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Abstract. This paper investigates the influence of solid-propellant composition on the flight performance of model rockets
from two complementary perspectives: chemical catalysis and propellant-grain geometry. The conventional potassium nitrate-
sugar (KNSU/KNSB) formulation is typically catalyzed with iron(III) oxide (Fe,03); however, this study examines tobacco ash,
a low-cost, waste-derived biomass material containing calcium carbonate (CaCO3), potassium carbonate (K,CO3), and trace
metal oxides, as a potentially resource-efficient alternative. In addition, the internal grain port was formed in a star-shaped
configuration rather than the conventional circular geometry, allowing an assessment of how a larger initial burning-surface
area affects thrust development. Experimental data obtained through static-fire testing and flight telemetry indicate that the
incorporation of tobacco ash was associated with higher measured burn-rate and specific-impulse values than those recorded
for the standard and Fe,05-catalyzed formulations. The star-shaped port geometry also produced an earlier and higher thrust
peak owing to its larger initial perimeter. Collectively, these findings suggest that biomass-derived additives and grain-geome-
try optimization may represent useful directions for further research on model-rocket motor performance.

Keywords: solid propellant, potassium nitrate, tobacco ash, catalyst, star-shaped grain, specific impulse, burn rate.

Annotatsiya. Ushbu maqolada qattiq yoqilg‘i tarkibining model raketalarning parvoz samaradorligiga ta’siri ikki o‘zaro
bog‘liq yo‘nalish — kimyoviy kataliz va yoqilg‘i donasi geometriyasi nuqtayi nazaridan tadqiq etilgan. An’anaviy kaliy nitrat-
shakar (KNSU/KNSB) tarkibida odatda katalizator sifatida temir(III) oksidi (Fe,03) qo‘llanadi. Mazkur tadqiqotda esa kalsiy
karbonat (CaCO3), kaliy karbonat (K,CO3) va metall oksidlarining iz miqdorlarini o'z ichiga olgan, biomassadan hosil bo‘luv-
chi arzon chiqindi material — tamaki kuli resurslardan samarali foydalanish imkonini beruvchi muqobil qo‘shimcha sifatida
o‘rganilgan. Bundan tashqari, yoqilg‘i donasining ichki kanali an’anaviy aylana shakli o‘rniga yulduzsimon shaklda tayyorlanib,
boshlang‘ich yonish yuzasining kattalashishi tortish kuchining shakllanishiga qanday ta’sir ko‘rsatishi baholangan. Statik olov
sinovlari va parvoz telemetriyasi orqali olingan tajriba ma’lumotlari tamaki kulining qo‘shilishi standart hamda Fe,05 katal-
izatori qo‘llangan tarkiblarga nisbatan yonish tezligi va solishtirma impulsning yuqoriroq o‘lchangan giymatlari bilan bogliq
bo‘lganini ko‘rsatdi. Yulduzsimon kanal geometriyasi ham kattaroq boshlang‘ich perimetr hisobiga tortish kuchining ertaroq
va yuqoriroq cho‘qqisini hosil gildi. Umuman olganda, mazkur natijalar biomassadan olinadigan qo‘shimchalar va yoqilg
donasi geometriyasini optimallashtirish model raketa dvigatellarining samaradorligini kelgusida tadqiq etish uchun istigbolli
yo‘nalishlar bo‘lishi mumkinligini ko‘rsatadi.

Kalit so‘zlar: qattiq yoqilg‘i, kaliy nitrat, tamaki kuli, katalizator, yulduzsimon yoqilgi donasi, solishtirma impuls, yonish
tezligi.

