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Abstract — There is a continued interest in hybrid propellant re-
search with the aerospace industry. In this study, different formu-
lations of paraffin based propellants were analyzed and compared
from the kinetic point of view. For this, computational simulations
of these reactions were performed through the ReaxFF inter-
atomic interaction model, through Reactive Molecular Dynamics
(RMD) simulations, which allowed the control of the temperature
variable during the progress of the reaction. The analysis revealed
that the addition of aluminum causes an increase in the activation
energy of the reaction, which makes the reaction slower for the
temperature control applied, but increases the frequency of colli-
sions between molecules, making the hybrid propellants added
with this compound more reactive at higher temperatures.

Keywords — Hybrid propellants, Paraffin, computational simu-
lation.

I. INTRODUCTION

Hybrid propulsion technology for aerospace applica-
tions has received increasing attention in recent years due to its
important advantages over competitive solutions, capable of
generating high and controllable thrust through fuel injection
control. Hybrid rocket engines have great potential for various
aeronautical and aerospace applications due to their safety, re-
liability, low cost and high performance. As a result, this pro-
pulsion technology is feasible in many innovative missions, in-
cluding space tourism [1]. In this context, an efficient hybrid
propellant must be able to produce specific high thrust per unit
of time so that it must have rapid combustion so that the vol-
ume of gas expelled in this reaction is sufficient to propel the
load.

Hybrid thrusters can be employed in orbital satellite
transfer, orbital eccentricity alteration, orbital maneuvers,
space vehicle control, interplanetary vehicle propulsion, at-
mospheric reentry vehicles, orbiting systems, light rocket
launch, reusable vehicles for space missions, and boosters. Hy-
brid propulsion has several advantages over solid and liquid
propellant systems. The phases of a hybrid propellant are
stored separately, reducing the risk of explosion compared to
solid rockets, which entails greater reliability, reduced costs
and reduces the cost of the system. Since then the development
of this technology becomes attractive in aerospace propulsion

[1]-[2].

Previously, the low fuel regression rate and the need
for complex fuel grain geometries were disadvantages that con-
tributed to large-scale hybrid propellant mission failures. How-
ever, over the past twenty years, the use of paraffin as fuel has
made hybrid propellant viable in large-scale applications. This
was mainly because paraffin wax has a higher regression rate
than conventional hybrid fuels, in addition to high efficiency
and low added value. In relation to many fuels, paraffin also
presents more safety in its handling and is also nontoxic and
non-carcinogenic [3]-[5].

Aluminum is added to the fuel for the purpose of in-
creasing the specific impulse and simultaneously reducing the
flame temperature [6]-[7]. Another issue that the materials
have is in absorbing small radiations in solid phases, and can
burn uncontrolled, due to the possibility of detachment of the
propellant in which it is heated internally. This can be solved
by adding carbon black to the fuel to reduce internal heat ab-
sorption due to radiation. Usually a small amount of carbon
black is added for thermochemical parameters to suffer mini-
mal effects, such as flame temperature [8]-[9]. The carbon
black also improves mechanical characteristics, such as in-
creasing the stiffness of the propellant structure.

The complex physical-chemical processes involved in
the combustion of hybrid rocket engines are of great im-
portance for the prediction and control of engine performance.
Therefore, many investigations have been carried out a better
understanding of these phenomena. However, experimental
analyses involving combustion of energy materials are gener-
ally difficult due to high reactivity and safety in handling these
materials. There is a great effort in elucidating the mechanisms
and evaluating intermediate rates and species. For this reason,
kinetic modeling plays a crucial role in understanding complex
reaction mechanisms [10].

In this study, different formulations of paraffin-based
propellants (Cz4Hso) and additives of carbon black and alumi-
num were analyzed and compared from the kinetic point of
view. To this end, computational simulations of these reactions
were performed through the ReaxFF interatomic interaction
model, which allows the control of the temperature variable
during the progress of the reaction. Reactive Molecular Dy-
namics (RMD) simulations can be used in these cases, as it re-
quires low computational cost and provides accurate estima-
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tion of the interactions between the species present in the sim-
ulation limits. ReaxFF is a force field designed to simulate
chemical reactions, in which bonds are broken and formed
many times during simulation. This method has been exten-
sively used for combustion of energy materials, thermal de-
composition of polymers, fuel cells, catalysts [10].

