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Abstract: Beeswax (C4HogpO) is a naturally derived substance that has the potential to be used
as a solid fuel for hybrid rocket applications and as a substitute for paraffin wax fuel in hybrid
rockets. BW burns more efficiently than paraffin wax because of the oxygen molecule it contains. The
low thermal stability and poor mechanical properties of BW limit its practical use for upper-stage
propulsion applications, and these issues are rarely addressed in the literature on hybrid rockets.
This study investigates the thermal stability and ballistic properties of BW using ethylene-vinyl
acetate (EVA) and activated charcoal (AC) as an additive. The thermal stability of BW-EVA/AC
fuel compositions was analyzed using a thermogravimetric analyzer (TGA). The thermal stability of
the blended BW compositions improved significantly. A laboratory-scale hybrid rocket motor was
used to evaluate such aspects of ballistic performance as regression rate, characteristic velocity, and
combustion efficiency. The results revealed that the pure BW exhibited a higher regression rate of
26.5% at an oxidizer mass flux of 96.4 kg/m?-s compared to BW-EVA /AC blends. The addition of
EVA and AC to BW was found to increase the experimental characteristic velocity and combustion
efficiency. The combustion efficiency of BW-based fuel was improved from 62% to 94% when 20 wt.%
EVA and 2 wt.% AC were added into the fuel matrix.

Keywords: beeswax; ethylene-vinyl acetate; activated charcoal; regression rate; combustion efficiency;
hybrid rocket motor

1. Introduction

The hybrid propulsion system has emerged as a potential competitor to the conven-
tional solid and liquid propulsion systems, as it has the advantages of both while providing
a solution to their potential issues [1,2]. Unlike solid rockets, hybrid rockets offer safety,
restart capability, and low operational costs. Additionally, hybrid rockets are less complex
and have a higher density-specific impulse than liquid rockets [3-5]. Despite these benefits
and significant research efforts over the past few years, hybrid rockets have not yet been
used in practical applications. On the other hand, the low regression rate and low combus-
tion efficiency are the main drawbacks that limit the maturity level of this technology [4,6].
The regression rate of hybrid fuel plays a significant role in developing a viable hybrid
rocket propulsion system. The accurate prediction of the regression rate can also help
designers develop main components and subassemblies, including the injector system and
combustion chamber. The low regression rate of solid fuel in hybrid rockets leads to low
thrust-to-weight ratios compared to successful solid rockets. Several techniques have been
reported to enhance the regression rate performance of solid fuel, including the addition of
metal and metal hydrides [7-11] and the use of multi-port fuel grains [12,13], mixed hybrid
fuels [14,15], wax-based fuels [16], the swirl injection method [17-19], protrusions [20-25],
bluff-bodies [26], and cavities [27].
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Oxidizer Flow

Karabeyoglu et al. [16] proposed paraffin wax as a potential alternative to conventional
polymer-based fuels such as hydroxyl-terminated polybutadiene (HTPB), polyethylene
(PE), and polymethyl methacrylate (PMMA). Regression rates of paraffin waxes are 3 to
5 times higher than those of conventional fuels [16]. These findings brought a paradigm
shift in hybrid rocket research and developmental activities in academia and industries.
Paraffin wax is easily available, low cost, environmentally friendly, and has the quickest
process time and least infrastructure required to manufacture the fuel grains. The higher
regression rate characteristics of wax-based fuels are attributed to their droplet entrainment
phenomenon during combustion [16,21]. The combustion process of the paraffin wax fuel
in the hybrid rocket is illustrated in Figure 1. It can be observed that a melt layer with finite
thickness develops over the fuel surface during the combustion process. The melt layer
periodically gets sheared off due to the high injection velocities of the oxidizer; as a result,
instability occurs within the melt layer, forming a wave-like structure. Due to this, the
melted wax entrains in the form of droplets. These droplets diffuse into the oxidizer-rich
region beyond the flame zone and participate in the combustion process. Droplets can
eventually burn up within the boundary layer depending on the oxygen concentration.
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Figure 1. The combustion process of paraffin wax-based fuels in hybrid rockets.

