 
    legend('HTPB','HTPB+Al'); 



282 

    figure 

    plot(t,SpecificHeatRatio(:,1),'LineStyle','-','Color','b') 
    hold on 

    plot(t,SpecificHeatRatio(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Specific Heat Ratio Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Specific Heat Ratio'); 

    legend('HTPB','HTPB+Al'); 

    figure 

    plot(t,CharacteristicVelocity(:,1),'LineStyle','-','Color','b') 
    hold on 

    plot(t,CharacteristicVelocity(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Characteristic Velocity Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Characteristic Velocity [m/s]'); 

    legend('HTPB','HTPB+Al'); 

    figure 

    plot(t,SpecificImpulse(:,1),'LineStyle','-','Color','b') 
    hold on 

    plot(t,SpecificImpulse(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Specific Impulse Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Specific Impulse [s-1]'); 

    legend('HTPB','HTPB+Al'); 

    figure 

    plot(t,TotalImpulse(:,1),'LineStyle','-','Color','b') 
    hold on 

    plot(t,TotalImpulse(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Total Impulse Plot'); 

    xlabel('Testing Time [s]'); 
    ylabel('Total Impulse [lbf-s]'); 

    legend('HTPB','HTPB+Al');    

% Trend Checks 

    figure 
    loglog(OxidizerMassFlux(:,1),RegressionRate(:,1),'LineStyle','-','Color','b') 
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    hold on 
    loglog(OxidizerMassFlux(:,2),RegressionRate(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Regression Rate Correlation'); 

    xlabel('Oxidizer Mass Flux [g/cm2-s]'); 
    ylabel('Regression Rate [mm/s]'); 
    legend('HTPB','HTPB+Al') 

    figure 

    plot(OxidizerToFuelRatio(:,1),SpecificHeatRatio(:,1),'LineStyle','-','Color','b') 
    hold on 
    plot(OxidizerToFuelRatio(:,2),SpecificHeatRatio(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Specific Heat Ratio Trend'); 

    xlabel('O/F Ratio'); 
    ylabel('Specific Heat Ratio'); 
    legend('HTPB','HTPB+Al') 

    figure 

    plot(OxidizerToFuelRatio(:,1),CharacteristicVelocity(:,1),'LineStyle','-','Color','b') 
    hold on 
    plot(OxidizerToFuelRatio(:,2),CharacteristicVelocity(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Characteristic Velocity Trend'); 

    xlabel('O/F Ratio'); 
    ylabel('Characteristic Velocity [m/s]'); 
    legend('HTPB','HTPB+Al') 

    figure 

   plot(OxidizerToFuelRatio(:,1),SpecificImpulse(:,1),'LineStyle','-','Color','b') 
    hold on 
    plot(OxidizerToFuelRatio(:,2),SpecificImpulse(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Specific Impulse Trend'); 

    xlabel('O/F Ratio'); 
   ylabel('Specific Impulse [s-1]'); 
    legend('HTPB','HTPB+Al') 

% Heat Flow Plots 

    figure 
    plot(t,HeatFlow(:,1),'LineStyle','-','Color','b') 
    hold on 

    plot(t,HeatFlow(:,2),'LineStyle','--','Color','r') 
    hold off 
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    title('Surface Heat Flow Plot'); 
    xlabel('Testing Time [s]'); 

    ylabel('Heat Transfer Rate [kW]'); 
    legend('HTPB','HTPB+Al') 

    figure 
    plot(t,HeatFlux(:,1),'LineStyle','-','Color','b') 

    hold on 
    plot(t,HeatFlux(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Surface Heat Flux Plot'); 
    xlabel('Testing Time [s]'); 

    ylabel('Heat Transfer Flux [MW/cm2]'); 
    legend('HTPB','HTPB+Al') 

    % Trend 1 - Radius 
    figure 

    loglog(Radius(:,1),HeatFlow(:,1),'LineStyle','-','Color','b') 
    hold on 

    loglog(Radius(:,2),HeatFlow(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Surface Heat Flow Trend'); 

    xlabel('Radius [cm]'); 
    ylabel('Heat Transfer Rate [kW]'); 

    legend('HTPB','HTPB+Al') 

    figure 

    loglog(Radius(:,1),HeatFlux(:,1),'LineStyle','-','Color','b') 
    hold on 

    loglog(Radius(:,2),HeatFlux(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Surface Heat Flux Trend'); 

    xlabel('Radius [cm]'); 
    ylabel('Heat Transfer Flux [MW/cm2]'); 

    legend('HTPB','HTPB+Al') 

