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propulsion process. There is a wide range of additives have been reported so far as
catalysts for rocket propulsion. The studies show that the presence of metal additives
improves the regression rate, specific impulse and combustion efficiency. Herein, the
common energetic additives for rocket propulsion such as metal and light metals are
reviewed. Besides the effect of these energetic particles on the regression behaviors of
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catalyst; high entropy alloys increase the performance of the rocket propellant system.

1. Introduction

The modern age of rockets began in (1903) when Konstantin Tsiolkovsky, suggested the concept
of space exploration by rocket. He proposed that the usage of liquid propellants in the rockets can
increase the range of thrust, reignition and reuse capability as well as throttlability [1]. Generally, a
rocket usually uses fuel and oxygen as propellants for the rocket engine to enhance the projection
during launching. The most common rocket components include pre-chamber, port grain, post-
chamber, and nozzle. The combustor is the location where the propellants are combined and
detonated. The rocket's operating medium is the combustion product formed during combustion [2].
According to Newton's third law, many rocket engines use internal combustion engines to transform
reaction mass from inside the vehicle into a high-speed projectile [3,4].

The general principle of rocket propulsion is that it can happen in a variety of ways and can be
categorized in various methods, such as the type of rocket engine and propellant used. Pure liquid or
solid propellant has traditionally been used in chemical rockets for propulsion applications [5]. The
two most common types of rocket engines are liquid and solid rockets. In a liquid rocket, the fluids
which consist of the fuel and oxidizer are stored separately. In contrast to liquid rockets, the
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propellants in solid rockets are mixed and loaded into a rigid container. A hybrid rocket, on the other
hand, combines solid fuel with a liquid or gas oxidizer [3,6]. It can be described as a rocket engine
category in which the solid fuel is a polymer material and the oxidizer is a liquid or gaseous material.
But the fuel and oxidizer components are stored in separate phases. A traditional hybrid rocket motor
offers many advantages over liquid and solid rocket motors in terms of its safe handling, throttling,
and environmental cleanliness [7]. The hybrid rocket motor also is highly suitable as the throttle-able
rocket motor since it can be throttled easily by adjusting the oxidizer mass flow rate [8]. In
comparison to the liquid propellant, only a single propellant feed system was needed thus these are
light in weight. The number of options available in designing the fuel grain is also higher compared
to the solid propellant rocket motor [9]. Figure 1 illustrates the difference between liquid, solid, and
hybrid chemical configurations.
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Fig. 1. The configurations of liquid, solid, and
hybrid chemical propulsion concepts

The regression rate is regarded as the crucial parameter that has a first-order effect on the engine
design and thus on the engine performance. In the context of non-premixed diffusion combustion,
the fuel regression rate of a hybrid rocket engine is lower than a solid rocket engine [10]. The
regression rate of the hybrid rocket motor can be calculated by using Eq. (1).

_’;, — Awall (1)
P fuethv

where the Gy, Pruer, and hy, represent the wall heat flux, density of fuel grain, and heat
decomposition, respectively. As stated in rocket propulsion theory, thrust can be described as a
propulsive force generated by transmitting a moment change to the exhaust combustion gases at
the convergent-divergent nozzle at the divergence section. The hot combustion is produced from
burning the propellant in the rocket engine's combustion chamber and the resulting burning gases
can increase the speed and atmospheric pressure that flows into the nozzle which allows momentum
to change. The momentum that has driven the rocket forward from the moment force shift known
as thrust [9]. The rocket thrust can be calculated by using the following nozzle relations:

T =mU, + (Pe — Po)Ae (2)
where m, U,, p., Do, and A, represent mass flow rate, exit velocity, exit pressure, ambient pressure,

and nozzle exit area. The specific impulse also can be calculated using Eq. (3) to measure how
effectively a rocket uses a propellant.
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Isp = (3)

