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INTRODUCTION

Hybrid rocket propulsion offers a compel-
ling combination of safety, simplicity, and mod-
erate cost for small launch and experimental 
rocketry applications [1, 2]. Nitrous oxide is the 
preferred oxidizer at small scales due to its self-
pressurizing behavior and ease of handling [3], 
but the conventional and widely used hydrox-
yl-terminated polybutadiene (HTPB) fuel exhib-
its limited volumetric specific impulse, which 
is a key figure of merit for volume constrained 
vehicles [4]. Adding energetic metal powders to 
HTPB increases both heat of combustion and 
fuel density, with prior work by Scaramuzzino 
et al. [5] demonstrating improved regression rate 
and calculated specific impulse for aluminum-
doped HTPB/N2O systems.

The predecessor to this work [6] devel-
oped and computationally evaluated two for-
mulations under the acronym HyPEx (Hybrid 
Propellant Experiment): HyPEx-A (HTPB, Al, 
parlon) and HyPEx-B, which extends HyPEx-
A with bismuth trioxide. The Bi2O3 acts as a 
condensed phase oxidizer through thermite-
type reactions with aluminum at the fuel sur-
face [7] and substantially increases fuel den-
sity. A single hot fire of HyPEx-A confirmed 
potential performance gains while HyPEx-B 
was not tested. This paper bridges that gap. 
Four static fire tests of HyPEx-B are reported, 
covering O/F = 2.2 – 4.1 by varying the grain 
length. Delivered specific and volumetric spe-
cific impulses are compared against AFAL pre-
dictions and the references above.
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ABSTRACT
This study presented experimental characterization of the HyPEx-B high-density hybrid rocket fuel comprising 
aluminum, bismuth trioxide, and hydroxyl-terminated polybutadiene (HTPB) binder with nitrous oxide across a 
range of oxidizer-to-fuel ratios near the theoretical performance optimum. The oxidizer-to-fuel ratio was varied by 
changing grain length while all other motor hardware remained identical to the previous study. Fuel regression was 
quantified by comparing grain mass on a calibrated scale and by volumetric analysis of longitudinal cross-sections, 
with both methods showing good agreement. Peak delivered specific impulse of 200.8 s was measured at O/F=2.98 
with a combustion efficiency of 97% compared to AFAL and peak volumetric specific impulse of 1818 Ns/dm3 

at O/F=2.62. While mass-specific impulse is comparable to reference HTPB-based formulations, the volumetric 
specific impulse shows a consistent advantage attributable to the high-density bismuth trioxide loading. The paper 
also briefly explored potential paths for the future development of this type of composition.
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STUDY METHODOLOGY

Propellant formulation

The HyPEx-B formulation used in this study 
was adjusted from the composition reported in the 
predecessor work [6], which specified constituent 
proportions in volumetric fractions. Those frac-
tions with HyPEx-B resulted in a metallic powder 
loading that rendered the formulation impossible 
to cast reliably. Aluminum and bismuth trioxide 
contents were therefore reduced on a mass frac-
tion basis to achieve a pourable consistency with 
solids loading of 60% while preserving the volu-
metric energy density intent. The as-cast com-
position and measured composition density are 
given in Table 1.

Thermochemical simulations

Thermochemical performance predictions 
were obtained using the AFAL Specific Impulse 
Program [8], an equilibrium thermochemical code 
that computes adiabatic flame temperature, char-
acteristic exhaust velocity, and frozen-flow spe-
cific impulse for user-defined propellant compo-
sitions at specified chamber pressure and nozzle 
expansion ratio. Pre-test motor simulations were 
carried out using the Hybrid Rocket Analysis Pro-
gram [9], based on the blowdown tank model of 
Newlands [10], to select grain lengths and verify 
that web thickness at burnout was sufficient. Ini-
tial regression rate estimates were density-scaled 
from the HTPB/N2O correlation of Doran et al. 
[11]. Calculations were performed across O/
F = 0.75–6.5 at nine chamber pressures spanning 
the expected operating range to generate theoreti-
cal Isp (specific impulse, m/s or Ns/kg) and Ispvol  
(volumetric specific impulse, Ns/dm3 Jtotal  total 
impulse, Ns) curves. The frozen-product assump-
tion at the nozzle throat was applied throughout 
the study. This is conservative relative to shift-
ing equilibrium and gives a lower bound on 

theoretical Isp. Propellant system density (ρprop) 
was computed from the mixture rule

	 	 (1)

where:	ρf  = 1607 kg/m3 for the fuel and the tem-
perature-dependent liquid N2O density 
from Ferreira and Lobo [12]. 

