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INTRODUCTION

The commercial satellite business is growing worldwide to build a low-cost and high-performance space launch vehicle capable 
of placing satellites in orbit. In the last few years, the nano/microsatellite launch market showed rapid growth with an average of 
80 launches/year (Mazzetti et al. 2016). It is essential to identify a low-cost, safe handling, and reliable propulsion system for the 
commercial satellite operators. The hybrid rocket propulsion system has a low recurring cost compared to a solid counterpart and 
increased safety compared to the liquid rocket system. In hybrid rockets, the solid fuel does not contain any oxidizer, unlike solid 
propellant; therefore, the fuel is inert, which makes hybrid rockets comparatively safe. Thus, the hybrid propulsion system can 
be considered a potential candidate for suborbital and nanosatellite launch vehicles. In addition to their inherent safety, hybrid 
rockets feature several advantages, such as reignition capability, thrust modulation, insensitivity to fuel cracks, and nonhazardous 
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ABSTRACT: The energy characteristics and theoretical performance of the hybrid rocket fuels are discussed in this paper. 
Aluminum (Al) and boron (B) metal additives were used to increase the energy density of the paraffin-based solid fuels. To predict 
the energy characteristics, the heat of combustion was evaluated by adiabatic bomb calorimetry. Theoretical performance 
parameters such as specific impulse (Isp), flame temperature, and characteristic velocity were obtained with NASA Chemical 
Equilibrium with Applications (CEA) code. Calorimetric test results revealed that paraffin/polyethylene/boron (P/PE/B)-based fuel 
formulations exhibited the highest heat of combustion among all the tested fuels. The heat of combustion value of the P/PE/B 
sample at 25 wt% B loading was found to be 9612 ±16 cal/g and 9293±17 cal/g for the P/PE/Al fuel formulation. The CEA 
results showed that the addition of Al to paraffin is noneffective in improving specific impulse performance. When B loading 
increased from 5 to 25 wt% in the P/PE/B, the Isp increased by 47 s compared to pure paraffin. A specific impulse increase implies 
the possible propellant mass saving. The reduction of the oxidizer and fuel masses may yield increased payload performance for 
given boundary conditions. The P/PE/B25 formulation has reported the highest value of characteristics velocity (C*) compared 
to other paraffin-based formulation.
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propellant combinations (Cantwell et al. 2010). The low regression rate and combustion efficiency are few drawbacks that prevent 
the practical use of hybrid rockets for suborbital flights and other space missions. The classical polymeric fuels (e.g. hydroxyl-
terminated polybutadiene, HTPB) used in hybrid rockets suffer from a slow regression rate and results in low performance in 
terms of thrust.

Paraffin-based hybrid rocket fuels are characterized by a high regression rate, low cost, safety features, reliability, and low 
environmental impact. Larson et al. (1996) tested cryogenic fuels under gaseous oxygen. They found that the higher regression 
rates of these cryogenic propellant combinations were attributed to lower heat of vaporization and an additional mass transfer 
mechanism due to entrainment of liquid droplets at the surface of solid fuel. Karabeyoglu et al. (2004) explained the mechanism 
for the fast regression rate of liquefying fuels that develop a low viscosity melt layer over the fuel surface. Under the influence of 
the strong shear-stresses generated by the oxidizer flow, the melt layer over the fuel surface becomes unstable, and the paraffin 
droplets entrain toward the combustion zone. The resulting mass flow rate of the fuel in the combustion zone is composed of the 
paraffin droplets and oxidizer vapors.

This method of augmenting the regression rate is beneficial for specific applications. However, the paraffin-based fuels have 
lower combustion efficiency, and manufacturing of large fuel grain is difficult due to poor mechanical properties (DeSain et al. 
2009; Maruyama et al. 2011; Kim et al. 2015; Kumar and Ramakrishna 2016). The poor combustion efficiencies of the hybrid 
rocket can be improved by adopting unique methods such as swirl injection, diaphragms, and postcombustion chamber design. 
Grosse (2009) achieved high combustion efficiency of paraffin-based fuel by using diaphragm located at various locations along 
the fuel grain. Carmicino et al. (2014) assessed the HTPB and paraffin motor performance under the gaseous oxygen and nitrous 
oxide oxidizers. It was reported that the paraffin-based fuels burnt more effectively with nitrous oxide than with oxygen. For upper-
stage launch vehicle applications, the fuel should possess high specific impulse and better mechanical properties than pure paraffin.

The high regression rate and better mechanical properties of paraffin-based solid fuels can be obtained by using correct fuel 
ingredients with virtuous physical and chemical properties. The selection of these fuel additives with optimum properties requires 
much precise information such as heat of combustion, density, melting point, and temperature of phase transition and decomposition.

In hybrid rocket combustion, the regression rate of solid fuel depends on the oxidizer mass flux, the ratio of mass flow to the 
port area, and the heat of gasification. The metallic additives can increase the regression rate by reducing the effective heat of 
gasification of the solid fuel. Since the polymeric fuel can vaporize at lower temperatures whereas the metal additive needs a very 
high temperature to vaporize. The solid fuel with the high heat of combustion can release a large amount of heat energy during 
combustion, which can vaporize more amount of fuel from the surface to the combustion zone (Sutton and Biblarz 2000). Also, the 
combustion performance of solid fuel is greatly affected by the fuel properties (Gany 2006).

