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Abstract

This study investigates the energy performance of paraffin-based hybrid fuels enhanced
with potassium nitrate (KNO3), ammonium nitrate (NH4NO3), aluminum (Al), titanium
(Ti), and stearic acid additives. The fuels were evaluated using thermochemical calculations
via ProPEP3 Version 1.0.3.0 software, revealing significant improvements in specific impulse
(Isp) and combustion temperature. While formulations with nitrates and aluminum exhib-
ited noticeable increases in combustion efficiency and thermal output, titanium-containing
mixtures provided moderate improvements. Stearic acid improved fuel processability
and provided a stable burning profile without significant energy penalties. These find-
ings demonstrate that suitable combinations of additives can substantially improve the
energy output of paraffin-based hybrid fuels, making them more viable for aerospace
propulsion applications.

Keywords: paraffin; performances; KNOj3; NH4NOj; Al; Ti; stearic acid; hybrid rocket

1. Introduction

Modern space launch vehicles often rely on solid propellants during one or more
of their stages, with the majority using formulations based on ammonium perchlorate
(AP, NH4Cl40), frequently combined with aluminum powder. The emission of hazardous
chlorinated combustion products originates from the decomposition of ammonium per-
chlorate (AP), regardless of the presence of aluminum [1,2]. In response, research efforts
are increasingly focused on identifying environmentally friendlier propellant alternatives
that maintain comparable performance characteristics [3]. For example, the former flagship
launcher of the European Space Agency, Ariane-5, burned 476 tons of composite solid
propellant per launch, releasing 270 tons of concentrated hydrochloric acid [4,5]. Similarly,
the solid boosters of the former, now-retired U.S. Space Shuttle used around 1000 tons of
AP-based propellant, yielding approximately 60 tons of hydrochloric acid after complete
combustion [4,6].

Hybrid rocket propulsion has emerged as a viable alternative primarily due to its
inherent advantages—such as improved safety, throttling capability, and simpler engine
design—while the elimination of hazardous emissions like hydrochloric acid is considered
an additional environmental benefit [7-10]. Paraffin wax, in particular, has gained attention
due to its high regression rate, clean combustion, and ease of processing [11-13]. However,
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efforts to improve its overall performance continue, especially in enhancing its thermal
efficiency and combustion behavior through additive incorporation.

While paraffin’s mechanical limitations—such as shrinkage during solidification or
brittleness—can affect fuel grain integrity [14,15], these aspects are secondary to the present
study’s focus. Therefore, only brief consideration is given to structural issues, such as
crack formation or additive-induced reinforcement, when they intersect with combustion
performance. For instance, although additives like aluminum, boron, and carbon black
have been explored to improve both combustion efficiency and, in some cases, structural
properties [16-18], the primary aim remains to increase regression rate, combustion temper-
ature, and specific impulse. Prior work by Y. Pa et al. [19] also demonstrated that polymeric
and metallic additives enhance oxidation and heat release, underlining the potential of
such materials in boosting energetic output.

Improving the performance of hybrid rockets requires continued development of such
additives, especially since hybrids generally offer lower performance than liquid propulsion
systems. Aluminum has shown promising results, particularly in reinforcing mechanical
integrity [20]. However, elevated temperatures reduce mechanical strength, and paraffin
has shown marked sensitivity to strain rate, emphasizing the need for dynamic mechanical
characterization [21]. Boron, while more difficult to ignite, offers higher volumetric energy
than aluminum and has also been considered to enhance regression [22]. Metal hydrides
like magnesium hydride (MgH>) and lithium aluminum hydride (LiAlH,) are also under
study for boosting regression rates [23]. Another line of research involving magnesium
diboride (MgB,) and carbon black (CB) showed significant improvements in both strength
and thermal stability. Regression rates increased by 32% (CB) and 52% (MgB,) over pure
paraffin, with characteristic velocity efficiencies between 68% and 79% across O/F ratios
from 1.5 to 2.6 [24].

A recent study explored the incorporation of stearic acid into paraffin-based fuels, aim-
ing to simultaneously enhance energetic and structural performance [25]. Although stearic
acid is not an energetic component, it can contribute to improved mechanical cohesion and
reduced brittleness of the paraffin matrix, especially under sub-zero conditions. This new
formulation—based on paraffin, stearic acid, and charcoal—demonstrated significantly
improved mechanical properties (tensile, compressive, and flexural strength) at both am-
bient and sub-zero temperatures (—21 °C). Static firing tests and ProPEP [25] simulations
confirmed that the maximum specific impulse occurs around an oxidizer-to-fuel (O/F)
ratio of 2.2, with only minor differences between standard and modified fuels. Additionally,
combustion tests showed no emission of hazardous substances such as chlorine or am-
monia, validating the environmental promise of this alternative fuel for low-temperature
aerospace applications.

In general, paraffin is often enhanced with additives to improve mechanical character-
istics such as dimensional stability and crack resistance.

This work provides new insights by systematically analyzing a wider range of both
conventional (e.g., KNO3;, NH4sNO3;, Al) and less commonly addressed additives (e.g.,
Ti, stearic acid) using ProPEP3 thermochemical modeling [26]. Unlike prior studies, our
analysis directly compares the thermal performance and specific impulse potential across
these combinations under identical conditions, allowing for a clear evaluation of relative
energetic gains. Furthermore, this study highlights the neutral energetic role yet mechanical
relevance of certain additives such as stearic acid—an aspect often omitted in previous
computational works. We have revised the Introduction and Conclusions sections to better
emphasize these contributions and distinguish our study from existing literature.