The entrained wax droplets require sufficient residence time to combust within the
chamber completely. Due to diffusion-limited combustion, the droplets exit the nozzle
without fully combusting, leading to lower combustion efficiency of the hybrid rocket
motors. When being stored, handled, or used, paraffin wax might deform due to its low
melting temperature range (50-65 °C). Sometimes, slump deformation could have the
potential for longer storage life where temperatures exceed 45 °C. Therefore, one of the
essential requirements for practical hybrid applications is enhancing the wax’s mechanical
and thermal stability. Various strengthening additives have been used to enhance the thermal
stability of paraffin wax [6,28,29]. In some cases, blending HTPB with paraffin wax improved
the mechanical and thermal stability of fuel formulations [5,6,29,30]. To understand the
wax’s thermal stability when polymeric additives are added, several investigations into
the thermal degradation of wax have been carried out [6,28,29,31]. It was found that the
addition of polymeric additives enhanced the melting point of paraffin wax.

The regression rate of paraffin-based fuels decreases with the addition of strength-
ening additives [32-36]. This has been attributed to the increased melt-layer viscosity of
the wax when polymers are added. Since viscosity is inversely related to entrainment
mass flow rate, the overall regression rate decreases with an increase in viscosity [37,38].
Therefore, the mechanical properties and thermal stability of wax can be improved by
adding strengthening additives at the cost of regression rate [39]. In contrast, the combus-
tion efficiency improved by adding polymeric additives to wax [2,33,40] due to the wax
evaporation from the melted layer instead of entrainment mass transfer. According to
earlier experiments, adding 3% carbon black to paraffin wax fuels improved the regression
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rate by up to 30% [41]. As carbon black increases the opacity of wax fuel, it improves
the radiant heat transfer over the solid fuel surface. Activated charcoal (AC) was used
as a burn-rate enhancer in the composite solid propellant and can serve as an effective
additive to enhance the regression rate of solid fuel. Due to the porous nature of activated
charcoal, it promotes oxygen diffusion to the particles, potentially enabling rapid igni-
tion and burning of charcoal particles [41-43]. The rapid ignition may also augment the
combustion of metal particles by increasing the local temperature. The addition of AC to
composite solid propellants showed significant burn rate improvement and suppressed
the pressure index [43]. However, the effectiveness of AC with wax-based fuels for hybrid
rocket applications has not explicitly been investigated.

Similar to paraffin wax, BW can be used as a solid fuel in hybrid rockets [44—46]. The
extra oxygen atom in BW could promote an oxidation reaction within the boundary-layer
flame structure and enhance the overall combustion. Jayapal et al. [29] reported that the
activation energy of BW-EV fuel was reduced with the addition of AC. Previous research
has demonstrated that the regression rates of BW and paraffin wax are comparable [47,48].
Putnam [44] performed experiments with BW-nitrous oxide hybrid rockets. A 1% improve-
ment in specific impulse was shown via theoretical analysis of BW burning with gaseous
oxygen at 20% aluminum loading. According to the experimental findings, BW—oxygen
consistently had a comparable regression rate to paraffin wax. Naoumov et al. [48] devel-
oped regression rates data for beeswax and paraffin wax with 10% micro-aluminum loading
in each fuel through a series of hot-fire tests. The results showed a marginal improvement
in the regression rate with the addition of aluminum. However, the regression rate of BW
fuels was consistently above that of paraffin wax fuels. Recently, Stober et al. [47] studied
the feasibility of BW as an alternative to paraffin wax for orbit propulsion applications. In
this study, the centrifugal casting method was used to manufacture the BW- and paraffin
wax-based fuel grains for in-space small satellite propulsion applications. Mahottamananda
et al. [29,49,50] performed a series of thermal and mechanical characterization tests for
beeswax mixed with EVA, HTPB, and AC. However, the regression rate characteristics
were not studied by this group.