The energetic performance parameter of a fuel formulation can be considered as a specific impulse, which is related to the 
heat of combustion (Gany 2006). Higher heat of combustion results in higher specific impulse, and a brief discussion about 
the effect of the heat of combustion on specific impulse can be found in Gany (2006). The addition of metallic additives in solid 
fuel depresses the specific impulse performance for hybrid rocket (Risha et al. 2002; 2003; Connell Junior et al. 2013; Jaffe et al. 
2013; Dermanci and Karabeyoglu 2015). This performance parameter is directly related to the molecular weight of the combustion 
products. The metallic fuel increases the molecular weight of combustion products and decreases specific impulse performance. 
However, the addition of additives improves the density, which contributes to obtaining a higher mass burning rate. Paravan et al. 
(2019) investigated the effect of active aluminum content and reactivity on the flame temperature and theoretical vacuum specific 
impulse of an aluminized solid propellant. It was reported that the theoretical vacuum specific impulse of the metalized propellant 
formulations varied linearly with active aluminum content. Also, the results showed that the reactivity of metal powder displayed 
a significant effect on the formation of aggregates/agglomerates and burn rates of condensed materials.

Many researchers have attempted to improve the mechanical properties of paraffin-based fuels. Several additives such 
as polyethylene (PE) (DeSain et al. 2009; Kim et al. 2015), ethylene-vinyl acetate (EVA) (Maruyama et al. 2011; Kumar and 
Ramakrishna 2016) and carbon black (CB) powder (Karabeyoglu et al. 2001) were used in paraffin to improve its mechanical 
properties and combustion efficiency. The addition of PE in paraffin wax can improve the mechanical properties and combustion 
efficiency, whereas the addition of metal additives is expected to raise the heat transfer from the flame zone to the fuel surface 
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(Kim et al. 2015). Veale et al. (2017) performed an extensive review of existing regression rate data of paraffin-based fuel and 
discussed various testing techniques to enhance combustion and mechanical performance. It was reported that the poor mechanical 
performance of paraffin could be improved with the addition of various metallic and polymeric additives. The modification of 
paraffin through polymeric additives such as high-density polyethylene (HDPE), low-density polyethylene (LDPE), stearic acid 
(SA), ethylene-vinyl acetate copolymer (EVA), and polyethylene wax, polypropylene (PP) can enhance mechanical properties 
besides declining the regression rate performance (Tang et al. 2017).

Other applications of paraffin wax as solid fuel could be in ramjet engines. Azevedo et al. (2019) tested paraffin wax solid 
fuel on a lab-scale ramjet motor in a supersonic air environment. They developed a correlation between the regression rate and 
oxidizer mass flux through a power low at the conditions of Mach 2.5 and 10 km altitude. However, their results indicated that 
the poor combustion of paraffin and low combustion efficiency.

Di Martino et al. (2019) at the University of Naples “Federico II” characterized paraffin-based fuels for regression rate 
performance under both a lab-scale 200-N thrust motor and a larger-scale 1000-N thrust motor. It was reported that the regression 
rate scaling up depends on several parameters such as injector-to-port diameter ratio, injector designs beside highly depends on 
oxidizer mass flux. Chen et al. (2019) attempted to improve the combustion performance of the HTPB-based solid fuels by adding 
low-energy polymer particles. The poor mechanical properties of paraffin-based fuel were enhanced through the self-disintegration 
fuel structure (SDFS) technique.

Calorimetry is a preburning characteristic method to evaluate the energetic characteristic of fuel formulation. This method is 
more accurate, very effective, and reliable to estimate the heat content of solid fuels and explosives (Jawale et al. 2013). The effect 
of metal additives on the heat of combustion of solid hybrid rocket fuels has not been extensively studied and only limited 
information on the heat of combustion is available. Whitmore et al. (2011) have studied the heat of combustion of HTPB and 
acrylonitrilebutadiene-styrene (ABS) hybrid fuels. Their results indicated that the heat of combustion of HTPB fuel was about 
42.64 and 39.60 kJ/kg for ABS fuel. The effect of solid fuel aging on the heat of combustion and ignition temperature was studied 
by Kishore et al. (1982; 1986). The heat of combustion and ignition temperatures of the HTPB-based solid fuels have decreased 
with increasing aging duration. Walters et al. (2000) conducted bomb calorimeter experiments with high-temperature polymers 
to study the heat of combustion.