However, the current study focuses solely on the effects of such additives on energetic
performance. Five additives—potassium nitrate (KNOj3), ammonium nitrate (NH4NO3),
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aluminum (Al), titanium (Ti), and stearic acid—were examined at concentrations of 8%,
15%, and 25%. Numerical simulations were performed using ProPEP3 software to assess
specific impulse, combustion temperature, and emissions of CO and CO;. All formulations
maintained a constant base composition of paraffin with 2% oak charcoal.

2. Materials and Methods
2.1. Fuel Composition and Mixture Formulation

The base fuel used in this study was commercial paraffin (Ecoisan), to which a con-
stant 2% by mass of oak charcoal was added in all formulations, in accordance with the
literature [25]. The inclusion of charcoal aimed to increase the regression rate of the fuel
and improve combustion stability, while also serving as an additional source of reactive
carbon. On top of this constant base, variable proportions (8%, 15%, and 25%) of one of
the following additives were incorporated: potassium nitrate (KNOj3), ammonium nitrate
(NH4NO3), aluminum powder (Al), titanium powder (Ti), and stearic acid.

Each formulation was normalized to a total of 100 g of fuel, with the paraffin content
adjusted accordingly to account for the additive percentage, while maintaining the charcoal
content at a constant 2%. This approach ensured fair and consistent comparisons across all
simulated mixtures.

2.2. Numerical Simulation Method

The thermochemical analysis was performed using the Propellant Evaluation Program
(ProPEP3), a well-established chemical equilibrium code widely employed for theoret-
ical performance estimation of rocket propellants. Simulations were conducted under
standardized conditions, based on the following assumptions and settings:

e Ingredient Input: The components of each mixture were input into the software by
mass percentages, summing up to 100 g per simulation.

e  Physicochemical Properties: The program utilizes predefined values for chemical
formulas, heats of formation, and densities of each ingredient, in accordance with
standard thermodynamic databases.

e Initial Temperature: The initial temperature of all ingredients was set to the default
value of 298 K (25 °C).

e  Chamber and Exit Pressure: The combustion chamber pressure was fixed at 1 MPa
(147 PSI), and the nozzle exit pressure at 0.101 MPa (14.7 PSI), corresponding to
standard sea-level conditions.

ProPEP3 performs calculations based on a set of idealized assumptions that model the
combustion and expansion processes within a rocket engine:

e  The flow is assumed to be one-dimensional and steady, satisfying conservation equa-
tions for mass, momentum, and energy.

e  The flow velocity at the nozzle inlet is zero, implying that expansion occurs solely
within the nozzle.

e  Combustion is assumed to be complete and adiabatic, with no heat losses and full
consumption of reactants.

e  Expansion through the nozzle is isentropic, with no dissipation or frictional losses.

These idealized conditions allowed for a systematic assessment of the individual
contributions of each additive to the overall performance of hybrid fuels.

e  Specifically, potassium nitrate (KNO3) and ammonium nitrate (NH4NO3) were incor-
porated as oxidizing agents to enhance combustion completeness and reduce harmful
emissions such as carbon monoxide.
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e  Metallic powders, such as aluminum and titanium, were selected for their high en-
ergy density and their capacity to raise combustion temperatures, thereby increasing
thermal efficiency.

e  Additionally, stearic acid—a carbon- and hydrogen-rich compound—was examined to
evaluate the potential role of hydrocarbon-based additives in improving the ignition
and burning characteristics of paraffin-based fuels.

2.3. Physicochemical and Energetic Properties of the Components and Justification for
Their Selection

For the thermodynamic evaluation of paraffin-based hybrid fuel mixtures, six compo-
nents with distinct roles in the combustion process were used: hydrocarbon fuels (paraffin
(Ecoisan), stearic acid), inorganic oxidizers (KNO3, NH4NO3), and high-energy metallic
additives (Al and Ti powders). The physicochemical and energetic properties of these
substances determine their combustion behavior and directly influence the propulsive
performance of the system.

Ecoisan paraffin, used as the base fuel, is a mixture of long-chain alkanes (general
formula CyH2,,,,), with a density of approximately 0.9 g/cm? and a high calorific value of
around 43 MJ/kg. It is characterized by a low melting point (~60 °C) and a waxy behavior,
making it suitable for casting and shaping. During combustion, it primarily produces CO,
and H,O, having a high carbon content but no inherent oxygen supply.

Potassium nitrate (KNOj3) is a conventional oxidizer with a high density (2.11 g/cm?)
and strong thermal stability (decomposition point >400 °C). Upon decomposition, it releases
oxygen that supports complete hydrocarbon oxidation while generating nitrogen oxides
(NO3y) and potassium oxide (K,O). Although it does not contribute chemical energy, it
plays a key role in clean combustion.

Ammonium nitrate (NH4NO3) is another effective oxidizer, with a lower density
(1.725 g/cm3) and a less stable thermal profile, decomposing around 210 °C. It releases
oxygen, nitrogen, and water vapor. While it does not directly contribute to chemical energy,
it facilitates carbon oxidation and helps reduce CO emissions. Due to its sensitivity to
humidity and temperature, it is considered less stable than KNOs.