Although BW and paraffin wax have different physical properties, it was found from
the literature that both waxes have poor mechanical properties. As a result, wax fuels are
unlikely to be used for practical hybrid rocket applications. BW has not received much
attention in previous studies, which have largely focused on enhancing the mechanical prop-
erties of paraffin and microcrystalline wax [32-34]. In the past, authors [50] have attempted
to improve the mechanical properties of BW by using EVA as an additive. Although the
EVA improved the mechanical properties, its effect on the regression rate was not evaluated.
Therefore, it is important to understand the effect of polymeric additives on the regression
rate of the BW as it exhibits a different molecular structure to paraffin wax. Furthermore,
it was discovered that the thermal and mechanical properties of wax can be enhanced
at the expense of the regression rate. Finding the ideal balance between the mechanical,
thermal, and ballistic qualities is always important to produce a good quality of wax-based
fuel for upper-stage applications. Further investigation is required to fully understand the
ballistic properties of wax-polymer fuels with AC. This study can also be used to understand
how metal particles in wax-polymer fuels behave during combustion because AC can raise
the local temperature through quick ignition. Based on the preceding discussion, efforts
have been made recently to examine the thermal and ballistic characteristics of BW fuel
blended with EVA and AC. Thermogravimetric analysis (TGA) was used to understand the
thermal stability of the fuel compositions. Surface morphological studies have also been
conducted to observe the network of EVA and AC in the BW using a scanning electron
microscope (SEM). A laboratory-scale hybrid rocket motor was used to evaluate the ballistic
characteristics, including regression rate and combustion efficiency.
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2. Experimental Setup
2.1. Materials and Fuel Grain Preparation

In the present study, BW was used as the fuel, and EVA and activated charcoal (AC)
were used as additives for improving the mechanical and ballistic properties, respectively.
The details of the chemicals procured for this study are given in Table 1.

Table 1. Chemicals used for hybrid fuel preparation.

Chemical Chemical Formula Density, kg/m3 Supplier

Unicorn Petroleum Industries

Beeswax (BW) CasHonO 970 Private Limited, Mumbai
Ethyle“e(g’\l,gy)l acetate (CaHy)a(CsHe)a 950 Happy Plastics, Mumbai
Activated charcoal (AC) C 1480 Sigma Aldrich

Table 2 displays five different types of BW fuel sample composition used in the present
study. The EVA percentage in BW varied between 10% and 20%, and the AC varied between
1% and 2%.

Table 2. Compositions of BW-EVA-based solid fuels.

Sample Composition Beeswax EVA Activated Charcoal
(wt.%) (wt.%) (wt.%)
B1 100% BW 100 - -
B2 90% BW + 10% EVA 90 10 -
B3 80% BW + 20% EVA 80 20 -
B4 89% BW + 10% EVA + 1% AC 89 10 1
B5 78% BW + 20% EVA + 2% AC 78 20 2

The solid fuel grains were prepared using a typical melt-cast method. The required
quantities of beeswax and EVA were melted in a heating bowl, followed by mechanical
stirring to ensure uniform mixing. The activated charcoal was added to the blend of EVA
and BW and stirred for 20 min. The melted fuel was then poured into the mold and allowed
to solidify at room temperature for 6 h. The prepared solid fuel grains are shown in Figure 2.

Figure 2. Beeswax—EVA-based solid fuel grains after solidification.

2.2. Thermogravimetric and Scanning Electron Microscope Analysis

The thermal stability of the Beeswax-EVA /AC-based solid fuel samples was analyzed
using a simultaneous thermal analyzer (TGA-DSC) (Model: NETZSCH STA 449F3 Jupiter
apparatus) in a nitrogen atmosphere. The measurement was carried out at a constant
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nitrogen flow rate of 20 mL min~! and a heating rate of 10 °C/min. Furthermore, the
surface morphology of BW-EVA/AC blends was analyzed using high-resolution scanning
electron microscopy (Model: JEOL Japan, JEM-2100 Plus). Fuel samples were coated with
gold to prevent overcharging and provide conductivity in the sample.

2.3. Hybrid Rocket Motor

The hybrid rocket motor used for the ballistic evaluation was fabricated using stainless
steel, and a schematic view is shown in Figure 3. The hybrid rocket motor consists of an
injector plate, combustion chamber, and a CD nozzle. In the current study, gaseous oxygen
was supplied using an axial injection technique. The inner and outer diameters of the
combustion chamber were 80 and 90 mm, respectively. The convergent-divergent nozzle
made of graphite was used with a nozzle inlet and throat diameter of 80 and 14.3 mm,
respectively. The nozzle was fabricated with a 45° converging angle and diverging angle of
15°. The initial port diameter of the fuel grain was 30 mm.