    % Trend 2 - Oxidizer Mass Flux 

    figure 

    loglog(OxidizerMassFlux(:,1),HeatFlow(:,1),'LineStyle','-','Color','b') 
    hold on 
    loglog(OxidizerMassFlux(:,2),HeatFlow(:,2),'LineStyle','--','Color','r') 

    hold off 
    title('Surface Heat Flow Trend'); 
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    xlabel('Oxidizer Mass Flux [g/cm2-s]'); 
    ylabel('Heat Transfer Rate [kW]'); 

    legend('HTPB','HTPB+Al') 

    figure 
    loglog(OxidizerMassFlux(:,1),HeatFlux(:,1),'LineStyle','-','Color','b') 
    hold on 

    loglog(OxidizerMassFlux(:,2),HeatFlux(:,2),'LineStyle','--','Color','r') 
    hold off 

    title('Surface Heat Flux Trend'); 
    xlabel('Oxidizer Mass Flux [g/cm2-s]'); 
    ylabel('Heat Transfer Flux [MW/cm2]'); 

    legend('HTPB','HTPB+Al') 

    % Trend 2 - Oxidizer to Fuel Ratio 

    figure 

    loglog(OxidizerToFuelRatio(:,1),HeatFlow(:,1),'LineStyle','-','Color','b') 
    hold on 

    loglog(OxidizerToFuelRatio(:,2),HeatFlow(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Surface Heat Flow Trend'); 

    xlabel('O/F Ratio'); 
    ylabel('Heat Transfer Rate [kW]'); 

    legend('HTPB','HTPB+Al') 

    figure 

    loglog(OxidizerToFuelRatio(:,1),HeatFlux(:,1),'LineStyle','-','Color','b') 
    hold on 

    loglog(OxidizerToFuelRatio(:,2),HeatFlux(:,2),'LineStyle','--','Color','r') 
    hold off 
    title('Surface Heat Flux Trend'); 

    xlabel('O/F Ratio'); 
    ylabel('Heat Transfer Flux [MW/cm2]'); 

    legend('HTPB','HTPB+Al') 

%% Creating Results Table 

% Calculating Relevant Values 

for k=1:2 

    % Burn Time 

    t_b(k)=t_final; %[s] 
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    % Initial and Final Diameters 
    D_i(k)=2*Radius(1,k); %[cm] 

    D_f(k)=2*Radius(N+1,k); %[cm] 

    % Average Conditions 
    mdot_ox_avg(k)=mean(OxidizerMassFlow(:,k)); %[g/s] 

 mdot_f_avg(k)=mean(FuelMassFlow(:,k)); %[g/s] 

    mdot_sys_avg(k)=mean(TotalMassFlow(:,k)); %[g/s] 
    G_ox_avg(k)=mean(OxidizerMassFlux(:,k)); %[g/cm2-s] 

    OF_avg(k)=mean(OxidizerToFuelRatio(:,k)); 
    r_avg(k)=mean(RegressionRate(:,k)); %[mm/s] 

   % Average Performance 
    F_avg(k)=mean(ThrustForce(:,k)); %[lbf] 

    F_max(k)=max(ThrustForce(:,k)); %[lbf] 
    Isp_avg(k)=mean(SpecificImpulse(:,k)); %[s-1] 
    It(k)=max(TotalImpulse(:,k)); %[lbf-s] 

    Q_max(k)=max(HeatFlow(:,k)); %[kW] 
    Q_avg(k)=mean(HeatFlow(:,k)); %[kW] 

    QFlux_max(k)=max(HeatFlow(:,k)); %[MW/cm2] 
    QFlux_avg(k)=mean(HeatFlow(:,k)); %[MW/cm2] 

end 

% Making Table 
figure; 
Rows={'tb (s)','Di (cm)','Df (cm)','mdotox,avg (g/s)','mdotf,avg (g/s)','mdotsys,avg 

(g/s)','OFavg','Gox,avg (g/cm2-s)','rb,avg (mm/s)','Fmax (lbf)','Favg (lbf)','Isp (s-1)','It 
(lbf-s)','Qmax (kW)','Qavg (kW)','Q"max (MW/cm2)','Q"avg (MW/cm2)'}; 