Aluminum powder is the most energetic additive among those analyzed, with an
oxidation heat of approximately 31 MJ/kg. With a density of 2.70 g/cm® and a melting
point of 660 °C, finely divided aluminum reacts violently in the presence of oxygen, forming
Al,Oz—a solid inert product that does not contribute to gas expansion but significantly
increases combustion temperature.

Titanium powder (Ti), with a high density (4.51 g/cm®) and a high melting point
(1668 °C), is a less reactive but more thermally stable energetic metal compared to aluminum.
During oxidation, it forms TiO,, another solid oxide, but with a higher molar mass, which
may penalize the specific impulse. Its oxidation energy is around 19 MJ/kg, making it
less thermally efficient than aluminum but preferable in applications where combustion
cleanliness and thermal stability are critical.

Stearic acid (C1gH340,) is a saturated fatty acid with a high calorific value (~39 MJ/kg),
and a high content of carbon and hydrogen, behaving similarly to paraffin. It is a waxy
solid with low density (0.85 g/cm?) and a melting point around 69 °C, physically and
chemically compatible with paraffin. It does not supply oxygen but can slightly alter the
combustion properties and texture of the fuel mixture.

In conclusion, the combustion behavior of each substance is governed by a combination
of its energetic potential, oxygen content, thermal stability, and density. Oxidizers such
as KNO3; and NH4NOj3 promote complete combustion and reduce CO emissions, while
metals like Al and Ti provide additional energy but generate solid by-products. Paraffin
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and stearic acid, as hydrocarbon-based fuels, represent the main source of chemical energy
and offer advantages in handling and compatibility.

A summary of the most important properties of the above-mentioned substances is
presented in Table 1.

Table 1. Properties of the materials used in the study.

Component Tyvpe Density N{)e;it;rtlg Calorific Value/Oxidation Energy Oxygen Content
P yp [glem®] O [M]/kg] [%]
Parz.iffm Hydrocarbon fuel ~0.90 ~60 ~43 0
(Ecoisan)
KNO3 Inorganic oxidizer 2.11 >400 - ~47
NH4NO;3 Inorganic oxidizer 1.72 ~210 - ~60
Alpowder ~ Premseticmetallic -, o 660 31 0
additive
) Energetic metallic
Ti powder ~dditive 451 1668 19 0
Stearic acid Hydrocarbon fuel ~0.85 ~69 ~39 0

Paraffin and stearic acid provide a high carbon content and energy (43 MJ/kg and
39 MJ/kg, respectively), but they do not contribute oxygen to the reaction.

KNOj3 and NH4NOjs are effective oxidizers, supplying oxygen to the system, but they
do not have intrinsic calorific value.

Aluminum and titanium do not contain carbon and do not provide oxygen; however,
they release significant energy upon oxidation and produce solid oxides (Al,O3 and TiO,).
Titanium has the highest density (4.51 g/cm?), which negatively affects the specific impulse
despite its favorable oxidation behavior.

3. Results and Discussion

For each additive, three concentrations (8%, 15%, and 25%) were simulated, and
from the ProPEP3-generated results, the maximum values of specific impulse, combus-
tion temperature, and CO and CO, emissions were extracted and subsequently used for
comparative analysis.

Figure 1 presents the variation of specific impulse as a function of the oxidizer-to-fuel
ratio for pure paraffin and paraffin with 8% additions of KNO3;, NH4NO3, Al, Ti, and
stearic acid.

Figure 1 illustrates the variation of specific impulse (Isp, in seconds) as a function of the
oxidizer-to-fuel ratio (O/F) for pure paraffin and paraffin doped with 8% KNO3z, NH4NO3,
Al, Ti, and stearic acid. The results were obtained using ProPEP simulations at a chamber
pressure of 10 bar. The curves follow a typical trend observed in fuel-oxidizer systems: the
specific impulse increases rapidly with O/F, reaches a maximum around O/F ~ 2.0-2.2,
and then gradually declines due to more diluted combustion.

The maximum specific impulse is achieved with paraffin containing 8% Al, reaching
approximately 227 s, followed by pure paraffin (~226 s) and the formulation with stearic
acid (=225 s). Metal-based formulations exhibit slightly superior performance due to the
high energetic contribution of metal oxidation. In contrast, the formulations with KNOj3
and NH4NOj yield lower maximum impulse values of ~219 s (NH4NO3) and ~216 s
(KNO3), indicating a less thermally efficient combustion process and potential energy
dilution effects.
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Figure 1. Variation of specific impulse as a function of oxidizer-to-fuel (O/F) ratio, obtained through
simulations using the ProPEP Version 1.0.3.0 software for pure paraffin and paraffin with 8% additions
of KNO3, NH4NOj3, Al, Ti, and stearic acid.

For O/F ratios greater than 4.5, all curves converge toward lower I, values, gradually
decreasing to ~180 s at O/F = 10, emphasizing the negative impact of oxidizer excess on
propulsive efficiency.

Overall, the results show that metallic additives (particularly aluminum) offer the
most substantial improvement in specific impulse, while oxidizing additives tend to reduce
energetic performance despite potential advantages in safety or handling. Stearic acid
shows a neutral to slightly positive effect, making it a suitable candidate for thermally
balanced formulations.