10 10
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Figure 3. Schematic diagram of hybrid rocket motor (all dimensions in mm).

2.4. Ballistic Test Facility and Operating Procedure

The schematic layout of the hybrid rocket motor ballistic test facility is presented in
Figure 4. The experimental facility consists of an oxidizer feed system, oxidizer control unit,
ignition system, and lab-scale hybrid rocket motor. The pressure regulator was used to set
the injection pressure, and the solenoid valve was used to control the oxidizer flow. The
solenoid valve and pyro-technique igniter were connected with a sequential timer (Model
No.: PT-380), which helps to control the solenoid valve and igniter sequentially for the set
time. A GE Druck UNIK5000 Series model piezo-resistive pressure transducer was used
to measure the combustion chamber pressure. The data from the pressure sensors were
acquired through the NI-9237 DAQ modules and LABVIEW software. The mass flow rate
of the oxidizer was determined by measuring the weight of the oxygen cylinder before
and after the combustion for a given time interval. The testing was carried out at a burn
time of 5 s. The motor was mounted on the test bed, and ignition was initiated with the
help of a rheostat arrangement connected to the sequential timer. As soon as ignition was
achieved, the solenoid valve was opened, which was controlled by the sequential timer
for a predetermined burn time. This solenoid valve allowed the gaseous-oxygen supply
into the combustion chamber and initiated the combustion process. The high-pressure
regulator controlled the oxygen injection pressure. When the set burn time was achieved,
the sequential timer stopped the electric supply to the solenoid valve and cut off the oxygen
flow into the chamber, which terminated the combustion process. The photographs of the
hybrid motor mounted on the test bed, and test firing, are presented in Figure 5.
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Figure 4. Schematic diagram of the oxygen feed line set up for the ballistic test.

@ h b

Figure 5. Photographs of (a) hybrid rocket mounted on the thrust stand and (b) motor during the
ballistic test.

2.5. Data Reduction Methodology

i.  Regression Rate Measurement

In hybrid rockets, the fuel regression rate is defined as the rate at which the solid
fuel is removed from the fuel surface. The pyrolysis process guides the fuel vapor into
the combustion chamber when polymeric fuel is used, whereas the entrainment process
controls the evaporation of wax into the combustion zone. The weight-loss method is the
most commonly used technique to calculate the regression rate of solid fuel [51,52]. In the
weight-loss method, the motor’s weight is measured before and after the combustion for
a given burn time (T}). With the known fuel mass loss (m;), the final fuel diameter (d)
can be estimated using Equation (1), where py is the fuel density and Iy is the length of
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the fuel grain. With the help of known dy, d;, and the burn time, the regression rate can be

determined using Equation (2):
dp = |d2+ b (1)
f P Ty

dr—d;
. f i
Rl @

The oxidizer mass flux (Gox) was calculated using Equation (3), where 111,y is the oxygen
mass flow rate and Ay is the average port area, which was calculated using Equation (4).
The experiments were conducted for the different port diameters by maintaining the
constant oxidizer mass flow rates.

ox = AP (3)
dr+d; 2
A”:Z( f2 ) @)

ii. Combustion efficiency

The present study estimated the combustion efficiency based on characteristic velocity.
The combustion efficiency is determined using Equation (5), where ¢y, is the experimental
characteristic velocity and cj;,, is the theoretical characteristic velocity. The experimental
characteristic velocity can be calculated using Equation (6).
C*
= (5)
theo

A* [0 P dt
OTb mdt + AMf

o
Cexp =

(6)
The theoretical characteristic velocity was obtained through the code of NASA chemi-
cal equilibrium applications (NASA-SP 273) [53].

iii.  Viscosity Measurement

The viscosity of the melt layer is known to increase when polymeric additives are
added to wax fuels. As the melt layer viscosity directly influences the regression rate [34],
it is vital to determine the viscosity of newly prepared fuel compositions. The viscosity
of all fuel formulations was measured using a Brookfield DV-E viscometer. Low viscosity
spindles are used to measure the viscosity. The experiments were performed at 90 °C and
a strain rate of 22 S~1. A hot-water bath was used to circulate the water around the fuel
sample holder and keep the melted wax temperature constant.

