
J. Aerosp. Technol. Manag., São José dos Campos, Vol.7, No 2, pp.193-199, Apr.-Jun., 2015J. Aerosp. Technol. Manag., São José dos Campos, Vol.7, No 2, pp.193-199, Apr.-Jun., 2015

ABSTRACT: The potassium nitrate (KNO3)/sucrose 
(C12H22O11) propellant, known as KNSu, is traditionally used 
in rocket studies by amateur groups. Performance tests 
of KNSu, whose composition is 65 wt% KNO3 and 35 wt% 
C12H22O11, cold-manufactured by mechanical press, are 
presented in this paper. The study determines the behaviour 
of density (ρ) and burning rate (r) as function of compression 
pressure (Pc) for the propellant grain manufacturing. Forty-
four samples were prepared and tested, for seven different 
values of Pc. It was observed that ρ and r depend on Pc, 
according to quadratic polynomial functions, and the mass 
flux per unit area is a constant.
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INTRODUCTION

The potassium nitrate (KNO3)/sucrose (C12H22O11) propellant, 
known as KNSu, is traditionally used in rocket studies by amateur 
groups. Both components are easy to buy, their combustion 
products are non-toxic and this propellant can produce relatively 
high specific impulse, with values higher than the ones obtained 
by black gunpowder commonly used in model rockets (Leslie 
and Yawn, 2002).

Traditional methods employed in the production of propellant 
grains involve fusion (recrystallization) process. In this case, 
both propellant components are grinded and mixed. After, the 
mixture is heated until the sucrose fusion around the nitrate 
grains, forming a doughy mixture which can be placed in 
molds with a proper propellant grain design, and is cooled 
in sequence (Vyverman, 1978; Nakka, 1984). This methodology 
produces high density propellant grains (Nakka, 1984); there 
are, however, risks associated to the propellant combustion  
by the heating process. Many amateur rocket builders, who use  
this methodology, consider it secure; nevertheless, it is 
indispensible the use of equipments that provide a slow and 
gradual heating process, as well as the control of temperature 
along the fusion process (Nakka, 1997).

In this paper, however, an alternative methodology for 
cold manufacturing was studied. It involves the grinding 
and mixture of components, as well as the preparation of 
propellant grain by compaction of components in a die with 
the use of a hydraulic press machine. Cold manufacturing, in 
different ways, was used by Marchi et al. (1990), Moro (2013) 
and Thompson (2014). According to Nakka (1997), heated 
propellant is inherently more hazardous than cool propellant 
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for two reasons: (1) less energy is required to ignite it; and 
(2) burning rate of hot propellant is much greater, perhaps 
by a factor of five.

The aim of this paper was to provide the propellant grains 
production in a simple way, consisting only on grinding and 
mixing the components, in absence of a heating process. 
The used security recommendations were basically the ones 
relative to chemical products manipulation (Wallace, 1995), 
described by Nakka (1997). Furthermore, a study of how to 
determine the dependence of density on compression pressure 
was made, comparing different propellant batches.

METHODOLOGY
SAMPLE PREPARATION

The used propellant components for sample manufacture 
were potassium nitrate and refined sugar. Each component 
was milled in an individual mill with rotary blades. Each 
mill was carried up to 90% of maximum volume and used 
by 30 s.

After grinding, the components were stored in individual 
pots. The chemical composition adjustment was made by 
measuring the components’ masses in a scale with 0.01 g 
resolution. The components were then placed in a third 
hermetic pot and each 100 g of propellant were manually 
shaken for 15 min. 

Samples present a parallelepipedal shape, with approximately 
60 mm x 20 mm in transversal section and height between 7.8 
and 9.4 mm dependent on the applied compression pressure. 
All samples were manufactured with 16 g of powdered 
components. The experiment consists of nine tests. Each  
test was composed by five samples, except by the first one, which 
was made with four samples, totalizing 44 samples. Moreover, 
the propellants for these nine tests were prepared in batches 
(i.e. different mixture preparation operations): for tests 1 to 
5, five different propellant batches were prepared; for tests 6  
to 9, only one batch was made.

The applied forces on each sample, for a given test, were 2, 
4, 6, 8 and 10 tons-force. Exceptions were: (1) the 1st test, for 
which one sample was compressed with 3 tons-force, two with 
6 tons-force and one with 9 tons-force; and (2) the 6th test, for 
which all five samples were compressed using 6 tons-force. 
Because of this, seven nominal pressures were generated for 
different compression pressures, approximately, equal to 16, 
24, 32, 48, 64, 72 and 80 MPa.