Therefore, a study is required to understand the couple binder-additive effect of PE-metal additives, the heat of combustion study 
as preburn characterization, mechanical properties, and ballistics performance should be dedicated to upgrade the performance 
of paraffin-based fuel for hybrid propulsion. Recently, the mechanical performance tests were performed on these paraffin-based 
fuels and it was found that the addition of polymer binder and metallic additives improved the tensile and elastic modulus (Pal and 
Ravikumar 2019). Wang et al. (2006) demonstrated the enhancement of stiffness, strength, and toughness of the paraffin matrix 
through the addition of organoclay. The improvement was attributed to the toughening mechanism, which displayed the adhesion 
of short-chain n-alkanes of paraffin wax to the alkyl chains to the surfaces of clay platelets. Kobald et al. (2014) reported that the 
tensile strength and elongation were significantly improved when SA and nanoclay in small amounts were added to the paraffin.

The objective of this study is to explore the energy characteristics and theoretical performance of paraffin-based fuels containing 
B and Al additives. The heat of combustion as preburning characterization was carried out to understand the effect of metallic 
additive on the heat of combustion performance. Theoretical performance was studied using NASA CEA (McBride and Gordon 
1996). The performance parameters such as theoretical specific impulse, flame temperature, molecular weight of combustion 
products, and characteristic velocity were evaluated.

EXPERIMENTAL

MATERIALS
In the current study, the paraffin wax (melting point = 59 °C, molecular weight = 380 g/mol, density = 0.920 g/cm3 at 25 °C) 

was supplied by Merck India and used as fuel. The PE (melting point = 104 °C, density = 0.918 g/cm3) was supplied from Merck 
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India. The B and Al with purity = 99.5% and size between 0.5-43 µm, manufactured by NR Chemical Bombay, were used in this 
study. The density of B particles was 2.37 g/cm3 and 2.7 g/cm3 for Al particles.

The Al and B metal powders were used to increase the energy density of solid fuels. In Fig. 1a, scanning electron microscope 
(SEM) analysis reveals that most of the Al particles are nearly spherical; however, few are granular. The particle diameter ranges 
from 0.5 to 35 µm and the average particle diameter (D43) are 6.5 µm, as shown in Fig. 2a. Figure 1b shows that the B particles 
are spherical. These particles have diameters less than 43 µm with an average diameter (D43) of 8.1 µm, as shown in Fig. 2b. 
The benzoic acid of AR grade was used for the standardization of the bomb calorimeter. A pellet press was used to make 1.0 g 
of the benzoic acid pellet. The oxygen gas (99.99% pure) used in the present study had moisture and total hydrocarbon contents 
below 1 ppm.

7.6 mm x 6.00k SE 7.6 mm x 6.00k SE50 μm 50 μm

(a) (b)

Figure 1. SEM image of additives: (a) aluminum; (b) boron.
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Figure 2. Particle size distribution: (a) aluminum and (b) boron.

INSTRUMENTATION
A bomb calorimeter, ParrModel 1108, manufactured by Parr Instrument Company, was used to measure the heat of combustion 

of the paraffin-based solid fuels. The combustion bomb of the calorimeter is capable of withstanding a hydrostatic pressure of 
20 MPa at room temperature. Nichrome ignition wire of known specific heat, 2.3 cal/cm, was used for sample ignition. A pellet 
press was used to compress the sample into a compact form to ensure the complete combustion of the sample. All the calorimetric 
experiments were performed under isothermal conditions.

SAMPLE PREPARATION
The standardization of bomb calorimeter was carried out using the commercially available standard benzoic acid powder. 

The standard benzoic acid pellets were prepared using a pellet press as per the ASTM D240 standard (ASTM 2019). The paraffin-based 
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fuels were prepared by melting the pure paraffin wax and polyethylene in a pan. The addition of metal additives to solid fuel 
is a commonly used technique to improve the regression rate performance and fuel density. In this study, the loading limit of 
metal additives in solid fuel is limited to 25%, since at high metallic loading the combustion near the fuel surface becomes less 
efficient due to accumulation of particles at the fuel surface (Evans et al. 2007). This ultimately results in reduced heat transfer 
and low regression rate performance. The respective metal additive was dispersed to molten paraffin and polyethylene blend. 
The mixture was magnetically stirred for 30 min to ensure homogeneous distribution of additives. The mixture was poured 
in casting tubes rapidly and allowed for slower cooling (suitable thermal gradient using water bath) and solidification for 3 h 
under vacuum to remove trapped air in the paraffin. Since the paraffin tends to shrink in volume when transitioning from liquid 
to solid, a suitable thermal gradient was maintained across the mold to prevent the formation of internal cracks or defects due to 
shrinkage. The paraffin-based solid fuel samples used for this study are presented in Table 1.

Table 1. Composition of paraffin-based solid fuels.

Fuel sample Composition

Pure paraffin paraffin 100%

P/PE paraffin 90% + polyethylene 10%

P/PE/B5 paraffin 85% + polyethylene 10% + boron 5%

P/PE/B15 paraffin 75% + polyethylene 10% + boron 15%

P/PE/B25 paraffin 65% + polyethylene 10% + boron 25%

P/PE/Al5 paraffin 85% + polyethylene 10% + aluminum 5%

P/PE/Al15 paraffin 75% + polyethylene 10% + aluminum 15%

P/PE/Al25 paraffin 65% + polyethylene 10% + aluminum 25%

TESTING PROCEDURE
Standardization of bomb calorimeter

The standardization of the bomb calorimeter was carried out with benzoic acid to determine the energy equivalent of the 
calorimeter. The energy equivalent of the calorimeter was determined by Eq. 1.