3. Results and Discussion
3.1. Surface Morphology of BW-EVA/AC-Based Samples

Figure 6 shows the variation in surface morphology of the pure BW and its blended
samples. It can be observed that the pure BW surface has a nodule-like structure, whereas
a flake-like structure network can be observed in an 80%BW + 20%EVA composition
(Figure 6b). The EVA is not completely miscible with beeswax. This is expected, as both
have different molecular weights; the EVA network in BW acts like filler material and
supports the wax mechanically under various load conditions. Similar structures have
been observed in the literature when the wax is mixed with polyethylene (PE) [33] and
low-density polyethylene (LDPE) [30]. In the case of 78%BW + 20%EVA + 2%AC fuel, the
intensity of the flake-like structure increased, as shown in Figure 6c. This can be attributed
to the deposition of the AC clusters in the BW-EVA blend. Hashim et al. [42] observed a
similar clustering behavior in the HTPB fuel matrix containing boron and AC.
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Figure 6. SEM morphology of beeswax-based fuel. (a) B1; (b) B3; (c) B5.

3.2. Thermal Stability of BW-EVA Based Solid Fuel Samples

The TGA experiments were performed in a nitrogen atmosphere at a heating rate of
10 °C/min in a temperature range of 25-650 °C. Figure 7 represents the TG curves of BW-
EVA/AC fuel compositions. For pure BW, it can be observed that the onset temperature for
the decomposition is 205.8 °C. The beeswax decomposed in a single step with 95% of the mass
loss at the end of 451 °C heating. Based on the TGA plots from the literature, pure paraffin
wax can be completely consumed at a temperature of around 330-350 °C [6,28,30]. At the
same time, the decomposition temperature of BW is higher than that of paraffin wax [54].
Therefore, it can be said that the thermal stability of BW is higher than that of paraffin wax.

The thermal stability of all the fuel samples remained unchanged up to a temperature
of 180 °C. The thermal stability of the BW improved with the addition of 20 wt.% of EVA.
The onset temperature of the decompositions was increased from 205.8 °C to 227.3 °C. In
the blended BW/EVA sample, the decomposition process occurred in two different stages.
The first stage corresponds to wax decomposition (230-472 °C), and EVA started to degrade
at 472 °C, (Figure 7). This kind of trend has also been confirmed in the literature [30], where
wax mixed with LDPE at 10%. In the second stage, with the addition of 2 wt.% of AC to the
BW/EVA sample, the thermal stability reduced with a marginal difference. This indicates
that the presence of AC improved the decomposition process of wax and EVA. Furthermore,
it was reported that the activation energy of wax-EVA fuel samples was reduced with the
addition of AC [29]. Therefore, it is expected that adding AC would make the solid fuel
pyrolysis faster, hence improving the regression rate.
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Figure 7. TG curves of BW-EVA-based solid fuels.

3.3. Regression Rate

Regression rate is an essential parameter in designing a hybrid rocket motor. Figure 8
shows the average regression rate versus oxidizer mass flux of the BW-EVA/AC fuel
compositions. Furthermore, the ballistic test data are summarized in Table 3. It can be
seen in Figure 8 that the pure BW exhibited the highest regression rate compared to the
BW-EVA/AC fuel compositions. The higher regression rate characteristic is attributed
to the entrainment of the fuel droplets from the melt layer during combustion. The fuel
droplets are entrained by the shear force exerted by high injection velocity oxidizers, which
is illustrated in Figure 1. The entrainment process strongly depends on the viscosity of
the melt layer that forms on the solid fuel surface, i.e., the regression rate is inversely
proportional to the viscosity of the melt layer [32,38]. When a polymeric additive such as
EVA in the present study is added to wax, the viscosity of the melt layer tends to increase
at a given temperature. A similar phenomenon has been observed for paraffin wax with
polymeric additives [32,33,36,40,55,56]. As a result, Figure 8 and Table 3 show that adding
EVA to BW reduced the regression rate. The regression rate is significantly reduced when
20% additional EVA is added to the wax. Additionally, to support the abovementioned
facts, the viscosity of the fuel compositions was measured, and the results are listed in
Table 4. The viscosity of the fuel samples was measured at 90 °C with a strain rate of 22 s~ 1.
Like the EVA wt.% increase in BW, the viscosity increased. Table 4 shows the results of the
regression rate variation compared with the viscosity of BW-based fuel. The regression rate
reduction increases as the EVA loading increases in BW both with AC and without AC.