Figure 2 presents the variation of combustion temperature as a function of the oxidizer-
to-fuel ratio for pure paraffin and paraffin with 8% additions of KNO3;, NH4NO3, Al, Ti,
and stearic acid.

—Paraffine —KNO3_8% NH4NO3 AI8% —Ti_8% —Stearic_acid_8%

Figure 2. Variation of combustion temperature as a function of oxidizer-to-fuel ratio, obtained
through ProPEP Version 1.0.3.0 software simulations for pure paraffin and paraffin with 8% additions
of KNO3, NH4NO3, Al, Ti, and stearic acid.
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Figure 2 shows the variation of combustion temperature (T) as a function of the
oxidizer-to-fuel (O/F) ratio for pure paraffin and paraffin with 8% additions of KNOj3,
NH4NOs, Al, Ti, and stearic acid, simulated using ProPEP at a chamber pressure of 10 bar.
All curves display a similar trend, with a sharp increase in temperature up to a local
maximum, followed by a gradual decline at higher O/F ratios, reflecting the balance
between complete oxidation and energy dilution.

The peak combustion temperatures range from 3400-3500 K for most formulations,
with slightly higher maxima for paraffin with aluminum (/3510 K) and with titanium
(~23480 K). These values confirm the highly exothermic nature of metal oxidation reactions,
which contribute to the thermal efficiency of the system. Pure paraffin and stearic acid
exhibit comparable peak temperatures (~=3440-3460 K), indicating good thermochemical
compatibility between the two components.

Formulations containing KNO3; and NH4NO3 show the lowest peak temperatures,
particularly KNOj3 (/3380 K), suggesting weaker thermal transfer, possibly due to the
higher heat capacities of combustion products or the excessive presence of solid oxidizers
that reduce temperature through dilution effects.

For O/F > 3.5, all curves progressively fall below 3200 K, emphasizing that excess
oxidizer leads to a reduction in combustion temperature by dissipating thermal energy into
inert combustion products.

Figure 3 presents the variation in CO emissions as a function of the oxidizer-to-fuel
ratio for pure paraffin and paraffin with 8% additions of KNO3, NH4NOs, Al, Ti, and
stearic acid.

—Paraffine —KNO3_8% —NH4NO3_8% Al8% —Ti 8% —Stearic_acid_8%

O/F

Figure 3. Variation of CO quantity per 100 g of fuel as a function of the oxidizer-to-fuel ratio, obtained
through ProPEP Version 1.0.3.0 software simulations for pure paraffin and paraffin with 8% additions
of KNO3, NH4NOs;, Al, Ti, and stearic acid.

Figure 3 presents the variation in the amount of carbon monoxide (CO), expressed in
grams per 100 g of fuel, as a function of the oxidizer-to-fuel (O/F) ratio for pure paraffin
and paraffin with 8% additions of KNO3z, NH4NOj3, Al, Ti, and stearic acid. The simulations
were performed using ProPEP at a chamber pressure of 10 bar.

For all formulations, the curves follow the same general trend: an initial increase in
CO production with increasing O/F, followed by a sharp decrease beyond O/F ~ 2.2-2.5
as the system moves away from the incomplete combustion regime. The maximum CO
values in this range are approximately: ~180 g CO/100 g fuel for paraffin + stearic acid;
~175 g for pure paraffin; ~170-172 g for paraffin with Al and Ti; ~165 g for KNOs; and
~160 g for NH4NO3, which shows the lowest CO emissions in the peak zone.
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The decline in CO production for O/F > 3 reflects efficient carbon oxidation under
oxidizer-rich conditions, significantly reducing the formation of incomplete gaseous prod-
ucts. Thus, at O/F =~ 8-10, all formulations converge to values below 20 g CO/100 g fuel,
indicating near-complete combustion.

Among the tested formulations, those with NH4NO3; and KNOj3 stand out for produc-
ing the lowest CO emissions under oxidizer-rich conditions, while those with stearic acid
and aluminum tend to generate the highest CO amounts under fuel-rich regimes, likely
due to incomplete oxidation sequences or preferential thermal decomposition reactions.

Figure 4 presents the variation of CO, quantity as a function of the oxidizer-to-fuel
ratio for pure paraffin and paraffin with 8% additions of KNOs;, NH4NOs, Al, Ti, and
stearic acid.

—Paraffine —KNO3_8% —NH4NO3_8% Al_8% —Ti_8% —Stearic_acid_8%

80 1

40 1

Figure 4. Variation of CO, quantity per 100 g of fuel as a function of oxidizer-to-fuel ratio, obtained
through ProPEP Version 1.0.3.0 software simulations for pure paraffin and paraffin with 8% additions
of KNO3, NH4NO3, Al, Ti, and stearic acid.

Figure 4 illustrates the variation in carbon dioxide (CO;) emissions, expressed in
grams per 100 g of fuel, as a function of the oxidizer-to-fuel (O/F) ratio for pure paraffin
and paraffin with 8% additions of KNO3, NH4NO3, Al Ti, and stearic acid, simulated using
ProPEP at a chamber pressure of 10 bar.

All curves show a progressive increase in CO, emissions with increasing O/F ratio,
reflecting a more complete oxidation of carbon as the oxidizer becomes more abundant.
The values rise from approximately 30-40 g CO, at O/F =1 to about 260-280 g CO, at
O/F=10.