  (1)

where, hcom, is the heat of combustion of benzoic acid in (cal/g), w is the weight of benzoic acid in (g), Cf is the fuse-wire correction, 
ΔTcr, corrected temperature rise and Ca is the acid correction.

The temperature rise during the sample combustion was measured with an accuracy of 0.003 °C. The temperature rise was 
corrected for thermal leakage and loss of heat during water stirring in the bomb jacket. Therefore, the temperature of calorimeter is 
measured at three definite time intervals (initial, main and equilibrium zone) and corrected temperature rise is obtained from Eq. 2.

  (2)

where, Tn, is the last value of temperature in the main period, T0 is the last value of temperature in the initial period, c 
is the correction factor for heat exchange between calorimeter and surrounding. The correction factor c is calculated by 
Bunte’s Eq. 3.



J. Aerosp. Technol. Manag., São José dos Campos, v12, e4520, 2020

Pal Y, Raja A, Gopalakrishnan K6

  (3)

where Nt is a number of temperature points recorded per minute, ΔTi is a mean value of temperature increase (°C) per one minute 
during the initial period, ΔTf is a mean value of temperature decrease (°C) per one minute during the final period, n is a number 
of temperature points recorded during the main period. 

After the calorimeter test, the interior surface of the bomb was washed with a jet of distilled water and bomb washing was 
titrated against 0.0709 N sodium carbonate solution. The amount of solution (ml) after titrated is the value of acid correction in 
calories. The correction for the ignition wire is obtained by measuring the length of the un-burnt wire after the test. The calorific 
value of the nichrome ignition wire was calculated as 2.3 cal per centimetre of a burned ignition wire.

Determination of calorific value of paraffin-based solid fuels
The heat of combustion of paraffin-based solid fuels was determined by Eq.4:

  (4)

where, Hcom and wf are the heat of combustion (cal/g) and weight (g) of solid fuel. In order to establish the repeatability of the test, 
each formulation was tested three times.

CEA THEORETICAL PERFORMANCE
Theoretical specific impulse, flame temperature, characteristic velocity, and molecular weight of combustion products are 

few important parameters of solid fuel, which need critical attention during the selection of fuel formulation. These theoretical 
performance parameters can be evaluated using the NASA CEA. Therefore, a thermochemical assessment was carried out to 
estimate the theoretical performance of paraffin-based solid fuel. Each solid fuel was simulated under the ideal operating condition 
and nozzle expansion ratio (40) over an oxidizer to fuel ratio (0.5-8). All calculations were performed with vacuum expansion and 
shifting equilibrium conditions. The gaseous oxygen was selected as an oxidizer. The initial temperature of each fuel component 
(C31H64-paraffin) and oxidizer was set at 25 °C. The simulation was carried out by varying the O/F ratio.

Hybrid rocket performance parameters sensitive to chamber pressure was thoroughly discussed by several researchers 
(Evans et al. 2007; Cantwell et al. 2010; Shark et al. 2013). The relationship between chamber pressure and specific impulse/flame 
temperature is nontrivial, whereas its dependency on the regression rate of the solid fuel is small (Altman and Holzman 2007). 
Therefore, in this study, the CEA calculations were performed at two combustion pressures to study its effect on performance 
parameters. The first combustion pressure was selected as 1 MPa, since in typical small experimental lab-scale motor the 
lower operating chamber pressure corresponds to this value. In order to have a valid assessment of theoretical performance 
parameters, the second combustion pressure range was selected as 3 MPa (typical operating combustion chamber pressure in 
hybrid rockets).

RESULTS AND DISCUSSION

STANDARDIZATION OF BOMB CALORIMETER
The experiments were performed for the standardization of bomb calorimeter, and results are summarized in Table 2. The mean 

value of water equivalent after ignition wire correction and an acid correction was found to be 2439±37 cal/g. This corrected 
value of water equivalent was considered as standard value for calculation of heat of combustion of the paraffin-based solid fuels.
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Table 2. Test data of standardization of bomb calorimeter.

Test 
No.

Sample 
weight 
wf, (g)

Corrected 
temperature rise 

ΔTc, (°C)

Heat of 
combustion 
hcom, (cal/g)

Acid 
correction

(cal)

Ignition wire 
correction 

(cal)

Corrected 
water equivalent 

(cal/°C)