AHHoOTanusA. B cTaTbe HcciefyeTcs BJAUsSHUE COCTaBa TBEPJOTO TOIJIMBA Ha JIETHbIE XapaKTePUCTUKN MO/JIeJIbHBIX PaKeT
C IBYX B3aMMOCBSI3aHHBIX NO3ULUHI: XMMHYECKOr0 KaTaJu3a U reOMeTPUHY TOIJIMBHOW LIAIIKKU. B TpaJAMIIMOHHBIX cOCTaBax
Ha OCHOBe HUTpaTa Kaius U caxapa (KNSU/KNSB) B kayecTBe KaTajiu3aTopa OObIYHO MpUMeHsieTcsl okcuf xesesa(lll)
(Fez03). B HacToAIeM HccIej0BAaHUY B KadeCTBe MOTeHIMAJbHO pecypcocbeperarolieil aJbTepHaTUBbBI pacCMaTPUBAETCS
TabayHasi 30Jla — HEJ0pPOrod oTxoJ GuoMacchl, cofepxamuil kap6oHaT kaiabuus (CaCOsz), kap6oHaT kanusa (K,CO3) u
cJ1e/loBble KOJIMYeCTBA OKCUJ0B MeTa/lIoB. KpoMe TOro, BHyTpPeHHUI KaHaJl TONMJMBHOM IIALIKK OblJ BBINOJHEH B popMme
3Be3/lbl BMECTO TPaAULIMOHHON KPYTJIOM reOMeTPUH, YTO M03BOJIMJIO OLIeHUTh BJIUsSHUE yBeJUIeHHON HayaAbHOH MJI0agu
MOBEPXHOCTHU rOpeHUsl Ha GOPMUpPOBAHUE TATU. JKCIepUMeHTa/lbHble JJaHHble, OJyYeHHble B X0/le CTEH/J0OBbIX OTHEBbIX
HUCNBITAHUH U MOJIETHOU TeJleMEeTPUHU, OKA3bIBAIOT, YTO J06aBeHHe TabayHOU 30J1bl ObLJIO CBS3aHO C 60Jiee BbICOKUMU
HM3MepeHHbIMU 3HAUYeHUSIMU CKOPOCTH TOPEeHHs] U Y/ieJbHOI0 MMIly/bCa IO CPaBHEHHUIO CO CTAaHJAPTHBIM COCTaBOM U
COCTaBOM, KaTaJu3upoBaHHbIM Fe,0;. 3Be3/j006pa3Has reoMeTpUs KaHaJla TakKe obecrneynsia 601ee paHHUN U BBICOKUI
MUK TATU 6J1arojjapsl yBeJU4YeHHOMY HayaJbHOMY NTeprMeTpy. B COBOKYNTHOCTH MOJIyuyeHHble pe3yJbTaThl CBUAETEIbCTBYIOT
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0 TOM, YTO NpUMeHeHHe [06aBOK, MOJy4aeMbIX M3 OMOMAcCChl, U ONTHUMM3aLMs [€OMETPUM TOMJMBHOM LIALIKU MOTYT
IpPeJCTaBJISATh COO0M EePCIEKTUBHbIE HANlPaBJIeHUS JalbHEHIINX HccIef0BaHUH 3)PeKTHBHOCTH ABUTaTEIEH MOJEIbHBIX
pakKer.

Kiro4yeBble c/10Ba: TBEPJOe TOIVIMBO, HUTPAT Ka/lus, TaGayHasl 30J1a, KaTalu3aTop, 3Be3006pa3Has TOIJIMBHAs MIAIIKA,
Y eIbHBIHA UMIYJIbC, CKOPOCTb TOPEHHUS.

INTRODUCTION

Model rocketry occupies a distinctive place at the intersection of hobbyist engineering and applied aerospace
science. It provides students, independent researchers, and enthusiasts with an accessible research platform on
which to study combustion chemistry, internal ballistics, and flight dynamics without the costs and regulatory
burdens associated with full-scale propulsion systems. At the core of every amateur rocket motor lies the propellant
grain, whose chemical composition and physical geometry jointly determine the thrust curve, total impulse, and,
ultimately, the altitude that the vehicle can reach.

The most widely adopted amateur propellant is potassium nitrate-based solid fuel, in which potassium nitrate
(KNOs) serves as the oxidizer and a carbohydrate—typically sucrose or sorbitol—serves as the fuel and binder.
These formulations are commonly designated KNSU (potassium nitrate-sucrose) and KNSB (potassium nitrate—
sorbitol). Upon ignition, KNO3 undergoes thermal decomposition, releasing oxygen that reacts exothermically with
the carbohydrate matrix to yield nitrogen, carbon dioxide, water vapor, and potassium carbonate as the principal
combustion products.