The highest CO, emissions are recorded for paraffin with stearic acid (=280 g CO,
at O/F = 10), indicating complete and efficient combustion of carbon-rich organic compo-
nents. This formulation produces on average 10-15 g more CO, than pure paraffin in the
upper O/F range. Paraffin with metallic additives (Al, Ti) results in slightly lower values
(~260-265 g), due to a reduced total carbon content in the fuel. Formulations containing
KNOj3 and NH4NOj3 show intermediate values (~250-255 g), suggesting a lower energetic
contribution and slightly less effective carbon oxidation.

The results from Figure 4 highlight that CO, emissions are directly correlated with the
extent of carbon oxidation. Fuels containing organic additives (e.g., stearic acid) generate
the highest CO; levels under oxidizer-rich conditions, whereas metallic additives and inor-
ganic oxidizers slightly reduce these emissions. These findings are relevant when analyzing
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the trade-off between energetic performance and environmental impact, especially for
applications where minimizing pollutant emissions is a priority.
Summary of Figures 14

1. Specific Impulse—Figure 1

Specific impulse (Isp), expressed in seconds, is the main indicator of chemical propul-
sion efficiency. Maximum values occur near O/F = 2.1, where all formulations achieve
optimal balance between oxidizer availability and fuel quantity.

e  Paraffin with 8% Al yields the highest Ip: ~227 s, followed by pure paraffin and the
stearic acid formulation (226225 s).

e Formulations with KNO3 and NH4NOj3; show lower values: ~219 s and ~216 s,
respectively, indicating reduced thermal conversion efficiency and the limited en-
ergetic contribution of inorganic oxidizers. Metallic additives enhance propulsive
performance, while oxidizing additives tend to reduce overall efficiency.

2. Combustion Temperature—Figure 2

Combustion temperature reflects the energetic potential of the mixture and directly
impacts thermodynamic cycle efficiency and conversion to impulse.

e All curves peak within the O/F range of ~2.2-2.4, with maximum temperatures
between 3380 K and 3510 K.

e  Paraffin with 8% Al achieves the highest temperature (~3510 K), confirming its py-
rotechnic and exothermic characteristics.

o  Oxidizer-based formulations (KNO3, NH4NOs3) reach lower peak temperatures, par-
ticularly KNOj3 (~3380 K), due to the higher heat capacity of combustion products or
oxidizer—fuel imbalance. Metallic formulations enable hotter flames, which correlates
well with the increase in specific impulse observed in Figure 1.

3. Carbon Monoxide (CO) Emissions—Figure 3

e CO quantity indicates the degree of incomplete combustion and reflects oxida-
tive process efficiency. CO is a major pollutant and a sign of energy loss due to
partial combustion.

e Peak values occur around O/F =~ 2.2-2.5, ranging between 160 g and 180 g CO per
100 g fuel.

e  Stearic acid and pure paraffin yield the highest values (=180 g and ~175 g CO),
suggesting a tendency toward incomplete combustion under fuel-rich conditions.

o  The lowest emissions are recorded for NH4sNO;3 (=160 g), followed by KNOj3, due to
the strong oxidative capabilities of these additives. Oxidizing additives reduce CO
emissions at the cost of energetic performance; metallic and organic compounds may
increase emissions in under-oxidized regimes.

4.  Carbon Dioxide (CO,) Emissions—Figure 4

CO; is a product of complete carbon oxidation and serves as an indirect indicator of
combustion efficiency, though it is also a greenhouse gas with ecological significance.

e  Values increase steadily with O/F, reaching ~260-280 g CO, per 100 g fuel at O/F = 10.

e  Stearic acid leads to the highest CO, emissions (=280 g), due to its high carbon content
and efficient oxidation.

e  Formulations with Al and Ti produce the lowest amounts (=260-265 g), reflecting the
non-carbon-based energetic contribution of metals.

o Inorganic oxidizers (KNO3, NH4NOj3) show intermediate values (~250-255 g). There
is a direct correlation between oxidation level and CO, quantity. Organic compounds
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favor CO, formation, whereas metals and oxidizers reduce emissions through alterna-
tive energetic pathways.

Summary of results from Figures 1-4 is presented in Table 2.

Table 2. Summary of results from Figures 1-4.

Maximum co co
. 2 .
Formulation Isp [s] Tem1;1e<r]ature [¢/100 g Fuel] [¢/100 g Fuel] Key Observations
Pure paraffin ~226 ~3440 ~175 ~270 Reference baseline
+8% KNOs5 ~216 ~3380 ~165 ~255 Lower performance,
good emissions
+8% NHyNO;3 ~219 3400 ~160 =250 Cleanest oxidation
+8% Al ~227 ~3510 ~172 ~260 High energetic performance

+8% Ti ~225 ~3480 ~170 ~265 Balanced alternative to Al
+8% stearic acid ~225 ~3460 ~180 ~280 Complete oxidation, high

CO; emissions

For high-performance applications: Formulations with aluminum or titanium offer
the best results in terms of specific impulse and combustion temperature but require careful
control of CO emissions.

For environmentally friendly or low-CO emission applications: Ammonium nitrate
(NH4NO3) is the cleanest additive, although it entails a significant compromise in spe-
cific impulse.