1 0.92 2.4586 6324 6.1 16.3 2401

2 0.97 2.4775 6324 6.5 12.8 2484

3 0.93 2.4502 6324 6.7 12.1 2408

4 0.92 2.4257 6324 7.2 14.1 2407

5 0.96 2.4562 6324 7.1 12.4 2479

6 0.94 2.4715 6324 8.1 11.2 2413

7 0.93 2.4315 6324 6 12.1 2426

8 0.95 2.4451 6324 6.7 14.1 2466

9 0.96 2.4421 6324 7.6 13.3 2494

10 0.94 2.4726 6324 7.4 16.1 2414

Average 2439

SD 37

During the measurement of corrected temperature rise, undesirable side reactions, incomplete combustion, and oxidation 
reactions at crucible may take place in the combustion bomb. Therefore, these factors can affect the water equivalent value during 
the measurement. For the precise measurement of corrected temperature rise, it is necessary to eliminate all thermal leakage 
corrections. In the current study, the temperature measurements were carried out at definite three-time intervals: an initial period 
of 0 to 4 min corresponding to temperature change due to heat of stirring and thermal leakage as shown in Fig. 3; main temperature 
zone of about 4 to 13 min during which the oxidation reactions liberated the most of heat; and an equilibrium temperature zone 
of about 6 min or more during which the temperature remained constant.
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Figure 3. Temperature vs time profile of the benzoic acid sample.
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HEAT OF COMBUSTION OF THE PARAFFIN-BASED SOLID FUELS
The heat of combustion of the paraffin-based fuels was evaluated using pure oxygen as oxidizer and results are presented in 

Fig. 4. The average heat of combustion value for pure paraffin wax was found to be 8105±55.1 cal/g and 8223±50.6 cal/g for P/PE10 
sample (Table 3). The addition of PE to pure paraffin wax increased the heat of combustion. The higher heat of combustion value 
of the PE in P/PE blend is responsible for increased heat of combustion of the P/PE sample (Walters et al. 2000).
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Figure 4. Heat of combustion comparison for paraffin-based solid fuels.

Table 3. Test data of paraffin wax and P/PE solid fuel.

Test 
No.

Sample 
Sample weight 

wf, (g)

Corrected 
temperature rise 

ΔTc, (°C)

Acid correction
(cal)

Ignition wire 
correction (cal)

Heat of 
combustion 
hcom, (cal/g)

1

paraffin 
wax

1.01 3.363 6.0 17.1 8099

2 1.00 3.357 6.8 18.6 8163

3 1.01 3.345 7.2 17.9 8053

Average 8105

SD 55.1

1

P/PE10

1.02 3.426 6.7 17.5 8169

2 1.01 3.434 8.1 15.9 8270

3 1.01 3.415 6.1 11.9 8230

Average 8223

SD 50.6

The paraffin-based solid fuels were also tested with metallic additives. The metallic Al was added in the P/PE blend ranging 
from 5 to 25 wt%. Each solid fuel formulation was tested three times, and the average values of the heat of combustion are 
presented in Table 4. The addition of Al additive increased the heat of the combustion of P/PE/Al formulations. The P/PE/
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Al25 formulation with 25 wt% Al loading had shown the highest heat of combustion of about 9293 ± 16.8 cal/g. Figure 4 
shows that the addition of PE (~10 wt%) in paraffin wax increased the heat of combustion about 1.2% compared to pure 
paraffin wax. It was also noticed that by increasing Al doping from 5 to 25%, the increment in the heat of combustion was 
about 9.2%. A total increment of 14.6% in the heat of combustion was observed with P/PE/Al25 formulation compared to 
the pure paraffin wax sample.

The heat of combustion tests was also performed with P/PE/B formulation. Table 5 shows the heat of the combustion value 
of the P/PE/B formulation to be 8335 ± 39 cal/g with a B loading of 5 wt%. At 25 wt% B loading, it was found that the heat of 
combustion increased to 9612 ± 15.9 cal/g. Figure 4 clearly shows that the heat of combustion of P/PE/B formulation increased 
by about 15.3% when the B loading increased from 5 to 25 wt%. A total increment of 19% in the heat of combustion is observed 
with P/PE/B25 formulation compared to pure paraffin wax sample.

The comparison of the theoretical value and experimental value of heat of combustion of the paraffin-based fuels are presented 
in Table 3. Collected data show that the experimental value of heat of combustion for all paraffin-based fuel formulations has a 
significant difference (about 7.2 to 19.5%) with the theoretical value. The difference in heat of combustion can be ascribed to fact 
that the experimental heat of combustion is measured at a constant volume, whereas the theoretical calculation performed by the 
CEA code is based on constant pressure heat of combustion. The relationship between constant pressure heat of combustion and 
constant volume heat of combustion is given by Eq. 5 (Jiawang et al. 2014).

Table 4. Test data of P/PE/Al solid fuel formulation.

Test 
No.

Sample 
Sample weight, 

wf, (g)

Corrected 
temperature rise 

ΔTc, (°C)

Acid correction
(cal)

Ignition wire 
correction 

(cal)

Heat of 
combustion 
hcom, (cal/g)

1

P/PE/Al5

0.99 3.458 9.4 17.5 8494

2 0.98 3.449 8.4 16.1 8561

3 0.99 3.445 8.8 13.6 8467

Average 8507

SD 48.5

1

P/PE/Al15

0.95 3.493 7.9 14.5 8946

2 0.95 3.476 7.3 13.1 8903

3 0.96 3.483 7.1 11.1 8831

Average 8893

SD 58.1

1

P/PE/Al25

0.92 3.508 7.1 12.9 9280

2 0.92 3.520 6.9 12.4 9312

3 0.92 3.510 6.6 11.7 9286

Average 9292

SD 16.8

  (5)
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Since the experiments were performed at 3 MPa, heat of the released gas was omitted in the combustion reaction. 
The quantity of gas released during combustion was minimal compared to 3 MPa. If the gas released during the combustion 
is nonignorable, the value of the second term in Eq. 5 would be large (Jiawang et al. 2014). During the experimental 
heat of combustion calculation, the constant volume heat of combustion was approximated to the constant pressure heat 
of combustion.