Il. METHODOLOGY

In order to find an ideal formulation for a hybrid pro-
pellant based on paraffin (chain hydrocarbons with about 20
carbon atoms) molecular-scale combustion reactions of differ-
ent fuel compositions were simulated in LAMMPS (Large-
scale Atomic/Molecular Massively Parallel Simulator) soft-
ware [11], which defines the trajectory of atoms in the simula-
tion system by integrating the differential equations, as pre-
sented in (1) and (2).

dv; S, N
m = Y EED) + LA .. @
w7 @

dt

In which v, 77 and m; represents respectively the

mass, velocity and position of an atom i of the system and ﬁn
the force of interaction between the n atoms in the positions
7,7, 7, and so on.

The resolution of these equations through the ReaxFF
model of interatomic interactions [12] provides a complete
overview of the description of the temporal evolution of the
system, which includes the formation and breaking of chemical
bonds. Thus, paraffin was modeled as the hydrocarbon CasHso
to analyze the different formulations of propellant, and its oxi-
dation reaction was observed, as described by (3):

CoHso+ 36.5 0, = 24 CO, + 25 H,0 (3)

In addition to the modeling of the system, it was also
necessary to establish a kinetic criterion for comparison be-
tween the formulations. For this, the kinetic parameters of the
Arrhenius equation, expressed in (4) were adopted, such as ac-
tivation energy and pre-exponential factor, represent, respec-
tively, the energy barrier at the beginning of the chemical reac-
tion and the frequency of collisions between the reactants.

k(T) = Aexp (;—?) 4

Inwhich A, E,, R and T represents the pre-exponential
factor, the activation energy, the universal constant of the gases
and the temperature at which the reaction occurs, respectively.
Based on these parameters, the increase of A and the reduction
of E, to the reaction corresponds to a higher firing speed, that
is, related to the propellant's propulsive capacity.

A. Modeling the Initial Conditions of the Simulation System

For simulation results to be consistent with actual de-
sign conditions, the simulation system must resemble a cell of
the complete reaction system of a combustion chamber, in
which the tested hybrid propellant is burned. Therefore, the
paraffin molecules were placed grouped in a cobblestone, the
additives dispersed inside it and the oxygen molecules grouped
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in another block, so that there is superficial contact between
paraffin and oxygen gas, as in Fig. 1. For this modeling, the
software Packmol [13] and Avogadro [14] were used. After the
positional modeling of the simulation system, in the LAMMPS
simulation environment the system was minimized in low tem-
perature and energy in order to keep it static in the first mo-
ments of the simulation, allowing the initial adjustment of the
atoms in their proper positions.

Fig. 1. Initial layout of a simulation system.

The simulations were performed in the simulator un-
der controlled temperature, made by imposing velocities to the
atoms of the system during the distance of the linear adjustment
within the pre-established temperature range. Thus, applying
four different controls for each simulation system, information
was obtained about the behavior of the propellant analyzed in
different situations. It is important to highlight that the first
control applied covers a wide temperature range, to identify the
minimum temperature required of the combustion reaction in
each system, so that the applied control occurred with the con-
stant temperature higher than the minimum temperature found
in the other simulations.

The hybrid propellant sums analyzed are based on
paraffin (in this work considered as C24Hso). The real system is
a distribution of different molar masses with a given melting
temperature. Therefore, this molecule was chosen because it
has the same melting temperature as a given real system. From
this base, black smoke (C) and nanoparticles of aluminum (Al)
were added in different proportions. The description of each
simulation system and the applied controls are presented in Ta-
ble 1.

TABLE I. ANALYZED FORMULATIONS AND APLLIED CONTROLS

Additives Control 1 Control 2 | Control 3 | Control 4
28K | 300K | 3100k | 3200K

1% (wiw) C éggOKK_ 3000K | 3200K | 3200K
10% (wiw) Al | 28< | 3000k | 3100k | 3200K
?ﬁz(mﬁ\f 298K | 300K | 3100k | 3200K
e /0("("V’v V/VV)V)CA: 298K | 3000k | 3100k | 3200k

B. Data Acquisition and Analysis

After processing the simulation in LAMMPS, one of
the generated files contains the amounts of each molecule pre-
sent in the system for each simulation instant. Thus, by con-
trolling the number of oxygen molecules, the constant velocity
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of the combustion reaction can be determined by knowing the
reaction order. However, the combustion mechanism of a hy-
drocarbon contains a large number of steps, so that it is not
possible to accurately estimate the order of each reagent at the
speed of the reaction. Therefore, for the purpose of comparing
the formulations, the total reaction was adopted as first order
to obtain the reaction velocity constant (k) through the linear
regression of the graph Inn(0,) x t described in (5).