Additionally, an attempt has been made to investigate how AC affects the regression
rate of the BW-EVA blends. The BW-EVA blends were doped with 1 and 2 wt.% of AC.
Adding AC to BW-EVA fuels increased the regression rate, as shown in Figure 8. At an
oxidizer mass flux of 95 kg /m?-s, the regression rate of the B4 (89% BW + 10% EVA + 1% AC)
fuel sample increased by 13.88%, whereas a 5% improvement was observed with the B5
fuel sample. One can observe that adding a lower wt.% of AC to the BW-EVA blend
would be more beneficial in improving the regression rate performance. According to
Dinesh et al. [21,56], the higher viscosity of the melt layer prevents the entrainment of fuel
droplets from the melt layer; instead, wax fuel undergoes pyrolysis to produce a significant
amount of fuel vapor, which then ignites with oxygen. It is known that AC improves the
radiative heat transfer to the fuel surface via its ignition; however, due to its lower thermal
conductivity, rates of heat transfer to the adjacent layers of fuel may be reduced [42]. When
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the AC loading in BW-EVA was increased, the AC displayed a high viscosity and reduced
fuel pyrolysis rate due to its lower thermal conductivity. Hence, the regression rate is
observed to be reduced with higher loading of AC in BW-EVA compositions. To reach
a definite conclusion, however, additional trade-off studies on the regression rate of the
BW-EVA/AC composite system are needed.

~1.4
w B 100 % BW
£ { @ 90% BW+10 % EVA 0.41 [ ]
80 % BW+20 % EVA r‘=0.21860'x 0.59
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Figure 8. Average regression rate vs. oxidizer mass flux for prepared fuel grains. (Average regression
rate uncertainty range: 1.2-3.5%.)

Table 3. Ballistic test data for BW-EVA-based solid fuels.

Fuel Sample Chamber Mass of Fuel Oxidizer Mass Flux Regression Rate Regression Rate Exponents

P Pressure (MPa) Consumed (kg) Gox, (kg/m?-s) * (mm/s) a nt

033 0.065 4351 0.845

. 0.41 0.073 65.96 0.991
100% BW 052 0.084 85.66 1.162 0.218 0.41

0.81 0.107 96.49 1.303

0.21 0.058 4897 0.766

. . 0.25 0.066 70.46 0.904
90% BW + 10% EVA 028 0070 8737 Lol1 0.094 0.56

038 0.088 95.84 1.118

0.34 0.039 48.93 0.534

. ) 042 0.050 68.71 0.671
80% BW + 20% EVA 058 0,059 e8] 0779 0.072 0.59

0.64 0.070 95.06 0.907

025 0.059 4545 0.781

89% BW + 10% EVA 0.43 0.068 71.08 0.935
+1% AC 0.52 0.071 84.73 1.043 0.154 0.41

0.79 0.90 91.19 1132

038 0.047 47.43 0.637

78% BW + 20% EVA 0.42 0.056 69.41 0.747
+2% AC 0.57 0.064 87.09 0.842 0.334 0.53

0.59 0.074 97.91 0.957

* Oxidizer mass flux uncertainty range: 1.4-4.7%. * Mass flux exponent (1) uncertainty range: 1.3-2.6%.
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Table 4. Viscosity of BW-EVA-based solid fuels.

Viscosity (Cp) at 90 °C, Reduction in Regression
Fuel Sample gz( 513)1 Rate (%)§
100% BW 1.7 -
90% BW + 10% EVA 18.1 25
80% BW + 20% EVA 38.5 32
89% BW + 10% EVA + 1% AC 29.4 15
78% BW + 20% EVA + 2% AC 48.7 30

* Percentage reduction in regression rate at 95 kg/m?-s relative to 100% BW.