Additives are required to boost mechanical strength since pure paraffin fuels have low
mechanical strength, making them unsuitable for practical applications. The form and quantity of
additives need to be carefully selected to maintain the paraffin-based fuel's high regression rate and
meet the mechanical strength requirement. Stearic acid (SA) and ethylene-vinyl acetate (EVA) are
two additives that can effectively improve the mechanical strength of solid fuel [11]. In terms of
chemical concepts, adding solid additives such as metals and metal hydrides can enhance the overall
regression rate and the performance of hybrid rocket fuels [12]. Aluminum is one of the most studied
additives in solid fuel formulations since it has relatively high oxidation heat and easy ignition in the
combustion chamber [13,14]. Other metal additives such as Magnesium (Mg) and carbon black (C)
also increase the rate of fuel regression [15].

This paper investigates and reviews some energetic additives such as metals and light metal
hydrides that have been reported as catalysts for rocket propulsion. The effect of these energetic
particles on the regression behaviors of base (hybrid) fuel has been exclusively discussed. Besides
this paper also proposed a new alloy namely high entropy alloys (HEAs) as a new energetic additive
that can potentially increase the performance of the rocket propellant system. Finally, a conclusion
is drawn towards the importance of energetic additives on hybrid fuel regression enhancement in
rocket propulsion.

2. Energetic Additives

Nowadays, the operation of the rocket with the presence of metallic ingredients is widely used
to increase performance. Metallic ingredients bring high energy density, flame temperature, and
regression rate for the propulsion application. Quick ignition and short particle burn period can be
achieved with high specific surface area additives, resulting in high conversion efficiency within a
combustor's residence time. However, additional complexities can arise as a result of the addition of
additives, such as a change in the optimal O/F during operation, changes in the fuel's mechanical and
rheological properties.

2.1 Aluminium

Aluminum has previously been utilised to increase the regression rate and combustion
temperature in hybrid rocket engines. In addition, because less oxidizer is required to burn a
comparable volume of aluminized fuel grain compared to pure paraffin wax fuel grain, the oxidizer-
fuel ratio is lowered, allowing for the design of a more compact rocket. According to Stanford
University research, a 40% aluminized paraffin wax/nitrous oxide propellant has a 25% higher rate of
regression than plain paraffin wax [16]. Besides, due to its relatively high heat of oxidation, high
density, and ease of ignition, aluminum is the most researched additive for solid fuel formulations.
Micro-scale aluminum accelerates solid grain regression by releasing energy from metal oxidation
and rising radiation heat fluxes from the diffusion flame zone to the fuel surface. As compared to
their micro-particle equivalents, nano-particle additives have been shown to produce improved
combustion efficiencies, enhanced heat transfer processes, and shorter ignition delay and burning
times [17]. However, nano-additives have a higher cost, are more difficult to synthesize and process,
and have a lower safety profile. In some studies, due to the high melting temperatures associated
with the aluminum oxide that coats the aluminum surfaces, adding aluminum particles to the fuel
grain does not significantly improve the regression rate.
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According to [18], it has been discovered that combining Paraffin with gaseous oxygen and HTPB
with Gox, which includes 5% aluminum, will increase the specific impulse. From the research that has
been done by [19], it has been discovered that combining Paraffin with gaseous oxygen and HTPB,
which includes 5% aluminum, will increase the vacuum specific impulse by 30%. However, the
addition of 2.5% had no synergistic effect with KNSu, resulting in decreased propellant efficiency.
Total thrust was reduced by more than 27%, while average thrust was reduced by more than 50%.
The presence of 7.5 wt% Al wastes resulted in a further reduction in the evaluated parameters. This
finding indicates that higher levels of residue absorption are not recommended. According to [20],
which included 5 separate samples, raising the oxidizer flux increases the regression rate. Figure 2
shows that pure paraffin wax has the highest regression rate, while 20% aluminum loading has the
lowest.
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Fig. 2. Average regression rate trends for paraffin-wax and
aluminized solid fuels [14]

It has been found that as the aluminum concentration in the wax increases, the regression rate
decreases. This may be due to necessary heat transfer to the fuel surface is lost due to the
agglomerates ejection, the aluminum particles tend to be expelled from the fuel surface and burn
too far away to provide enough energy to improve the regression rate. As a result, a significant
amount of aluminum particles was unable to combust efficiently on the burning surface, which was
eventually reflected in a lower regression rate.