The overall thermochemical efficiency of this reaction—quantified through specific impulse (Is,) and linear
burn rate—is one of the most decisive parameters governing motor performance. Burn-rate modification is
therefore a central concern in propellant engineering. A burn rate that is too low may produce insufficient thrust to
overcome the rocket’s weight and aerodynamic drag, whereas an excessively high burn rate may generate chamber
pressures beyond the structural limits of the motor casing, potentially resulting in structural damage or failure.

Catalytic additives—most notably transition-metal oxides—have long been used to adjust this parameter
within a safe and useful range. Mechanistically, such catalysts operate by lowering the activation energy required
for the thermal dissociation of KNO3; and by providing heterogeneous nucleation sites at the burning surface,
thereby intensifying local heat transfer.

A second, largely independent means of controlling thrust behavior is the geometric design of the propellant
grain itself. Because the mass-generation rate of a solid rocket motor is proportional to the instantaneous burning-
surface area, the cross-sectional shape of the internal port—whether a simple circular bore or a more complex
star-shaped channel—directly determines how thrust evolves over the burn duration.

A circular port, burning radially outward, tends to produce a comparatively modest and gradually increasing
burning perimeter. A star-shaped port, by contrast, begins combustion with a substantially longer perimeter
concentrated around the points of the star. This configuration is hypothesized to produce a sharper and higher
initial thrust peak—a property of considerable interest for improving the initial acceleration and launch-rail
departure velocity of a model rocket.

This paper addresses both variables within a single, coherent experimental framework. First, it examines
the chemical hypothesis that the alkaline carbonates present in tobacco ash—principally CaCO3 and K,COz—may
facilitate nitrate decomposition through the formation of a low-melting-point phase at the grain surface, thereby
improving heat transfer between the condensed and gaseous phases.

Second, it examines the geometric hypothesis that a star-shaped grain port, by virtue of its larger initial burning
perimeter, produces measurably higher initial thrust than an equivalent circular-port grain. Taken together, these
two variables—catalyst chemistry and grain geometry—are proposed as complementary and largely independent
means of tailoring the performance characteristics of amateur solid rocket motors.

LITERATURE REVIEW

Over the past two decades, a substantial body of amateur and educational propulsion literature has focused on
characterizing and optimizing KNSU and KNDX (potassium nitrate-dextrose) formulations. Several authors have
demonstrated that the burn-rate response to iron oxide loading is nonlinear, typically reaching an optimum within
a relatively narrow concentration range before catalytic saturation and diminishing returns occur.

Reports involving nanoscale Fe,03 particles indicate a marked increase in catalytic activity compared with
micron-scale powders, attributable to the greater specific surface area available for heterogeneous reactions.
However, this advantage is frequently offset by the higher processing costs and greater synthesis complexity
associated with nanoparticulate oxides, limiting their practicality in hobbyist and educational applications.
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Manganese dioxide (MnO;) has likewise been investigated as an alternative catalyst, with several studies
reporting greater burn-rate enhancement per unit mass than Fe,03. Its adoption is nonetheless constrained by
pronounced hygroscopicity, which may compromise long-term storage stability and introduce variability into the
density and mechanical integrity of the cured grain.

Copper oxide (Cu0O) has received comparatively less attention in amateur applications but presents similar
disadvantages related to cost, toxicity, and handling requirements.

In parallel, an emerging strand of materials-science literature has explored biomass-derived ashes as functional
catalytic materials in unrelated industrial processes, most notably as heterogeneous base catalysts in biodiesel
transesterification. In such applications, the alkaline carbonate and oxide contents of agricultural and wood ashes
have demonstrated catalytic activity.

This literature, however, is primarily situated within renewable-energy and waste-utilization research rather
than energetic-materials research, resulting in a limited body of evidence on the potential applicability of such
ashes to solid-propellant combustion. Tobacco ash, in particular—despite being generated in substantial quantities
as agricultural and consumer waste and possessing a chemical profile dominated by CaCO3 and K,COs3, broadly
analogous to other biomass ashes already evaluated as catalysts—has not, to the authors’ knowledge, been
systematically investigated as a rocket-propellant additive.

A parallel and comparatively mature body of literature addresses propellant-grain geometry rather than
chemistry. Classical internal-ballistics theory establishes that thrust-time behavior is governed by the evolution of
the burning perimeter as the grain regresses, giving rise to the familiar classification of progressive, neutral, and
regressive burn profiles associated with tubular, cylindrical, BATES, and star-shaped grains.