Table 5. Test data of P/PE/B solid fuel formulation.

Test 
No.

Sample 
Sample weight 

wf, (g)

Corrected 
temperature rise 

ΔTc, (°C)

Acid correction
(cal)

Ignition wire 
correction 

(cal)

Heat of 
combustion 
hcom, (cal/g)

1

P/PE/B5

1.00 3.412 10.4 16.3 8295

2 0.99 3.396 9.9 17.5 8338

3 1.01 3.478 9.6 16.3 8373

Average 8335

SD 39.0

1

P/PE/B15

0.99 3.621 8.6 16.3 8895

2 0.98 3.538 8.4 14.9 8781

3 1.00 3.624 7.9 13.6 8817

Average 8831

SD 58.0

1

P/PE/B25

0.90 3.561 8.1 14.1 9627

2 0.90 3.556 7.3 11.7 9616

3 0.90 3.548 7.2 11.3 9595

Average 9612

SD 15.9

The addition of B and Al metal additives enhanced the heat of combustion. This behavior can be attributed to large heat 
produced by metal particles during the combustion. The metal additives increase the gas phase temperature, which leads to an 
increase in adiabatic flame temperature and improves the heat of combustion. The gravimetric heat of combustion for several 
metal additives with HTPB binder combination was studied by Risha et al. (2002; 2003), who concluded that B and Al are the best 
promising candidates for solid fuel among all metal additives. Besides, the combustion efficiency (ηc) based on the experimental 
heat of combustion and theoretical heat of combustion was calculated and presented in Table 6. The addition of Al and B additives 
has increased combustion efficiency. This indicates that the additives released higher heat during the combustion and enhanced 
the oxidation reaction of fuel.

The P/PE/B fuel formulation exhibited low combustion efficiency compared to other fuel formulation. It may be because P/PE/B 
formulations were combusted at low pressure and caused incomplete combustion of B particles. During the initial stage of heating, 
the core B-particles are coved with a B-oxide layer and melts at relatively low temperatures (750 K) (Gany 2014). This protective 
oxide layer prevents the radiative heat transfer to solid fuel surface, and the net result is a relative decrease in the heat of combustion 
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of P/PE/B formulations. The B oxide layer does not allow the full diffusion of oxygen to B core, thus hindering its ignition and 
combustion at low temperature and pressure. The complete combustion of B can be sustained at high temperature when the protective 
oxide layer breaks and permit the chemical reaction between core B and oxidizer (Gany 2014). The flame temperature depends 
on the energetic and chemical properties of fuel (particularly heat of combustion). The higher heat of combustion can yield the 
high flame temperature, which in turn degrades more fuel from the surface and generate more mass flow rate through the nozzle.

Table 6. Heat of combustion of paraffin-based solid fuels.

Fuel samples

Heat of combustion, (cal/g), at 3 MPa

Theoretical
(CEA)

Experimental
(bomb 

calorimetry)

SD
(cal/g)

Combustion 
efficiency ηc

SD
(%)

P100 9689 8105 55.1 84 1.5

P/PE10 9755 8223 50.6 84 1.8

P/PE/Al5 9795 8507 48.5 87 1.2

P/PE/Al15 9835 8893 58.1 90 2.1

P/PE/Al25 9970 9293 16.8 93 1.3

P/PE/B5 9756 8335 39.0 85 1.1

P/PE/B15 10253 8831 58.0 86 1.7

P/PE/B25 10895 9612 15.9 88 1.4

Moreover, when considering the metallic additives in the fuel formulations, the radiation heat transfer plays a crucial 
role in enhancing the fuel vaporization from the fuel surface. For nonmetallized fuels, the contribution of convective heat 
transfer is more significant compared to the radiation. The increased heat transfer to the fuel surface evaporates more mass 
to the combustion zone, simultaneously the increased blowing from the surface decreases the temperature gradient at the 
surface, thus creating an additional blockage of blowing on convection heat transfer. Also, it is believed that the aggregation 
of metallic additives on the fuel surface during the fuel casting can reduce the heat release (Dermanci and Karabeyoglu 2015). 
Many metallic additives such as Al, B, Mg, and Zr can generate three times higher heat of combustion than hydrocarbons 
(Gany 2006). However, the utilization of Zr as additive represents a severe limitation for actual high performance due to its 
molar mass and combustion. The heat of combustion study of the paraffin loaded with metallic additive is important to rate 
the preburn characterization for hybrid rocket applications. The flame temperature, which is directly related to specific impulse 
performance, fuel mass burn rate, regression rate, density specific impulse, and better combustion efficiency (where PE acts as 
plasticizer) can also be improved with the addition of the additives. These paraffin-based formulations could be a better choice 
for solid fuels in hybrid rocket applications.