2.2 Boron

Boron is thought to improve regression because it has a higher volumetric heat release than
aluminum, but its use is restricted due to its difficulty in the ignition, which can result in poor
combustion efficiencies [13]. The addition of B to HTPB improved the output in terms of short
ignition, combustion times, and heat release near the fuel surface. However, when these metallic
powders/particles are mixed with pure Paraffin wax, they cause combustion instability, regression
rate sensitivity over the combustion pressure, and oxide formation in the combustion products.
Based on Figure 3, the addition of boron made the radial temperature distribution more uniform. In
comparison to a pure HTPB fuel case, a 5% percent boron addition resulted in a 6.8% increase in Isp
output, and a 10% percent boron addition resulted in a 13.7% increase [21].
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Fig. 3. Overall system vacuum Isp
performance versus O/F ratio [15]

2.3 Magnesium

Most of the researchers also suggest Magnesium (Mg) as a possible rocket propellant additive.
Metal additives such as Magnesium (Mg) and carbon black (C) can significantly increase the rate of
fuel regression in the HTPB fuel [22-24]. This is because Magnesium (Mg) has a high proclivity to react
on the surface, thus improves heat feedback to the grain. This feature increases the diffusive heat
signature thus promoting nucleation and disruptive burning of fuel. As a result, it improves fuel
regression, which is aided by condensed phase heat release [12]. In another study, Magnesium (Mg)
has been used as an additive in Paraffin wax (PW) fuels. Two types of Magnesium (Mg) powders of
size 1 um and 100 um were used in the proportion of 15% by weight [25]. Table 1 below shows the
results of the study. It can be observed that the regression rate deteriorates at lower oxidizer mass
flux for smaller Magnesium (Mg) particles.

Table 1

Relative regression rate enhancement (%) with respect to PW fuel [12]
Relative enhancement (%) Oxidiser Mass Flux (kg/m?s)
Particle size (um) 100 335

1.0 -47.6% 163.2%

100 49.2% 82.1%

To observe the HTPB/GOX regression rate performance, [22] used magnesium particles of size 10
m that were applied in a ratio of 15% to the fuel weight. Based on the research, there is a 15.5%
increase in the relative regression rate [22]. According to [5], the development programmed for the
Air Force's Sandpiper Target Missile was the first demonstration of hybrid motor firings with metal
additives, and it involved combustion testing of PMMA fuel filled with several metallic powders
burning in the MON-25 oxidizer. The results showed that the addition of a magnesium additive
increased regression rates, and increasing loading (5, 10, and 20%) which increased the regression
rates even more but resulted in less effective combustion [26].

2.4 Metal Hydrides

The use of light metal hydrides as an enhanced additive for hybrid rocket propulsion has been
the subject of extensive research. Magnesium hydride (MgH2) is a good hydrogen source and could
be used to store hydrogen. The emission of nascent hydrogen, as well as the combustion radiation
of magnesium alloy, accelerates the rate of fuel regression when magnesium hydride (MgH2) is
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employed. In addition to the heat of combustion, the release of hydrogen bubbles promotes grain
pyrolysis. It has a higher thermal heat conductivity than base metal (Mg), which simplifies ignition
and combustion. Carmicno & Sorge also studied the effects of MgH2 as additives on HTPB/GOX
system [22]. After doping 5% by weight of the HTPB fuel with MgH2 particles of size 47 m, they
observed regression behaviour. There was a 15.6% improvement in the relative regression rate.