For all propellant density and Ispvol calcula-
tions in this paper, ρox = 800 kg/m3 was used, cor-
responding to saturated liquid N2O at approxi-
mately 18 °C. Test-day oxidizer tank temperatures 
ranged from 16.5 to 18.4 °C, giving ρox within 1% 
of this reference value across all tests. 

Motor configuration and test campaign

All four tests used the same motor hardware as 
the predecessor HyPEx-A study (Table 2). Grains 
were cast with fixed outer and initial port diam-
eters; only grain length was varied between tests 
to shift the average O/F. A longer grain provides 
a larger burning surface relative to the fixed oxi-
dizer supply, driving the operating point toward 
fuel-rich conditions. Initial fuel masses and cor-
responding grain lengths are listed in Table 3.

HyPEx-B was mixed and cast into phenolic 
liner tubes following the procedure of the prede-
cessor study [6], with all test articles cast from a 
single batch. The oxidizer tank was filled to the 
target mass prior to each test and the initial tank 
temperature was recorded. Liquid N2O density 
and saturation pressure were derived from refer-
ence correlations [3, 12]. Portions of the combus-
tion chamber not covered by the fuel were addi-
tionally insulated using low-regression-rate phe-
nolic to protect test hardware.

Data analysis

Specific impulse and volumetric specific 
impulse were derived from

	 	 (2)

	 	 (3)

Where Jtotal was obtained by numerical integra-
tion of the load cell signal, and propellant masses 
were determined by weighing the grain assembly 
and oxidizer tank before and after each firing on 

Table 1. HyPEx-B fuel composition and cast density

Ingredient Mass fraction Density (g/cm3)

Aluminum powder 30.0% 2.70

Bi2O3 24.0% 8.90

Parlon 6.0% 1.50

HTPB binder 39.9% 0.90

Other additives 0.1% —

Cast density 1607 kg/m3
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a calibrated scale. Fuel regression was addition-
ally characterized by longitudinal sectioning of 
the recovered grains and measuring the remaining 
solid fraction along the grain using digital image 
processing methods. The mass determined by the 
optical method was compared with the gravimet-
ric measurement, and both methods were found 
to be in generally good agreement with minor dif-
ferences experienced at higher O/F ratios due to 
a larger presence of phenolic insulators. Average 
regression rate was computed as  = (D¯

f − Di)/
(2tb) (  – average fuel regression rate, mm/s) with 
burn time extracted from the thrust curve, but due 
to oxidizer flow rate being fairly constant across 
the tests, it was not deemed useful for this study. 
Combustion efficiency was estimated as ηIsp = 
Ispdel/Ispth, with the theoretical value interpolated 
from AFAL at the measured average O/F = ξ and 
nominal chamber pressure (ηIsp – combustion effi-
ciency, ξ – oxidizer-to-fuel mass ratio; used inter-
changeably with O/F).

Measurement uncertainty

The load cell contributes negligibly to Isp 
uncertainty, with a rated accuracy of ±0.002% of 
full scale. The dominant source is the gravimet-
ric determination of burnt fuel mass. Two pre/
post weighings each carry a balance resolution 
of ±0.5 g, giving a combined standard uncer-
tainty of 0.71 g on ∆mf. Relative to consumed 
fuel masses of 103.8–231.3 g, this yields a fuel 

mass relative uncertainty of 0.31–0.68%, which 
propagates almost directly into Isp. Including 
the oxidizer mass and uncertainty due to pheno-
lic liner ablation, the combined expanded uncer-
tainty (k = 2, nominally 95% confidence) in Isp 
is ±0.8–1.5% across the four tests. These are the 
error bars shown in Figures 3 and 4. Uncertainty 
in Ispvol additionally includes the variation in ρox 
from the test day temperature range. Because the 
AFAL theoretical baseline is interpolated at the 
measured O/F, and O/F carries the same gravi-
metric uncertainties, combustion efficiency val-
ues should be interpreted with the caveat that a 
systematic error in the consumed-mass ratio of 
the magnitude noted would shift the reported effi-
ciency by up to 1–2 percentage points.

Each O/F condition was tested only once, 
which constitutes a significant limitation of the 
present campaign. No repeatability assessment 
is therefore possible, and confidence intervals 
reflecting run-to-run variability cannot be report-
ed. The trends presented in Section “Results and 
discussion“ must be treated as indicative only and 
should not be interpreted as statistically confirmed 
relationships. The campaign is intended as a first 
characterization of the HyPEx-B delivered per-
formance to guide formulation and grain geom-
etry choices for future work involving repeated 
tests at each operating point, at larger scales more 
representative of a flight vehicle.