THEORETICAL PERFORMANCE AT 1 MPA

Figure 5 shows the variation of flame temperature with O/F for each solid fuel formulations. The addition of PE in 
paraffin wax increased the maximum flame temperature by 10 °C. Also, the addition of the Al and B additives by 25 wt% 
to P/PE blend increases the maximum flame temperature by about 181 and 597 °C, respectively, when compared to pure 
paraffin wax.
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Figure 5. Flame temperature variations as a function of O/F for various paraffin-based solid fuels at 1 MPa.

Figure 6 shows the variation of gravimetric specific impulse, Isp, with O/F for all the paraffin-based solid fuel formulations. 
It is important to note that when Al loading varied from 5 to 25 wt% in paraffin wax, the specific impulse value is barely affected, 
whereas the addition of B shows a reverse trend (Table 7). Many researchers (Risha et al. 2002; Jaffe et al. 2013; Karabeyoglu and 
Arkun 2014; Thomas et al. 2015) have shown that addition of Al to polymeric and nonpolymeric solid fuel decreased the specific 
impulse. They attributed this behavior to a higher molecular weight of combustion products and the increased dissociation effect 
at high temperatures. Also, B has a lower molar mass than that of Al additive; this could have improved the specific impulse 
performance of B-based formulations. In this study, B loading increased from 5 to 25 wt%, and Isp increased about 47 s. The increment 
in Isp is due to a higher flame temperature of P/PE/B formulation compared to other solid fuel formulations. In Table 4, it can 
be noted that the P/PE/B formulation delivered the highest volumetric specific impulse performance when compared to other 
fuel formulations. The addition of Al resulted in less improvement in volumetric and gravimetric specific impulse performance. 
The combustion of these fuels loaded with additives may form condensed combustion products (CCP), which expand through the 
nozzle, diminishing the specific impulse performance. Unfortunately, the CCP analysis was not performed in this study. However, 
the empirical correlations between specific impulse and CCP mass are discussed in some works in the literature (Maggi et al. 2010; 
2012; DeLuca et al. 2010).
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Figure 6. Gravimetric Isp variations as a function of O/F for various paraffin-based solid fuels at 1 MPa.
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Table 7. Maximum specific impulse and maximum flame temperature for various fuel Formulations.

Fuel 
sample

(O/F)max

Maximum flame 
temperature (°C)

(O/F)max

Maximum gravimetric 
Isp (s)

Maximum volumetric 
Isp (kg s/m3)

Paraffin 3.0 3137 2.5 311 2.86 × 105

P/PE 3.0 3147 2.5 313 2.87 × 105

P/PE/Al5 3.0 3167 2.0 314 2.97 × 105

P/PE/Al15 2.5 3241 2.0 316 3.01 × 105

P/PE/Al25 2.0 3318 1.5 317 3.06 × 105

P/PE/B5 2.5 3255 2.1 326 3.09 × 105

P/PE/B15 2.0 3480 1.5 352 3.37 × 105

P/PE/B25 2.0 3734 1.4 372 3.60 × 105

The O/F ratio at which the maximum specific impulse occurs tends to shift to a lower value as metal additive added to paraffin 
formulation. Also, the O/F ratio, where the maximum specific impulse occurred, is shifted to the lower value as compared to where 
the flame temperature attained maximum value. The dependency of specific impulse can explain this shift in O/F on specific heat 
ratio, flame temperature, and molecular weight of combustion products (Fig. 7). The molecular weight of combustion products 
of paraffin-based formulations was also calculated, and it was increased as the O/F ratio increases.
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Figure 7. The molecular weight of combustion products variation as a function 
of O/F for various paraffin-based solid fuels at 1 MPa.

The solid fuel performance can also be predicted by evaluating the characteristics velocity (C*) as a function of the O/F ratio (Davis 
and Yilmaz 2014). Figure 8 shows the characteristics velocity for various paraffin-based solid fuels. The P/PE/B formulation shows a 
maximum value of C* compared to other paraffin-based fuel formulations. It is important to note that the addition of B to paraffin 
achieved a higher value of C* at a low O/F ratio compared to that of Al formulation. The P/PE/B formulation has a lower value of (O/F)max 
at which the specific impulse and flame temperature are maximum. The high performance can be achieved due to the improved 
combustion temperature as well as the lower O/F ratio. The lower O/F ratio allows for a smaller, lighter oxidizer tank (Maharaj et al. 
2016). Also, from the oxidizer standpoint, the liquid oxidizer will require a larger tank, and larger the oxidizer tank, the larger the 
structural mass. P/PE/Al formulations have a higher value of optimum O/F ratio, and density compare to P/PE/B formulations. 
Therefore, P/PE/Al fuel formulations can mitigate the rocket structural mass penalty associated with a lower optimum O/F ratio.
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Figure 8. Characteristic velocity variations as a function of O/F for various paraffin-based solid fuels at 1 MPa.