Moreover, metal hydrides are a type of metal-based additive that can greatly increase the specific
impulse of hybrid rocket propulsion systems. However, due to their high reactivity with water and
humid air, metal hydrides are difficult to incorporate. Figure 4 shows the difference in impulse
efficiency due to the addition of these additives.
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These calculations revealed that among the metal hydrides studied, aluminum hydride (AlH3) has
the greatest potential for improving specific impulse. Figure 5 illustrates that the addition of
aluminum hydride (AIH3) improves the regression rate slightly more than magnesium hydride
(MgH2).
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2.5 High Entropy Alloys (HEAs)

Recently, high entropy alloys (HEAs) were found to have great potential as catalytic materials in
catalyzing chemical transformation and energy conversion reactions [24,25]. HEAs are generally
defined as solid solution alloy with five or more principal elements which comprise four core effects
(high entropy, sluggish diffusion, lattice distortion, and cocktail effect). Several thermodynamics
models such as Gibbs energy and mixing entropy are proposed to design the solid solubility of the
HEAs. Despite their excellent mechanical properties, [29] claimed HEAs have better catalytic
performance than conventional alloys due to high surface area and vital adsorption energy derived
from the multi-elements in HEAs.

The enthusiasm behind studying multi element alloys for use as a catalytic agent comes directly
from the essential near continuous distribution of adsorption energy [30], high specific surface area
[29], and unusual atomic structure with significant lattice distortion and residual stress. HEAs can
provide a surface with many unique binding site conditions, resulting in the near-range dispersal of
associated adsorption energies. As a result, active sites with optimal properties will dominate
catalytic activity within this distribution and provide the most vital catalyst sites. Moreover, HEAs also
have inherent surface complexity. HEAs can provide a very large number of unique binding site
environments, resulting in a near-continuous distribution of the associated adsorption energies and
can be modified by alloying these adsorption energies and thus boosting catalytic activity compared
to pure components [30]. This will provide an excellent increase in reaction rates. In addition, due to
the varying atomic radius and geometrical configurations of different elements, the crystal lattice of
HEAs can be modified over a certain distance. Moreover, their excellent ability to achieve high
entropy alloys is due to unusual atomic structure with significant lattice distortion, the effect of
chemical composition, residual stress, and high specific surface area [31]. Therefore, the stated
reasons are considered to be plausible reasons for improving the combustion catalyst for advanced
propellant formulations to improve their energetic performance. Besides, the nanoscale size of this
alloy can enhance the burning rate of the propellants. The surface morphology and surface area will
provide a molecular interaction with the propellent ingredients and desired electron affinity. This
scenario will support the change of solid-state and gas-phase reaction mechanism between oxidizer
and fuel. This will improve the reaction process in the flame zone thus enhancing the combustion
efficiency of the rocket system [32].

3. Conclusions

The use of the energetic additive in hybrid propulsion has gained popularity within the scientific
community and has a huge commercial potential. Compared to conventional systems, hybrid
propulsion offers safety, reliability, and an environmentally friendly alternative. A hybrid rocket
combines solid fuel and gaseous oxidizer along with energetic particles as additives. Through this
paper, some energetic additives such as metals and light metal hydrides that have been reported as
catalysts for rocket propulsion are discussed. Besides the effect of these energetic particles on the
regression behaviors of base (hybrid) fuel also has been exclusively discussed. HEAs are seen as
promising energetic metal additives than traditional alloys due to the high surface area and critical
adsorption energy that is derived from the multi-elements in HEAs. Nanosized HEAs catalyst can be
more attractive as it is expected to increase the burning rate thus improve the combustion efficiency
of the propulsion system.

To date, numerous researches have been undertaken to identify the best catalyst or energetic
additives for better performance of rocket propulsion. The nanoscale size of the catalyst is desired



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 90, Issue 1 (2022) 1-9

as it can increase the combustion characteristics, burning rate, the spatial distribution of energy
released and combustion efficiency. However, the comprehensive studies on the development,
characterizations and efficacy of the nanocatalyst metal and alloys are still low. Besides, the best
synthesis method with good quality nanocatalyst is important to ensure the reproduction of the
catalyst in the future for scaling up purposes.
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