Even though the regression rate increased when AC was added to BW-EVA blends,
it was still lower than with pure BW. This could be because adding AC to the BW-EVA
matrix increased the viscosity of the blend, as shown in Table 4. There was a significant
difference between the viscosities of the tested fuels. As a result, both the regression rates
and the droplet entrainment process during combustion were affected. From Figure 8, it
can be seen that the B2 (90% BW + 10% EVA) and B3 (80% BW + 20% EVA) fuel samples
exhibited lower regression rates compared to the B4 (89% BW + 10% EVA + 1% AC) and B5
(78% BW+20% EVA + 2% AC) samples (doped with AC). This regression rate enhancement
can be ascribed to radiation heat transfer from the AC particles at the combustion zone to
the surface of the high viscous fuel melt layer. Therefore, a careful trade-off must be made
to obtain superior fuel composition when AC is added. However, in the context of the
present study;, it is recommended that less than 2% AC is used in BW-EVA compositions for
better regression rates. Carmicino et al. [57] showed that the addition of 3 wt.% CB to HTPB
fuel enhanced the regression rate up to 30%. Therefore, it would be interesting to study in
detail the definite role of opacifiers (carbon black or AC) loading on the performance of
solid fuels with different combustion behavior such as pure wax, wax polymer, and HTPB
in hybrid rockets. The authors are currently investigating this aspect separately, and it will
be highlighted in a future study.

One shortcoming of hybrid rockets is the oxidizer-to-fuel ratio (O/F) variation during
the motor operation. The variation in the O/F ratio leads to a change in the characteristic
velocity and specific impulse. The O/F ratio shift is generally quantified with the mass
flux index (1). To counteract the O/F shift during burning, the mass flux index should be
approximately equal to 0.5. Table 3 provides the mass flux index for each fuel composition
investigated in the present study. It can be observed that the value of ‘n” for most of the
fuel compositions varies between 0.41 and 0.59, which suggests that there is a slight shift in
the O/F ratio (for the B1-B4 samples) during the combustion process.

3.4. Combustion Efficiency Characterization

The chamber pressure is a critical parameter in determining combustion efficiency.
During the lab-scale ballistic test, the chamber pressure was recorded with the burn time
and is presented in Figure 9. The total combustion time used for the entire experiment
was 5 s. The major events that occurred during the ballistic test firing were highlighted
in the pressure-time curve. It is clear that after the injection of the oxidizer and ignition,
it takes less than a second to attain the nominal combustion chamber pressure. After
the combustion was quasi-steady, the solenoid valve cut off the oxidizer supply and
consequently terminated the combustion. Figure 9 shows that BW-EVA has relatively
stable combustion compared to pure BW-based fuel. This could be due to entrained liquid
fuel droplets from the burning fuel surface and periodic oscillations in the liquid layer.
With the BW-EVA sample, the combustion is smooth over a range of burn times and could
be attributed to improved wax melt layer thermal stability due to increased viscosity. As
explained earlier, with an increase in the melt layer, the pyrolyzed fuel is transported to
the flame zone in vapor form instead of droplets. These fuel vapors mix with oxygen
easily and combust efficiently as compared to droplets. Therefore, smooth combustion was
observed with BW-EVA fuel compositions. The pressure fluctuation observed with a pure
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BW sample is relatively small and does not affect the operation of the hybrid rocket motor.
The chamber pressure data for all the tested fuel formulations are presented in Table 3.
The combustion efficiency based on the characteristic velocity of the BW-EVA/AC
fuel compositions has been determined through ballistic tests. The theoretical characteristic
velocity was calculated using the NASA CEA code [53]. The experimental characteristic
velocity was evaluated based on experimental conditions, as explained in Section 2.5.
Figure 10 shows the variation of theoretical and experimental characteristic velocities for

different O/F ratios.
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Figure 9. Combustion chamber pressure of (a) pure beeswax and (b) 80% beeswax + 20% EVA.
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Figure 10. Characteristic velocity variation vs. O/F ratio for prepared fuels (lines and symbols are
theoretical and experimental values, respectively).