Columns={'HTPB','HTPB+Al'}; 
for k=1:2 
    Data(1,k)=t_b(k); 

    Data(2,k)=D_i(k); 
    Data(3,k)=D_f(k); 

    Data(4,k)=mdot_ox_avg(k); 
    Data(5,k)=mdot_f_avg(k); 
    Data(6,k)=mdot_sys_avg(k); 

    Data(7,k)=OF_avg(k); 
    Data(8,k)=G_ox_avg(k); 

    Data(9,k)=r_avg(k); 
    Data(10,k)=F_max(k); 
    Data(11,k)=F_avg(k); 

    Data(12,k)=Isp_avg(k); 
    Data(13,k)=It(k); 
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    Data(14,k)=Q_max(k); 
    Data(15,k)=Q_avg(k); 

    Data(16,k)=QFlux_max(k); 
    Data(17,k)=QFlux_avg(k); 

end 
u = uitable('Data',Data,'RowName',Rows,'ColumnName',Columns,'Position',[0 0 350
350]);

%% End Program 

A.2 Regression and Heat Transfer Function

function [rdot, G_ox, mdot_f, OF, D_New, mdot_sys, Q, QFlux] = RegressionMode l(L, 
D, mdot_ox, a, n, rho_f, dhv_f, dt) 

%% Regression Model 
%Inputs:    L - Motor Grain Length [m] 

% D - Combustion Port Diameter [cm] 
% mdot_ox - Oxidizer Mass Flow Rate [kg/s] 
% a - Empirical Burning Rate Constant [mm/s] 

% n - Empirical Burning Rate Constant 
% rho_f - Fuel Density [kg/m3] 

% dhv_f - Fuel Effective Heat of Decomposition [MJ/kg] 
% dt - Time Step [s] 
%Outputs:   rdot - Regression Rate [m/s] 

% G_ox - Oxidizer Mass Flux [kg/m2-s] 
% mdot_f - Fuel Mass Loss Rate [kg/s] 

% OF - Oxidizer to Fuel Ratio 
% D_New - New Combustion Port Diameter [m] 
% mdot_sys - Nozzel Mass Flow Rate [kg/s] 

% Q - Effective Surface Heat Flow [kW] 
% QFlux - Effective Surface Heat Fluw [MW/cm2] 

%% Calculating Useful Burning Areas 
A_c=(pi/4)*(D^2); %[m2] 

A_b=pi*D*L; %[m2] 

%% Calculating Regression Rate 
G_ox=mdot_ox/A_c; %[kg/m2-s] 
G_ox=G_ox*1000/100/100; %[g/cm2-s] 

rdot=a*(G_ox^n); %[mm/s] 
rdot=rdot/1000; %[m/s] 

%% Calculating New Combustion Port Diameter 
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D_New=D+(2*rdot*dt); %[m] 

%% Calculating Fuel Mass Loss Rate 
mdot_f=rho_f*A_b*rdot; %[kg/s] 

%% Calculating Oxidizer to Fuel Ratio 
OF=mdot_ox/mdot_f; 

%% Calculating Nozzle Mass Flow Rate 

mdot_sys=mdot_ox+mdot_f; %[kg/s] 

%% Calculating Surface Heat Flow 

Q=mdot_f*dhv_f; %[MW] 
QFlux=Q/A_b; %[MW/m2] 

%% Output Redundancy and Standard Unit Corrections 
rdot=rdot; %[m/s] 

G_ox=G_ox*100*100/1000; %[kg/m2-s] 
mdot_f=mdot_f; %[kg/s] 

OF=OF; 
D_New=D_New; %[m] 
mdot_sys=mdot_sys; %[kg/s] 

Q=Q*1000; %[kW] 
QFlux=Q/A_b/100/100; %[MW/cm2] 

%% Program Complete 
end 

A.3 Rocket Performance Function

function [P_Exit, M_Exit, CF, F, Isp] = NozzleModel(P_Chamber, gamma, mdot_sys, 

cstar, exp, M_Exit_Old, n_c) 
%% Nozzle Model 
%Inputs:    P_Chamber - Chamber Pressure [Pa] 

% gamma - Products Specific Heat Ratio 
% mdot_sys - Nozzle Mass Flow Rate [kg/s] 

% cstar - Effective Exhaust Velocity [m/s] 
% exp - Nozzle Expansion Ratio 
% M_Exit_Old - Previous Exit Mach Number 