RESULTS AND DISCUSSION

Thermochemical predictions

AFAL simulations predict peak specific 
impulse for HyPEx-B/N2O near O/F≈2.5, with 
the optimum shifting slightly with chamber 
pressure. This lies far below the O/F=6–8 range 
typical of pure HTPB because Bi2O3 provides 
internal oxygen through condensed-phase ther-
mite reactions with aluminum [7], reducing the 
stoichiometric demand for external N2O. Theo-
retical Isp and Ispvol curves are presented along-
side the experimental results and reference data 
in Figures 3 and 4.

Static fire tests

All four tests proceeded without anoma-
lies. Overlaid thrust curves are shown in Figure 
1. A combined test conditions and performance 

Table 2. Fixed motor parameters [6]

Parameter Value Unit

Oxidizer tank volume 800 cm3

Grain outer diameter 38 mm

Initial port diameter 20 mm

Initial web thickness 9 mm

Injector diameter 3.3 mm

Injector Cd 0.56 —

Nozzle throat diameter 8 mm

Table 3. Test matrix, numbered by firing order

Test Grain length 
(mm)

Initial fuel mass 
(g) Target O/F

T1 228 300 2

T2 122 160 4

T3 152 200 3

T4 190 250 2.5
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table is given in Table 4. Post-fire inspection of 
the recovered grains revealed that, compared to 
aluminum-only HTPB formulations, the addition 
of bismuth trioxide produced a noticeably shini-
er, more metallic-looking regression surface and 
a marked increase in slag buildup on the nozzle 
inlet and aft-chamber walls, consistent with the 
higher density and lower volatility of bismuth 
combustion products.

Specific impulse and combustion efficiency

Specific impulse rises from 186.7s at O/
F=2.20 to a broad plateau of 197–201 s across 
O/F=2.6–4.1. Each operating point was tested 
once, and the trends discussed below are there-
fore indicative rather than statistically con-
firmed, and repeatability tests at each O/F would 
be required to establish significance. Test T1 
exhibited noticeable flame instabilities, visible 
as periodic thrust oscillations in the trace and 
captured in four sequential frames in Figure 2. 
The thrust RMS noise quantifies this clearly: 
T1 recorded 8.39 N compared to 2.58, 2.24, and 
1.97 N for T2, T3, and T4, respectively, a factor 
of 3–4 higher than the stable tests. Combustion 
efficiency was correspondingly the lowest of the 
campaign at 88.6%. Tests T2, T3, and T4 showed 
stable combustion throughout, with efficiencies 
of 94.9%, 97.7%, and 98.1%, respectively, com-
pared to AFAL predictions.

The instability in T1 is tentatively attributed 
to the strongly fuel-rich condition, where insuf-
ficient external N2O may limit gas-phase heat 
release near the fuel surface, reducing flame 
stabilization and potentially allowing periodic 
extinction and re-ignition events [13, 14]. The 
high metallic powder loading amplifies this 

effect, unburned aluminum and bismuth particles 
that exit the combustion zone without reacting 
contribute to the oscillatory behavior by intermit-
tently releasing energy downstream, a mechanism 
well-documented in aluminized solid and hybrid 
propellants [15]. It should be noted, however, that 
T1 also had the longest grain of the campaign, 
meaning the combustion chamber acoustic length 
differed most from the other tests. The contribu-
tion of chamber acoustic modes or altered resi-
dence time distribution to the observed instability 
cannot be excluded without dedicated tests vary-
ing grain length independently of O/F.

Based on the literature, these instabilities may 
diminish at larger motor scales. Low-frequency 
instability in small-scale hybrid motors is sensi-
tive to chamber residence time [14]. In a longer 
combustion chamber, aluminum and bismuth 
droplets would have more time to ignite and burn 
to completion before reaching the nozzle, poten-
tially stabilizing the heat release distribution. 
Larger scale might therefore improve mean com-
bustion efficiency and could reduce the instability 
observed at fuel-rich O/F in this motor, although 
this hypothesis requires experimental confirma-
tion at representative scales.

A notable feature of both the Isp and Ispvol 
data is that the experimental performance peak is 
shifted to higher O/F relative to the AFAL theo-
retical prediction. The AFAL curve peaks near 
O/F≈2.5, while the measured Isp and Ispvol reach 
their maximum roughly 0.1–0.5 O/F units higher. 
This shift can be explained by combustion effi-
ciency - the theoretical calculation assumes equi-
librium combustion, but at fuel-rich conditions, 
the delivered efficiency drops sharply so the actu-
al delivered performance peaks at a less fuel-rich 
operating point where efficiency is higher even 

Figure 1. Overlaid thrust curves for all four tests, time-aligned to ignition 
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though the theoretical ceiling is lower. In other 
words, the gain in combustion completeness from 
moving toward stoichiometric conditions out-
weighs the theoretical Isp decline, pushing the 
delivered optimum toward higher O/F than the 
equilibrium prediction suggests.