For balanced hybrid or commercial applications: Stearic acid is an effective choice for
complete combustion and thermal stability, with minimal performance penalties.

In the following section, the effects of increased additive concentrations—15% and
25%—are analyzed for each compound.

Figure 5 presents the influence of thermodynamic and environmental parameters as a
function of KNOj3 concentration.

ProPEP simulations highlight a clear trend in the propulsive and environmental
behavior of paraffin as a function of the mass percentage of added KNOj3 (8%, 15%, 25%).
Increasing the proportion of solid oxidizer results in a gradual decrease in specific impulse
and peak combustion temperature, accompanied by a significant reduction in carbon
monoxide emissions and an increase in carbon dioxide emissions—indicating increasingly
complete combustion, albeit with reduced energetic efficiency.

—pParaffine —KNO3_8% KNO3_15% —KNO3_25
230

220 -

210

200

1S[s]
2

180 -

170

160

150

Figure 5. Cont.
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Figure 5. Variation of specific impulse (a), combustion temperature (b), CO emissions (c), and CO,
emissions (d) as a function of the oxidizer-to-fuel ratio, obtained through ProPEP Version 1.0.3.0
software simulations for pure paraffin and paraffin with 8%, 15%, and 25% KNOs.

The maxima for both specific impulse and combustion temperature occur in the
range of O/F ~ 2.1-2.3, slightly shifting leftward as the KNOj3 content increases (e.g., at
25% KINOj, the peak is closer to O/F ~ 2.0). CO emissions display a local peak around
O/F =~ 2.2, followed by a sharp decline with increasing O/F ratio. In contrast, CO, emis-
sions rise almost monotonically with O/F and reach their highest values around O/F = 10,
where combustion is nearly complete.
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An increase in KNOjz content from 8% to 25% leads to a reduction in specific impulse
of approximately 13 s and a decrease in combustion temperature by over 200 K. At the
same time, CO emissions drop by nearly 30%, while CO, emissions increase by about 15 g
per 100 g of fuel. These results suggest that low concentrations of KNO3; may be beneficial
for combustion control and emission reduction, whereas high concentrations significantly
penalize performance.

Summary of thermodynamic and environmental parameter evolution as a function of
KNOj; content is presented in Table 3.

Table 3. Summary of thermodynamic and environmental parameter evolution as a function of
KNOj content.

KNO;aS:frflit;:nt m Specific Impulse TZ;I:XLT;::E? Maximum CO Maximum OJF at Peak
%] [s] IEK] [g/100 g] CO, [g/100 g]
0% 226 3440 175-180 270 ~2.2
8% 219 3380 165 275 ~2.2
15% 213 3300 145 280 ~2.1
25% 206 3180 125 285 ~2.0

Moderate additive levels (<15%) offer a reasonable balance between emission reduc-
tion and performance retention; however, high oxidizer concentrations (>20%) severely
compromise propulsive efficiency. The optimal percentage of KNOs3 should be selected
based on the intended application—whether prioritizing maximum performance or mini-
mum emissions.

Figure 6 presents the influence of thermodynamic and environmental parameters as a
function of NH4NOj content.

Figure 6 illustrates the impact of increasing NH4NOj3 content on key combustion
parameters: specific impulse, combustion temperature, CO emissions, and CO, emissions.
Similar to the KNOj additive case, a clear decline in energetic performance is observed
alongside improved combustion cleanliness as the proportion of oxidizer increases.
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Figure 6. Variation of specific impulse (a), combustion temperature (b), CO emissions (c), and CO,
emissions (d) as a function of the oxidizer-to-fuel ratio, obtained through ProPEP Version 1.0.3.0
software simulations for pure paraffin and paraffin with 8%, 15%, and 25% NH4NOs.

The maxima for specific impulse and combustion temperature occur at O/F ~ 2.1-2.3,
with a slight shift toward lower O/F values for higher NH;NOj3 concentrations. CO emis-
sions peak around O/F = 2.2 and then drop sharply, while CO, emissions rise continuously
up to O/F =10.

Increasing the NH4NOj3 content from 8% to 25% leads to a decrease in specific impulse
of approximately 13 s, a drop in peak combustion temperature of about 240 K, a significant
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reduction in CO emissions by nearly 40 g, and a moderate increase in CO, emissions by
~15 g per 100 g of fuel.

Table 4 summarizes the evolution of thermodynamic and environmental parameters
as a function of NH4NOj3 content.

Table 4. Summary of thermodynamic and environmental parameter evolution as a function
NH4NOj5; content.

NH;4;NOj3; Content

in Paraffin

[%]

Specific Impulse

Maximum
Temperature
K]

Maximum CO Maximum CO,

[g/100 g] [g/100 g] OfF at Peak

[s]

0%
8%
15%
25%

226 3440 178 270 ~2.2
219 3400 160 275 ~2.2
213 3320 145 280 ~2.1
213 3200 135 285 ~2.0

IS[s]

230
220 ]
210 |
200 ]
190 ]
180

170 ]

160

Similar to KNOs;, NH4NOj acts as a secondary oxidizer, but it demonstrates slightly
greater efficiency in reducing CO emissions, even at moderate concentrations. However,
increasing its concentration negatively impacts propulsive performance. Additive levels
from 8-15% offer a favorable compromise between efficiency and emission control, while a
25% NH4NO3 content leads to a reduction in specific impulse without providing additional
proportional benefits.