% n_c - Combustion Effeicency 
%Outputs:   P_Exit - Exit Pressure [psi] 

% M_Exit - Current Mach Number 
% CF - Thrust Coefficient 
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% F - Thrust Force [N] 
% Isp - Specific Impulse [s-1] 

%% Calculating Exit Mach Number 

zero=@(x)(((1/x)*(((2/(gamma+1))*(1+(((gamma-
1)/2)*(x^2))))^((gamma+1)/(2*(gamma-1)))))-exp); 
M_Exit=fzero(zero,M_Exit_Old); 

%% Calculating Exit Pressure 

P_ratio=(1+(((gamma-1)/2)*(M_Exit^2)))*(gamma/(gamma-1)); 
P_Exit=P_Chamber/P_ratio; %[Pa] 

%% Inputting Time Independent Atmospheric Pressure 
P_atm=14.7; %[psi] 

P_atm=P_atm*1000*1000/145.0377; %[Pa] 

%% Calculating Thrust Coefficient 

CFopt=(gamma^(1/2))*((2/(gamma+1))^((gamma+1)/(2*(gamma-
1))))*(((2*gamma/(gamma-1))*(1-((P_Exit/P_Chamber)^((gamma-1)/gamma))))^(1/2)); 

CF=CFopt+exp*((P_Exit-P_atm)/P_Chamber); 

%% Calculating Thrust Force 

F=mdot_sys*cstar*CF*n_c; %[N] 

%% Calculating Specific Impulse 
g0=9.81; %[m/s2] 
Isp=F/(mdot_sys*g0); %[s-1] 

%% Output Redundancy and Unit Corrections 

P_Exit=P_Exit; %[Pa] 
M_Exit=M_Exit; 
CF=CF; 

F=F; %[N] 
Isp=Isp; %[s-1] 

%% Program Complete 
end 
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APPENDIX B 

BURN SIMULATION PROGRAM OUTPUT 

This appendix contains the output data for the burn simulation program as 

described in Chapter 4 of this thesis. Data are given for the simulation run with the 

parameters given in Table 3. Red and blue lines in Figures A.1-A.26 correspond to plain 

HTPB and HTPB loaded with 30.9% aluminum burning in GOX. 

Figure B.1. Pressure of the combustion chamber and exit areas for HTPB and HTPB+Al 

vs time. 
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Figure B.2. Mass flow rates of different species vs time. 

Figure B.3. Oxidizer mass flux for HTPB and HTPB+Al vs time. 
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Figure B.4. Oxidizer fuel ratio for HTPB and HTPB+Al vs time. 

Figure B.5. Fuel radial regression rate for HTPB and HTPB+Al vs time. 
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Figure B.7. Combustion port radius for HTPB and HTPB+Al vs time. 

Figure B.8. Exit Mach number for HTPB and HTPB+Al vs time. 
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Figure B.9. Thrust coefficient for HTPB and HTPB+Al vs time. 

Figure B.10. Thrust force for HTPB and HTPB+Al vs time. 
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Figure B.11. Specific heat ratio for HTPB and HTPB+Al vs time. 

Figure B.12. Characteristic velocity for HTPB and HTPB+Al vs time. 
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Figure B.13. Specific impulse for HTPB and HTPB+Al vs time. 

Figure B.14. Total impulse for HTPB and HTPB+Al vs time. 



297 

Figure B.15. Radial regression rate for HTPB and HTPB+Al vs oxidizer mass flux. 

Figure B.16. Specific heat ratio for HTPB and HTPB+Al vs oxidizer fuel ratio. 
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Figure B.17. Characteristic velocity for HTPB and HTPB+Al vs oxidizer fuel ratio. 

Figure B.18. Specific impulse for HTPB and HTPB+Al vs oxidizer fuel ratio 



299 

Figure B.19. Surface heat transfer rate for HTPB and HTPB+Al vs time. 

Figure B.20. Surface heat transfer flux for HTPB and HTPB+Al vs time. 
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Figure B.21. Surface heat transfer rate for HTPB and HTPB+Al vs radius. 

Figure B.22. Surface heat transfer flux for HTPB and HTPB+Al vs radius. 
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Figure B.23. Surface heat transfer rate for HTPB and HTPB+Al vs oxidizer mass flux. 

Figure B.24. Surface heat transfer flux for HTPB and HTPB+Al vs oxidizer mass flux. 
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Figure B.25. Surface heat transfer rate for HTPB and HTPB+Al vs oxidizer fuel ratio. 