It can be seen that the maximum characteristic velocity resides between 2 and 2.5
(O/F)max, whereas the stochiometric O/F ratios are found to be in the range of 2.2 to 2.8.
The characteristic velocity is found to decrease with the addition of EVA, which could
be due to the reduced wt.% of the wax in the fuel matrix compared to pure BW. The
combustion efficiencies of BW-based fuel were calculated using the experimental and
theoretical characteristic velocity and are presented in Figure 11.
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The combustion efficiency of tested fuel compositions is found to be in the range of
62% to 94%. The combustion efficiency of BW-based fuel is improved when the hybrid
motor is operated close to (O/F)goic. In general, the combustion efficiency can be aug-
mented by increasing the characteristic length (L*), oxidizer mass flux, and (O/F)stoic [37,38].
Figure 11 shows that the pure BW exhibited poor combustion efficiency for the corresponding
O/F ratios. One of the drawbacks of using pure wax fuels is their generally poor combustion
efficiency. The reason for poor combustion efficiency is the entrainment of fuel droplets and
the diffusion-limited combustion process in hybrid rockets. Kim et al. [30] conducted lab-scale
combustion experiments to elucidate the poor combustion efficiency of wax fuels. It was
reported that incomplete combustion occurred due to the limited combustion time scale of
the droplets within the chamber. As a result, the unburnt fuel droplets leave the combustion
chamber as unutilized fuel products, leading to lower combustion efficiency.

Furthermore, it was observed that the combustion efficiency was improved by adding
EVA to BW. Table 4 also shows that the fuels blended with EVA have a higher viscosity than
the BW-based fuels. If the viscosity is higher, it is feasible that the droplets will not be able
to entrain from the viscous melt layer; instead, the thick melt layer generates a large amount
of fuel vapor through pyrolysis similar to conventional hybrid rocket combustion [32,34].
However, in the case of BW-EVA, the pyrolysis was much faster; hence, it produced a
higher regression rate. The fuel vapors could mix easily with the available gaseous oxygen
and combust completely. Thus, higher combustion efficiency was observed with EVA
blended fuels than with pure BW. The combustion efficiency was observed to be increased
with the addition of 2% AC to the BW-20% EVA composition at 2.8 O/F. It can be seen
from Table 4 B5 fuel sample has a higher viscosity, which might have led to an increase
in combustion efficiency. However, there is no correlation in the literature to predict the
combustion efficiency based on the viscosity of the melt layer; for regression rates, see
references [32-34]. It was understood from this study that when blending wax fuels with
polymeric additives, a reasonable balance should be established between regression rate,
combustion efficiency, and mechanical properties.

4. Conclusions

The current study examined the thermal and ballistic properties of solid fuels de-
rived from BW and blended with EVA/AC. Thermal stability and surface morphological
observation were assessed using TGA and SEM analytical instruments. The ballistic char-
acterization was carried out using a laboratory-scale hybrid rocket. Key performance
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parameters such as regression rate and combustion efficiency of BW-based fuel were evalu-
ated. The following conclusions were drawn from the thermal and ballistic test results:

e  The thermal stability of BW-based fuel was improved with the addition of EVA. The
onset decomposition temperature increased from 205 °C to 227.3 °C when 20 wt.%
EVA was added to BW.

e  The thermal decomposition of BW-EVA samples was improved with the addition
of AC. However, a marginal reduction in thermal stability was observed for the
BW-EVA /AC-based fuel, which positively affected the regression rate performance.

o  The viscosity of BW-based fuel formulations was increased significantly when EVA
and AC were added to the BW matrix. The viscosity for pure BW was found to be
1.7 cp, which increased to 38.5 cp with the addition of EVA.

e  Ballistic tests revealed that the pure BW displayed the highest regression rate among
tested fuel formulations. The regression rate was reduced by adding EVA to BW matrix,
which was attributed to the increased viscosity of the liquid melt layer. Furthermore,
the regression rate was improved by adding AC to BW-EVA fuels.

e  The combustion efficiency of BW-based fuel was improved from 62% to 94% when
20 wt.% of EVA and 2 wt.% of AC were added to BW fuel.
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