Star-shaped and wagon-wheel grain configurations are well documented in professional solid-rocket-motor
design as methods of achieving high initial thrust followed by a gradually decreasing burn profile. Nevertheless, this
design principle remains comparatively underutilized and underreported in the amateur KNSU/KNSB literature,
in which circular or simple cylindrical ports remain the default choice, largely because of their ease of fabrication
rather than their performance characteristics.

Taken together, the literature identifies two areas requiring further investigation: the substitution of relatively
costly transition-metal-oxide catalysts with inexpensive, waste-derived biomass ash and the deliberate application
of star-shaped grain geometry in amateur-scale KNSU propellant systems to improve initial thrust. The present
study addresses both gaps within a unified experimental design.

RESEARCH METHODOLOGY

The experimental program was organized into sequential stages comprising material conditioning, catalyst
incorporation, grain preparation, curing, and grain-geometry assessment. All procedures were conducted under
controlled laboratory conditions and in accordance with the applicable safety requirements for energetic materials.

3.1. Material Conditioning

Step 1—Component Preparation. Technical-grade potassium nitrate (KNO3) was mechanically conditioned to
obtain a uniform particle distribution and subsequently dried under controlled conditions to minimize residual
moisture before blending. Sucrose was selected as the carbohydrate fuel component because of its availability and
suitable energetic characteristics. The oxidizer and fuel components were combined according to a conventional
KNSU formulation.

3.2. Catalyst Incorporation

Step 2—Incorporation of the Tobacco-Ash Catalyst. Raw tobacco ash was thermally conditioned to remove
residual organic and volatile matter and was then sieved to obtain a homogeneous fine powder. The prepared ash
was incorporated into the KNOs-sucrose matrix at several low-percentage concentrations to determine the most
effective catalyst loading.

A control batch without a catalyst and a reference batch containing Fe,0; were prepared in parallel under
equivalent laboratory conditions to enable direct comparison among the formulations.

3.3. Grain Casting, Geometry, and Curing

Step 3—Grain Preparation and Curing. The blended materials were processed under carefully controlled
thermal conditions and formed into cylindrical laboratory samples fitted with removable core inserts. Two internal-
port geometries were evaluated: a conventional circular port and an experimental six-point star-shaped port, as
illustrated schematically in Figure 1.

Following preparation, the samples were cooled and conditioned under controlled environmental conditions
to reduce residual moisture and ensure dimensional stability. Before testing, each sample was examined for density,
structural integrity, geometric consistency, and the absence of visible cracks or internal defects.
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SOLID ROCKET MOTOR PROPELLANT GRAIN SHAPES: 2D TECHNICAL DRAWING
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Figure 1. Two-dimensional technical comparison of a circular-port propellant grain (left) and a star-shaped propellant
grain (right), illustrating the difference in initial burning perimeter geometry’.

As shown in Figure 1, the circular-port grain presents a comparatively short, uniform burning perimeter
defined solely by the bore circumference, whereas the six-point star-port grain presents a considerably longer
initial perimeter concentrated at the star’s points, where the propellant thickness is locally minimal. Each finished
grain—spanning both catalyst formulations and both port geometries—was subjected to two evaluation protocols:
(1) static bench testing, in which the motor was rigidly mounted on a load-cell thrust stand to record thrust as
a function of time, and (2) flight testing, in which the motors were installed in an instrumented model-rocket
airframe to capture altitude and acceleration telemetry throughout the ascent.

ANALYSIS AND RESULTS

4.1. Effect of Catalyst Composition

The three catalyst formulations—control, Fe,03 baseline, and experimental tobacco ash—produced clearly
differentiated performance outcomes, as summarized in Table 1 (mean values from three replicate static firings
per condition).

Table 1
Effect of catalyst composition on propellant performance?.