As visible in Figure 3, the delivered specific 
impulse of HyPEx-B is broadly competitive with, 
but does not clearly exceed, the reference formu-
lations. The HTPB/N2O data provided by Rezaei 
et al. [16] and the aluminium-doped HTPB results 
reported by Scaramuzzino et al. [5] span a compa-
rable Isp range. This is physically expected: Bi2O3 
is a heavy compound and exits partly as condensed 
bismuth or bismuth oxide, diluting the specific 
impulse relative to lighter formulations. HyPEx-B 

delivers no mass-specific impulse advantage and 
its value proposition is purely volumetric.

Volumetric specific impulse

Delivered Ispvol ranges from 1719 to 1818 Ns/
dm3, with the highest value at O/F=2.62 (T4). 
The same rightward shift observed in Isp also 
applies here. The AFAL Ispvol curve peaks near O/
F≈2.0–2.5, but the experimental maximum lies 
at O/F=2.62, again reflecting the efficiency pen-
alty at very fuel-rich conditions that suppresses 
the delivered performance below the theoretical 
envelope. HyPEx-B sits consistently above both 
reference datasets: the gain over Rezaei et al. 
[16] reaches 7–15% at comparable O/F, and the 
gain over Scaramuzzino et al. [5] is 5–8%. This 

Table 4. Test conditions and derived performance

Parameter [unit] Symbol T1 T2 T3 T4

Grain length [mm] 228 122 152 190

Initial fuel mass [g] 300 160 200 250

Test temperature [°C] 16.5 18.4 17.9 17.3

Oxidizer mass [g] 508 424 399 406

Fuel consumed [g] 231.3 103.8 134.0 155.0

O/F [–] ξ 2.20 4.08 2.98 2.62

Propellant density [kg/m3] ρprop 949 888 916 929

Total impulse [Ns] J 1354 1022 1050 1098

Specific impulse [s] Isp 186.7 197.4 200.8 199.5

Theoretical Isp — AFAL [s] Ispth 210.8 207.9 205.6 203.3

Combustion efficiency [–] ηIsp 0.886 0.949 0.977 0.981

Vol. specific impulse [Ns/dm3] Ispvol 1738 1719 1804 1818

Figure 2. Four sequential frames from T1 showing flame instability events
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advantage originates directly from the higher fuel 
density, which increases ρprop, and results in more 
total impulse at the same O/F (Figure 4).

CONCLUSIONS

Four static fire tests of HyPEx-B with nitrous 
oxide have been conducted across O/F=2.2–4.1. 
Peak delivered specific impulse of 200.8 s was 
measured at O/F=2.98, approximately 0.5 units 
higher than the AFAL equilibrium optimum. This 
rightward shift is attributed to the sharp fall in 
combustion efficiency under fuel-rich conditions, 
which depresses delivered performance below 
the theoretical ceiling and pushes the effective 
optimum toward higher O/F. This is a consistent 
and physically explainable result. Mass-specific 
impulse is comparable to reference HTPB and 

aluminized-HTPB formulations but does not 
exceed them, reflecting the mass penalty of the 
heavy Bi2O3 component. Delivered Ispvol of 1719–
1818 Ns/dm3 consistently exceeds both the pure 
HTPB and the Al-HTPB calculated by 5–15%, 
confirming the volumetric performance advan-
tage of the high-density formulation. 

HyPEx-B is a promising formulation for 
volume-constrained hybrid propulsion, but Bi2O3 
is an expensive specialty compound that limits 
batch size and repeated testing. Future develop-
ment should evaluate replacement with denser 
metal oxides that are already used in aerospace 
propulsion and available at lower cost such as 
copper or iron compounds. Such oxides could 
replicate or improve the propellant density while 
reducing material cost and potentially offering 
better characterized nozzle deposit behavior.

Figure 3. Delivered specific impulse vs O/F: AFAL prediction, this study, Rezaei et al. HTPB [16],
derived Scaramuzzino et al. HTPB doped with Al [5]

Figure 4. Delivered volumetric specific impulse vs O/F: AFAL prediction, this study, Rezaei et al. [16], 
Scaramuzzino et al. [5]
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