Figure B.26. Surface heat transfer flux for HTPB and HTPB+Al vs oxidizer fuel ratio. 
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Table B.1. Summary of performance for HTPB and HTPB+Al. 
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APPENDIX C 

COMBUSTION CHAMBER DESIGN DRAWINGS 
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APPENDIX D 

MEASUREMENT UNCERTAINTY ANALYSES 

The measurement uncertainty of all computed parameters herein has been 

evaluated by the application of a Kline-McClintock (root-sum-of-squares) uncertainty 

analysis. [467] In general, a computed parameter, 𝑌, is a function of 𝑁 measured variables, 

𝑋𝑖, and be written as:

𝑌 = 𝑓(𝑋1, 𝑋2,… , 𝑋𝑁)

The sensitivity of the computer parameter, 𝛿𝑌,𝑋𝑖
, to the absolute uncertainty of a

single measured variable, 𝛿𝑋𝑖
, is given by:

𝛿𝑌,𝑋𝑖
=

𝜕𝑌

𝜕𝑋𝑖

𝛿𝑋𝑖

The total uncertainty in the computed parameter is the root sum of squares of all 

the sensitivity coefficients for each measured variable: 

𝛿𝑌 = [∑(𝛿𝑌,𝑋𝑖
)

2

𝑁

𝑖=1

]

1 2⁄

= [∑ (
𝜕𝑌

𝜕𝑋𝑖

𝛿𝑋𝑖
)

2𝑁

𝑖=1

]

1 2⁄

The sensitivity coefficient and total uncertainty of all parameters computed herein 

are derived and given in the following sections. 

D.1. Fuel Density

𝜌𝑓 = (𝐷𝑖
2 − 𝐷𝑝

2)
−1

[
4𝑚 𝑇

𝜋𝐿𝑓

− 𝜌𝑃𝑉𝐶 (𝐷𝑜
2 − 𝐷𝑖

2)]

𝜕𝜌𝑓

𝜕𝐷𝑖

= −2𝐷𝑖(𝐷𝑖
2 − 𝐷𝑝

2)
−2

[
4𝑚 𝑇

𝜋𝐿𝑓

− 𝜌𝑃𝑉𝐶 (𝐷𝑝
2 − 𝐷𝑜

2)]
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𝜕𝜌𝑓

𝜕𝐷𝑝

= −2𝐷𝑝(𝐷𝑖
2 − 𝐷𝑝

2)
−2

[
4𝑚 𝑇

𝜋𝐿𝑓

− 𝜌𝑃𝑉𝐶 (𝐷𝑜
2 − 𝐷𝑖

2)]

𝜕𝜌𝑓

𝜕𝐷𝑜

= −2(𝐷𝑖
2 − 𝐷𝑝

2)
−1

𝜌𝑃𝑉𝐶 𝐷𝑜
2

𝜕𝜌𝑓

𝜕𝑚 𝑇

=
4

𝜋𝐿𝑓

(𝐷𝑖
2 − 𝐷𝑝

2)
−1

𝜕𝜌𝑓

𝜕𝐿𝑓

= −
4𝑚 𝑇

𝜋𝐿𝑓
2 (𝐷𝑖

2 − 𝐷𝑝
2)

−1

𝜕𝜌𝑓

𝜕𝜌𝑃𝑉𝐶

= −(𝐷𝑖
2 − 𝐷𝑝

2)
−1

(𝐷𝑜
2 − 𝐷𝑖

2)

D.2. Final Combustion Port Diameter

𝐷𝑓 = [
4(𝑚𝑖 − 𝑚𝑓)

𝜋𝜌𝑓𝐿𝑓

+ 𝐷𝑖
2]

1
2⁄

𝜕𝐷𝑓

𝜕𝑚𝑖

= −
𝜕𝐷𝑓

𝜕𝑚𝑓

=
2

𝜋𝜌𝑓 𝐿𝑓

[
4(𝑚𝑖 − 𝑚𝑓)

𝜋𝜌𝑓 𝐿𝑓

+ 𝐷𝑖
2]

−1
2⁄

𝜕𝐷𝑓

𝜕𝜌𝑓

=
−2(𝑚𝑖 − 𝑚𝑓)

𝜋𝜌𝑓
2𝐿𝑓

[
4(𝑚𝑖 − 𝑚𝑓)