Figure 7 presents the influence of thermodynamic and environmental parameters as a
function of aluminum content.

Figure 7 shows the influence of aluminum additions at mass fractions of 8%, 15%,
and 25% on the main combustion parameters of paraffin: specific impulse, combustion
temperature, carbon monoxide (CO) emissions, and carbon dioxide (CO,) emissions, at a
pressure of 10 bar. Unlike solid oxidizers such as KNO3 or NH4NOj3, aluminum acts as an
energetic additive, providing a significant heat contribution during combustion.
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Figure 7. Cont.
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Figure 7. Variation of specific impulse (a), combustion temperature (b), CO emissions (c), and CO,
emissions (d) as a function of the oxidizer-to-fuel ratio, obtained through ProPEP Version 1.0.3.0
software simulations for pure paraffin and paraffin with 8%, 15%, and 25% aluminum.
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The specific impulse remains nearly constant, with a slight increase from 226 s (pure
paraffin) to 227 s for 15-25% Al, indicating a marginal gain in propulsive efficiency. In con-
trast, the maximum combustion temperature increases substantially with higher aluminum
content, from 3440 K for pure paraffin to 3750 K for 25% Al. This thermal rise confirms the
exothermic nature of aluminum oxidation and its potential to intensify chemical reactions
within the combustion chamber.

Surprisingly—and in contrast to other additives—CO emissions decrease significantly,
from 178 g/100 g for pure paraffin to just 135 g/100 g at 25% Al. This drop suggests more
complete carbon oxidation, promoted by elevated temperatures that enhance the CO —
CO; conversion. CO; emissions also slightly decrease, from 270 g to 255 g/100 g fuel,
because part of the released energy now originates from aluminum oxidation, which does
not produce CO;.

Although combustion temperature increases significantly with aluminum addition,
the specific impulse remains nearly constant. This apparent contradiction is explained
by the complex relationship between temperature, molecular weight, and exhaust gas
composition, as dictated by the rocket nozzle exit velocity equation:

e Increase in average molecular mass (M):

Aluminum oxidation produces aluminum oxide (Al,O3) particles suspended in or
condensing from the exhaust gases.

This increases the average molecular mass of the exhaust stream, offsetting or nullify-
ing the thermal gain in the thrust equation.

e  Decrease in adiabatic index (y):

The gas composition becomes more complex and heavier (with more triatomic and
polyatomic species), which lowers y and reduces the expansion efficiency.

e  Presence of condensed phase in exhaust gases:

The Al,O3 formed during combustion does not contribute effectively to gas accelera-
tion in the nozzle—heavy particulates may even reduce effective exhaust velocity, especially
if not fully vaporized.

This “inert heavy gas” effect reduces the specific impulse.

Despite the significant rise in combustion temperature, the increase in molecular mass
and decrease in expansion gas efficiency neutralize the thermal advantage. The result is an
almost unchanged specific impulse. This is a clear illustration that, in chemical propulsion,
temperature alone is not sufficient—thermodynamic and chemical composition of the
exhaust gases also play a crucial role.

Table 5 summarizes the evolution of thermochemical and environmental parameters
as a function of aluminum content.

Table 5. Summary of thermochemical and environmental parameters as a function of aluminum con-

tent.
Al P?wder C?ntent Specific Impulse Maximum Maximum CO Maximum CO,
in Paraffin Temperature O/F at Peak
0 [s] [g/100 g] [g/100 g]

[%] [K1]

0% 226 3440 178 270 ~2.2
8% 226 3510 165 265 ~2.2
15% 227 3600 150 260 ~2.2
25% 227 3750 135 255 ~2.1

The addition of aluminum to paraffin results in a clear increase in combustion tem-
perature, a significant reduction in CO emissions, and an almost constant specific impulse.
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This behavior is advantageous for applications requiring hotter and more complete com-
bustion, without compromising the overall efficiency of the propulsion system. Aluminum
additions in the range of 8-15% appear to offer the best balance between thermal benefits
and maintaining emissions at acceptable levels.

Figure 8 presents the influence of thermodynamic and environmental parameters as a
function of titanium content.
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Figure 8. Variation of specific impulse (a), combustion temperature (b), CO emissions (c), and CO,
emissions (d) as a function of the oxidizer-to-fuel ratio, obtained through ProPEP Version 1.0.3.0
software simulations for pure paraffin and paraffin with 8%, 15%, and 25% titanium.

Figure 8 illustrates the influence of titanium (Ti) additions on the thermochemical
performance and emission characteristics of paraffin-based fuel, for mass fractions of 8%,
15%, and 25%, at a constant chamber pressure of 10 bar. Four key parameters are analyzed:
specific impulse, combustion temperature, carbon monoxide (CO) emissions, and carbon
dioxide (CO,) emissions.

Specific impulse decreases clearly with increasing Ti content—from 226 s for pure
paraffin to approximately 220 s at 25% Ti. This reduction is attributed to an increase in the
average molecular weight of the combustion products and the possible presence of condens-
able fractions (titanium oxides), which do not contribute efficiently to thrust generation.