The theoretical study can only provide a general indication of solid fuel performance. For reliable assessment, lab-scale ballistic 
motor tests must be performed to evaluate the real-time performance parameters. The actual specific impulse and characteristic 
velocity performance of paraffin solid fuels with metal additives depend on several factors, such as multiphase losses and throat 
erosion in the nozzle. Moreover, the CEA code only simulated thermochemical effects and could not take into account physical 
phenomena such as fuel droplet entrainment, which in fact affect considerably the paraffin combustion process. The mass burning 
rate of paraffin-based fuels highly depends on the entrainment mass transfer process during combustion.

Moreover, CEA assumes a perfect mixing of fuel and oxidizer, while the turbulent boundary layer combustion is ruled 
by diffusion in real hybrid rocket combustion. The oxidizer vapor diffuses toward fuel vapor from the core flow region via 
turbulent diffusion. Therefore, the combustion process in the actual scenario will lead to predicting a different performance 
than that of CEA. Unfortunately, in this study, these critical factors are challenging to estimate theoretically and require an 
experimental lab-scale motor testing for authentic assessment. Based on this study, future lab-scale testing should involve the 
evaluation of performance parameters such as specific impulse, solid fuel regression rate, thrust, and combustion efficiencies 
of these paraffin-based solid fuels.

THEORETICAL PERFORMANCE AT 3 MPA
To simulate the lab-scale motor test condition, CEA calculations were performed at a combustion chamber pressure of 3 MPa. 

The flame temperature and specific impulse variation with O/F ratio are shown in Fig. 9 and Fig. 10, respectively, which followed 
a similar trend as observed at 1 MPa chamber pressure. The similar trends of the flame temperature and specific impulse curve 
can be observed at 3 MPa as in the data at 1 MPa. As the combustion chamber pressure increases from 1 to 3 MPa, the maximum 
flame temperature for pure paraffin increased about 163 °C, whereas P/PE/Al and P/PE/B formulation with 25% additive loading 
show an increment of about 180 and 247 °C, respectively. The specific impulse improvement for pure paraffin wax is about 4 s 
while the P/PE/Al and P/PE/B formulations show a maximum increment of 3 and 5 s, respectively. Increments in specific impulse 
and flame temperatures are trivial when compared to the significant increase in combustion chamber pressure. Thus, it can be 
concluded that the performance parameters are independent of combustion chamber pressure.

The characteristics velocity curves of eight paraffin-based solid fuel formulations were simulated and are present in Fig. 11. It is 
shown that P/PE/B25 has the highest characteristic velocity value of 2116 m/s at the smallest optimum O/F ratio of 1.4. At the same 
optimum O/F ratio, the P/PE/Al25 formulation has a lower characteristic velocity value compared to the P/PE/B25 formulation. 
It indicates that the energy performance of the P/PE/B based fuel formulation is high compared to other combinations. The addition 
of metallic additives to the paraffin wax fuel has enhanced the solid fuel energy performance. The P/PE/B fuel formulation can 
be an attractive alternative solid fuel combination for hybrid rocket and ramjet propulsion system.
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Figure 9. Flame temperature variations as a function of O/F for various paraffin-based solid fuels at 3 MPa.
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Figure 10. Specific Impulse variations as a function of O/F for various paraffin-based solid fuels at 3 MPa.

C
ha

ra
ct

er
ist

ic
s V

el
oc

ity
 (m

·s-1
)

2,200

2,000

1,800

1,600

1,400

1,200

1,000

Paraffin
P/PE10
P/PE/AI5
P/PE/AI15
P/PE/AI25
P/PE/B5
P/PE/B15
P/PE/B25

0 1 2 3 4 5 6 7 8
Oxidizer to fuel ratio (O/F)

Figure 11. Characteristic velocity variations as a function of O/F for various paraffin-based solid fuels at 3 MPa.
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CONCLUSION

In this study, the heat of combustion and theoretical performance of the paraffin fuel loaded with Al and B additives were analyzed. 
The heat of combustion of these solid fuels was studied using an adiabatic bomb calorimeter. The addition of Al and B additives increased 
the heat of combustion of the paraffin-based fuels. Solid fuel containing the Al additive showed higher heat of combustion compared 
to the B loaded fuels. The reason for this is believed to poor combustion of B particles at low temperatures and pressure conditions.

The CEA results showed that the addition of Al is not effective in improving the specific impulse for P/PE/Al formulation. 
However, the P/PE/B formulation at 25 wt% B loading has delivered a specific impulse of about 372 s. Boron-containing fuels 
have a significant advantage over Al-containing fuel formulations in terms of specific impulse. Furthermore, it has shown that 
the optimum O/F shifted to lower values as the metal additive loaded in the fuel. This might be beneficial for specific application 
areas such as the space mission, which demanding less oxidizer tank volume (more payloads). Theoretical performance predicted 
in this paper has not considered the actual multiphase losses, erosion in the nozzle, and paraffin droplets entrainment process, 
which can even affect the performance appreciably. Therefore, to predict the actual performance of these paraffin-based fuels, a 
detailed experimental assessment is required.
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