Inn(0;) =1n ny(0,) —kt (5)

In which t, n(0,) and —k represent the time elapsed
since the beginning of the simulation, the number of oxygen
molecules at that instant and the angular coefficient, respec-
tively.

For each formulation, three simulations were per-
formed, with constant and distinct temperatures. Evidently,
three distinct velocity constants were generated and, as a result,
the activation energy and frequency factor of the reaction were
determined by the linear regression of the graph Ink x 1/T by
(4), since the temperatures for which the constant k was calcu-
lated are close and the behavior of Arrhenius [15].

Ink(T) = InA+ (=2)-(3) (6)
In which In A will be the linear coefficient and _sa the

angular coefficient of the regression.
I11. RESULTS AND DISCUSSION

The values of kinetic parameters found through linear
regression are presented in Table II.

TABLE II. KINETIC DATA FOR THE COMBUSTION REACTION OF
EACH PROPELLANT

Additives Kinetic Factors
Carbon Black | Aluminum | E, (kJ. molY) | A (x10% s
- - 105.2 160.4
1% (wiw) - 75.07 46.49
- 10% (w/w) 92.30 25.86
1% (wiw) 5% (w/w) 188.6 110.7
1% (Wiw) | 10% (wiw) 129.2 122.8

It was observed that the additive formulations of alu-
minum have higher E, and the formulation with 1% (w/w) of
carbon black and 5% (w/w) of aluminum with higher E, and A
(Table II). In this formulation it is verified that the frequency
factor is about 10 times higher than the other, due to the line-
arization being calculated on the logarithm of the frequency
factor, that is, the margin of error is logarithmic.

Because the system is kept under high temperatures,
collisions are more effective and cause external connection
breaks. During the simulation, fragments of C,Hi, CoHs and
C2H; are produced. In aluminum simulations, these fragments
appear due to the breakage of the Al-C bond, possibly due to
the strong collisions of the gas particles or even the other frag-
ments present in the system [10].

With the data from Table II, Ink x 1/T curves were
generated with the respective linearizations for each of the sim-
ulated formulations using Arrhenius plots.

These linearizations show that the greatest deviation
occurs in the formulation with 10% (w/w) aluminum, reducing
the reliability of the data. This error occurs mainly due to the
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identification of large groups of molecules as a single by
LAMMPS and other problems involving the identification of
chemical bonds in the simulation environment.

Another possible analysis is given in the comparison
between the decay curves of the number of oxygen molecules
in the system, of different formulations with temperature vary-
ing linearly in the range of 298 K to 5000 K. In Fig. 2 it is
observed that the reactions involving aluminum additive com-
pounds take longer to start, as well as that the reactions occur
more slowly under controlled temperature.
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Fig. 2. Temporal decay of the number of oxygen molecules present in each of
the simulation systems under control of linear temperature variation.

However, outside the simulation environment, alumi-
num additive propellants quickly ignite in the absence of tem-
perature control. Given the kinetic model worked, it means that
the combustion of these compounds has greater heat release
power, keeping the flame at high temperature, so that the fre-
quency factor becomes more influential on the reaction speed
than the activation energy. This greater release of heat can be
explained by breaking aluminum complexes with other com-
pounds, especially oxygen, which form at the beginning of the
reaction and, as it advances, fall apart, releasing energy, as
shown in Fig. 2 and Fig. 3.
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Fig. 3. Formation of Aluminum and Oxygen complexes during the combus-
tion of the formulation with 1% (w/w) C and 5% (w/w) Al.
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In addition, the formation of these compounds stabi-
lizes the combustion reaction, making it more uniform and con-
trolled, since it stores part of the flame's energy to later release
it.

IV. CONCLUSION

The ReaxFF interatomic interaction model was ap-
plied to investigate different formulations in hybrid propulsion
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systems based on paraffin fuels. These propellants were en-
hanced with carbon black and aluminum in the LAMMPS sim-
ulation. The values of the kinetic parameters showed that the
incorporation of aluminum increases the activation energy of
the reaction in combustion, which leads to provide more heat
to start the ignition. However, these aluminum-added propel-
lants showed higher frequency of intermolecular collisions
during combustion and higher temperatures in which the reac-
tion takes place, due to the formation of aluminum and oxygen
complexes that stabilize the reaction and break freeing heat,
making the reaction faster. These facts support the addition of
aluminum to the propellant to increase its propulsion power.
Thus, within the propellant analyzed with aluminum, it was
highlighted with the formulation based on paraffin with the ad-
dition of aluminum and carbon black, in which it presented the
highest frequency factor.
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