𝜋𝜌𝑓𝐿𝑓

+ 𝐷𝑖
2]

−1
2⁄

𝜕𝐷𝑓

𝜕 𝐿𝑓

=
−2(𝑚𝑖 − 𝑚𝑓)

𝜋𝜌𝑓𝐿𝑓
2 [

4(𝑚𝑖 − 𝑚𝑓)

𝜋𝜌𝑓𝐿𝑓

+ 𝐷𝑖
2]

−1
2⁄

𝜕𝐷𝑓

𝜕𝐷𝑖

= 𝐷𝑖 [
4(𝑚𝑖 − 𝑚𝑓)

𝜋𝜌𝑓𝐿𝑓

+ 𝐷𝑖
2]

−1
2⁄

𝛿𝐷𝑓
= 𝐷𝑓

−1 {(
2

𝜋𝜌𝑓𝐿𝑓

)

2

[𝛿𝑚𝑖

2 + 𝛿𝑚𝑓

2 + (𝑚𝑖 − 𝑚𝑓)
2

[(
𝛿𝜌𝑓

𝜌𝑓

)

2

+ (
𝛿𝐿𝑓

𝐿𝑓

)

2

]] + (𝐷𝑖𝛿𝐷𝑖
)

2
}

1 2⁄
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D.3. Regression Rate

�̇�̅ =
𝐷𝑓 − 𝐷𝑖

2𝑡𝑏

𝜕�̇�̅

𝜕𝐷𝑓

=
1

2𝑡𝑏

𝜕�̇�̅

𝜕𝐷𝑖

= −
1

2𝑡𝑏

𝜕�̇�̅

𝜕𝑡𝑏

= −
𝐷𝑓 − 𝐷𝑖

2𝑡𝑏
2

𝛿𝑟̇̅ = (
1

2𝑡𝑏

) {𝛿𝐷𝑓

2 + 𝛿𝐷𝑖

2 + [(
𝐷𝑓 − 𝐷𝑖

𝑡𝑏

) 𝛿𝑡𝑏
]

2

}

1 2⁄

D.4. Oxidizer Mass Flux

�̅�𝑜𝑥 =
16�̅̇�𝑜𝑥

𝜋(𝐷𝑖 + 𝐷𝑓)
2

𝜕�̅�𝑜𝑥

𝜕�̅̇�𝑜𝑥

=
16

𝜋(𝐷𝑖 + 𝐷𝑓)
2

𝜕�̅�𝑜𝑥

𝜕𝐷𝑖

=
𝜕�̅�𝑜𝑥

𝜕𝐷𝑓

= −
32�̅̇�𝑜𝑥

𝜋(𝐷𝑖 + 𝐷𝑓)
3

𝛿�̅�𝑜𝑥
= �̅�𝑜𝑥 {(

𝛿�̅̇�𝑜𝑥

�̅̇�𝑜𝑥

)

2

+ 2 (𝛿𝐷𝑖

2 + 𝛿𝐷𝑓

2 )}

1 2⁄

D.5. Fuel Mass Loss Rate

�̅̇�𝑓

𝐿𝑓

=
𝜋𝜌𝑓

2
(𝐷𝑖 + 𝐷𝑓)�̇�̅

𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕𝜌𝑓

=
𝜋

2
(𝐷𝑖 + 𝐷𝑓)�̅̇�
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𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕𝐷𝑖

=
𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕𝐷𝑓

=
𝜋𝜌𝑓

2
�̇�̅

𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕�̇�̅ =
𝜋𝜌𝑓

2
(𝐷𝑖 + 𝐷𝑓)

𝛿�̅̇�𝑓 𝐿𝑓⁄ = (
�̅̇�𝑓

𝐿𝑓

) {(
𝛿𝜌𝑓

𝜌𝑓

)

2

+ (
𝛿𝑟̇̅

�̇�̅ )
2

+
𝛿𝐷𝑖

2 + 𝛿𝐷𝑓

2

(𝐷𝑖 + 𝐷𝑓)
2
}

1 2⁄

D.6. Fuel Mass Loss Rate (Alternative)

�̅̇�𝑓

𝐿𝑓

=
(𝑚𝑖 − 𝑚𝑓)

𝑡𝑏𝐿𝑓

𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕𝑚𝑖

= −
𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕𝑚𝑓

=
1

𝑡𝑏𝐿𝑓

𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕𝑡𝑏

= −
(𝑚𝑖 − 𝑚𝑓)