Control Group None 6.4 131 44.8
Baseline Group Fe,03, 2 wt.% 8.1 141 57.6
Experimental Group Tobacco Ash, 1 wt.% 7.5 138 52.3
Experimental Group Tobacco Ash, 2 wt.% 8.9 146 61.9
Experimental Group Tobacco Ash, 3 wt.% 9.7 152 67.4

The data indicate that tobacco ash at aloading of 3 wt.% showed higher measured values than the conventional
Fe,03 baseline across all three metrics, achieving a 51 percent increase in burn rate and a 16 percent increase in
specific impulse relative to the uncatalyzed control. This outcome may be associated with the proposed mechanism
whereby the alkaline carbonates in tobacco ash—principally CaCO3; and K,CO3;—may form a low-melting eutectic
phase at the propellant surface during combustion, which may expand the contact area between the condensed
and gaseous phases and lower the effective activation energy of KNO; decomposition. The potassium ions released
from K,COs; may further act as additional mobile ionic carriers without disrupting the existing K* equilibrium

1 Source: Developed by the authors.
2 Source: Compiled by the authors based on experimental static-fire test results.
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contributed by KNOs itself, potentially influencing the slowest stage of the decomposition process. Trace-metal-
oxide impurities naturally present in the ash, principally iron and copper compounds, may also provide additional
heterogeneous catalytic sites, although confirmation of this secondary mechanism would require dedicated
spectroscopic characterization beyond the scope of the present study. The static-test results were broadly consistent
with the flight-telemetry measurements: motors loaded with 3 wt.% tobacco ash reached apogees approximately
22 percent higher than those of the uncatalyzed control under the reported test conditions, a result that may be
associated with the measured increases in specific impulse and peak thrust.

4.2. Effect of Grain-Port Geometry

Independently of catalyst chemistry, the grain geometry experiment isolated the effect of internal port shape
using the 2 wt.% tobacco-ash formulation as a common chemical baseline. Table 2 summarizes the comparison
between the circular-port and six-point star-port configurations.

Table 2
Effect of grain-port geometry on initial burning perimeter and thrust characteristics?.

Circular Port (baseline 31.4 61.9 0.85
geometry)
6-Point Star Port 58.7 89.2 0.41
(experimental geometry)

The star-shaped port produced an initial burning perimeter nearly 1.9 times longer than that of the circular
port, resulting in an earlier and higher measured thrust peak. Because the instantaneous mass-generation rate of
a solid-propellant grain scales with the product of burning-surface area, density, and linear burn rate, the enlarged
perimeter at the star’s points allows combustion gases to be generated more rapidly during the initial burn phase,
before the points erode and the burning surface transitions toward a more circular profile. This thrust profile
may be advantageous where a higher initial launch-rail departure velocity is required, since greater aerodynamic
stability may be achieved earlier in flight when the control surfaces are more effective at higher airspeeds.

The circular port, by contrast, exhibits a comparatively flatter and more gradually developing thrust curve,
consistent with its smaller and less rapidly changing burning perimeter. Taken together, the two experimental
variables examined in this study—catalyst chemistry and grain geometry—appear to act through largely
independent physical mechanisms and may therefore be evaluated jointly. A tobacco-ash-containing propellant cast
with a star-shaped port could combine a higher measured chemical burn rate with geometrically increased initial
thrust. However, determining whether these effects are additive would require a dedicated controlled experiment
evaluating both factors simultaneously, which is beyond the scope of the present study.

CONCLUSION AND SUGGESTIONS

The experimental results identify two complementary factors that may influence the flight performance of
model-rocket motors. First, tobacco ash—a waste-derived biomass material containing CaCO3, K,CO3, and trace
metal compounds—showed potential as a relatively low-cost additive for KNO3-based propellants. Under the tested
conditions, the formulation containing 3 wt.% tobacco ash produced higher measured burn-rate, specific-impulse,
and flight-altitude values than the selected Fe,03 reference formulation. Its relatively low expected cost and the
productive use of an otherwise discarded waste material suggest that tobacco ash may represent a potentially
useful alternative warranting further technical and environmental evaluation.

Second, replacing the conventional circular grain port with a six-point star-shaped port increased the initial
burning perimeter and produced an earlier and higher measured thrust peak. This characteristic may contribute to
greater launch-rail departure velocity and improved early-flight stability.

Future work should employ a controlled experimental design evaluating both variables simultaneously,
alongside particle-size optimization of tobacco ash, chemical characterization of its composition, measurement-
uncertainty analysis, and systematic assessment of long-term grain-storage stability.
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