The maximum combustion temperature shows a modest increase, from 3440 K for
pure paraffin to approximately 3480 K at 25% Ti, due to the energy released during metal
oxidation. However, this increase is smaller than that observed for aluminum, suggesting a
lower thermal reactivity.

CO emissions decrease significantly—from 178/100 g to 140/100 g—indicating more
complete oxidation of carbon in the presence of higher combustion temperatures. CO,
emissions decrease slightly (from 270 to 255/100 g), reflecting that part of the released
energy comes from titanium oxidation rather than carbon combustion.

Additionally, a shift in the peak values of specific impulse and combustion temper-
ature toward lower O/F ratios is observed as the titanium content increases. This shift
is explained by the energetic contribution of Ti, which reduces the oxidizer demand in
the mixture.

Table 6 summarizes the evolution of thermodynamic and environmental parameters
as a function of titanium content.

Table 6. Evolution of performance and emission parameters for paraffin with Ti.

Ti powd.er Specific Impulse Maximum Maximum CO Maximum CO,
Content in [s] Temperature [2/100 g] [¢/100 g] OJ/F at Peak
Paraffin [%] K] g e 8
0% 22 226 3440 178 198
8% 2.1 224 3450 165 190
15% 2.0 222 3465 150 183
25% 1.9 220 3480 140 175
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The addition of titanium to paraffin leads to a gradual decrease in specific impulse,
despite a moderate increase in combustion temperature. This can be attributed to the
increase in the molecular weight of combustion products and the possible formation of
titanium oxides, which are less effective in expansion. On the other hand, carbon oxidation
becomes more complete, as evidenced by the reduction in CO emissions. The observed
decrease in CO, emissions is primarily due to the reduced carbon fraction in the mixture
rather than enhanced oxidation efficiency. Titanium additions in the range of 8-15% offer a
functional compromise between performance and combustion cleanliness.

Figure 9 presents the influence of thermodynamic and environmental parameters as a
function of stearic acid content.
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Figure 9. Variation of specific impulse (a), combustion temperature (b), CO emissions (c), and CO,
emissions (d) as a function of the oxidizer-to-fuel ratio, obtained through ProPEP Version 1.0.3.0
software simulations for pure paraffin and paraffin with 8%, 15%, and 25% stearic acid.

Figure 9 presents the influence of stearic acid additions on specific impulse, combustion
temperature, and CO and CO; emissions in paraffin-based formulations. The simulations
were carried out at a pressure of 10 bar, with additive concentrations of 8%, 15%, and 25%.
Stearic acid is an organic additive with a high content of carbon and hydrogen, making
it of interest from an energetic and chemical perspective, although it does not contribute
through metallic or oxidizing reactions.

The specific impulse remains practically unchanged, with very small variations be-
tween 226 and 225 s. Peak values occur, as in the case of pure paraffin, around O/F ~ 2.2,
regardless of the stearic acid concentration. This indicates that the additive does not sig-
nificantly affect the average molecular mass of the gases or the expansion efficiency in
the nozzle.

The combustion temperature is nearly identical across all formulations, with a max-
imum value of ~3440 K, also in the O/F ~ 2.2 region. Stearic acid does not provide
additional energy beyond what paraffin already contributes, resulting in nearly overlap-
ping thermal behavior.
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CO emissions remain virtually unchanged, with a peak around 178/100 g fuel at
O/F ~2.2. Minor fluctuations may be attributed to slight differences in the energy
density of stearic acid but do not indicate any clear improvement or degradation in
oxidation efficiency.

CO; emissions in the region of maximum specific impulse are in the range of
195-198/100 g, at O/F ~ 2.2, very close to those of pure paraffin. Since stearic acid
introduces additional carbon, a slight increase in CO, emissions is expected at higher
concentrations, but this effect is minimal.

As an organic additive, stearic acid does not significantly alter the combustion perfor-
mance or emission characteristics of paraffin. Specific impulse and combustion temperature
remain constant, and CO and CO; emissions vary only marginally. This type of additive
may be useful for adjusting physical properties (e.g., viscosity, castability), but it does not
bring clear benefits in terms of propulsive performance or emission reduction.

4. Conclusions

The evolution of paraffin combustion parameters was analyzed for three standard
additive concentrations—8%, 15%, and 25%—under identical conditions of 10 bar pressure
and within the optimal operational regime (corresponding to peak specific impulse). The
behavior of each formulation was varied according to the chemical nature of the additive—
oxidizing, energetic, or organic—revealing distinct effects on performance and emissions.

While the present study provides valuable thermochemical insights into the perfor-
mance of various paraffin-based hybrid fuel formulations, it also lays a solid foundation
for future experimental validation. Compositions showing the highest estimated spe-
cific impulse and combustion temperature—such as those containing aluminum—may
be prioritized for laboratory testing. However, practical implementation must also con-
sider safety and environmental trade-offs, such as the sensitivity and hygroscopicity of
ammonium nitrate.

Future work will focus on extending the current modeling framework by incorporat-
ing experimental validation and accounting for real-engine effects such as condensed-phase
behavior (e.g., Al,O3, TiO, formation), fuel grain surface regression, and potential com-
bustion instabilities, which are not captured under idealized thermochemical assumptions.
In addition, mechanical properties of the fuel matrix, additive dispersion, and challenges
related to casting or scale-up must also be addressed to accurately assess the operational
viability of advanced hybrid propellants.
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