𝑡𝑏
2 𝐿𝑓

𝜕(�̅̇�𝑓 𝐿𝑓⁄ )

𝜕𝐿𝑓

=
(𝑚𝑖 − 𝑚𝑓)

𝑡𝑏𝐿𝑓
2

𝛿�̅̇�𝑓 𝐿𝑓⁄ = (
�̅̇�𝑓

𝐿𝑓

) [
𝛿𝑚𝑖

2 + 𝛿𝑚𝑓

2

(𝑚𝑖 + 𝑚𝑓)
2

+ (
𝛿𝑡𝑏

𝑡𝑏

)

2

+ (
𝛿𝐿𝑓

𝐿𝑓

)

2

]

1 2⁄

D.7. Oxidizer-to-Fuel Ratio

𝑂

𝐹
=

�̅̇� 𝑜𝑥

�̅̇�𝑓

=
�̅̇�𝑜𝑥

(�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝜕(𝑂 𝐹⁄ )

𝜕�̅̇�𝑜𝑥

=
1

(�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝜕(𝑂 𝐹⁄ )

𝜕(�̅̇�𝑓 𝐿𝑓⁄ )
=

�̅̇� 𝑜𝑥

(�̅̇�𝑓 𝐿𝑓⁄ )
2
𝐿𝑓
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𝜕(𝑂 𝐹⁄ )

𝜕𝐿𝑓

=
�̅̇�𝑜𝑥

(�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓
2

𝛿𝑂 𝐹⁄ =
𝑜

𝐹
{(

𝛿�̅̇�𝑜𝑥

�̅̇�𝑜𝑥

)

2

+ [
𝛿(�̅̇�𝑓 𝐿𝑓⁄ )

(�̅̇�𝑓 𝐿𝑓⁄ )
]

2

+ (
𝛿𝐿𝑓

𝐿𝑓

)

2

}

1 2⁄

D.8. Characteristic Velocity

𝑐̅∗ =
�̅�𝑐𝐴𝑡

�̅̇�𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝜕𝑐̅∗

𝜕�̅�𝑐

=
𝐴𝑡

�̅̇� 𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝜕𝑐̅∗

𝜕𝐴𝑡

=
�̅�𝑐

�̅̇� 𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝜕𝑐̅∗

𝜕�̅̇�𝑜𝑥

= [
1

�̅̇� 𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

]
�̅�𝑐𝐴𝑡

�̅̇�𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝜕𝑐̅∗

𝜕(�̅̇�𝑓 𝐿𝑓⁄ )
= [

𝐿𝑓

�̅̇�𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

]
�̅�𝑐𝐴𝑡

�̅̇�𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝜕𝑐̅∗

𝜕𝐿𝑓

= [
(�̅̇�𝑓 𝐿𝑓⁄ )

�̅̇�𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

]
�̅�𝑐𝐴𝑡

�̅̇�𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

𝛿𝑐̅∗ = 𝑐̅∗ {(
𝛿𝑃𝑐

�̅�𝑐

)

2

+ (
𝛿𝐴𝑡

𝐴𝑡

)

2

+ [
1

�̅̇� 𝑜𝑥 + (�̅̇�𝑓 𝐿𝑓⁄ )𝐿𝑓

]

2

[𝛿�̅̇�𝑜𝑥

2 + (𝐿𝑓𝛿(�̅̇�𝑓 𝐿𝑓⁄ ))
2

+ [(�̅̇�𝑓 𝐿𝑓⁄ )𝛿𝐿𝑓
]

2

]}

1 2⁄
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D.9. Combustion Efficiency

𝑛𝑐∗ =
𝑐̅∗

𝑐𝑡ℎ
∗

𝜕𝑛𝑐 ∗

𝜕𝑐̅∗
=

1

𝑐𝑡ℎ
∗

𝜕𝑛𝑐∗

𝜕𝑐𝑡ℎ
∗ = −

𝑐̅∗

(𝑐𝑡ℎ
∗ )2

𝛿𝑛𝑐∗ = 𝑛𝑐 ∗ [(
𝛿𝑐̅∗

𝑐̅∗
)

2

+ (
𝛿𝑐𝑡ℎ

∗

𝑐𝑡ℎ
∗ )

2

]

1 2⁄
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APPENDIX E 

THESIS PRESENTATION
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APPENDIX F – CURRICULUM VITAE 
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