The following forces were neglected, since they are relatively 
small: friction forces of the hydraulic cylinder gasket; the 
deformation forces related to the return spring of the press 
hydraulic cylinder; and the friction forces between the punch 
and the die. Then, considering the pressurized system in 
equilibrium, the following relation can be applied:

where:
p1: pressure inside the hydraulic system; Pc or p2: compression 

pressure; A1 and A2: areas of the hydraulic cylinder piston and 
the sample under compression pressure, respectively; F1: force 
produced by the pressure of the hydraulic system acting on 
the piston area. 

DENSITY EVALUATION
After the press process, the samples were removed from 

the die and cleaned with a cloth in order to remove small 
detached grains. For each sample, measurements consisted 
of: length (once), width (at three different positions along the 
sample length) and thickness (at six different positions along 
the sample length). These several measurements of width and 
thickness were made since there were small imperfections in 
both punch and die.

From the average of all dimension values, it was possible 
to evaluate the volume of each sample and to obtain the 
density as a ratio of the measured mass by volume. Since the 
KNSu samples are: (1) highly hygroscopic and (2) porous, 
it was preferable to evaluate the volume of each sample in a 
stereometric form in spite of immersing samples in a liquid, 
which is a common practice.

The obtained value for density could be compared to the 
theoretical density ρt, which considers the mass fraction of 
components and their respective densities as crystalline solids; 
in other words, it supposes a sample without any porosity, so it 
stands an upper limit to density to be obtained in tests:

where:
ρKN and ρSU: density values of potassium nitrate (2,109 kg/m3) 

and sucrose (1,581 kg/m3), respectively; xKN and xSU: mass fractions 

(1)

(2)
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of nitrate and sucrose (fixed as 0.65 and 0.35, in this work), in  
this order. 

Atmospheric pressure variation was not significant for all 
tests, so it was irrelevant for analysis. Tests were conducted at 
atmospheric pressure specially by the fact that, under these 
conditions, burning rate presents the smallest possible values, 
what can be of useful for the design of small experimental 
rocket motors.

Otherwise, room temperature presented variation for 
all tests: temperature range of 20.0 to 28.0°C with average 
temperature of 25.4°C. However, for each test, samples were 
burnt basically at the same room temperature.

BURNING RATE MEASUREMENTS
All burn out process occurred in open and well ventilated 

conditions. A 30 fps video camera was placed orthogonally 
to the flame propagation direction, in order to minimize 
parallaxes error. A graduated scale was placed in parallel 
to each sample to enable the measurement of the burning 
rate at atmospheric conditions in Curitiba, Brazil, 916 m 
and 90.6 kPa.

All samples presented five faces isolated by a thick layer of 
glue, which allowed the flame propagation in only one surface. 
The chosen surface was the one with the smallest area, on which 
a thin layer of glue was placed. Black gunpowder was placed on 
it, as a way to guarantee a simultaneous burning ignition of all 
surface. For safety reasons, a fuse was used to ignite the powder.

The burning rate was obtained by measuring the time interval 
needed by the flame to cover the distance between two arbitrary 
points on each sample, namely: from 0 to 20 mm, from 20 
to 40 mm, from 40 to 60 mm, from 10 to 30 mm, from 30 to 
50 mm, from 0 to 30 mm, from 30 to 60 mm and from 0 to 60 mm. 
These sets of points were chosen to verify if the burning rate 
varies locally at the sample length.

According to Douglass et al. (1972) and Fordham (1980), 
most solid rocket propellants present a dependence of burning 
rate on pressure at combustion chamber, which can be 
described by:

However, depending on the author, other sets of measurement 
units for both pressure and burning rate are employed (Vyverman, 
1978; Nakka, 1984; Marchi et al., 1990; Stancato and Miraglia, 1997; 
Stancato et al., 2000). Nakka (1984, 1997) used Eq. 3 to determine, 
experimentally, the parameters a and n for KNSu propellant. In 
this work, only the burning rate for local atmospheric pressure 
(90.6 kPa) was evaluated.

RESULTS AND DISCUSSION

Figure 1 shows the burn process of a typical sample. 
At the two lower frames of Fig. 1, the burning surface is 
not clear because of the fact that traces of glue layer did not 
burn as easily as the propellant. Since the flame front is not 
completely homogeneous, it is difficult to decide exactly when 
it achieves the initial and final positions. Because of this, each 
measurement was repeated three times. This strategy allowed 
the evaluation of uncertainty ranges for the burning rate, 
based on t-Student distribution with 95% confidence level. The  
highest interval was observed for sample 6 and presented 
0.20 mm/s of amplitude, i.e. 8.4% with respect to the average 
of sample 6.

For some samples, the burning rate was spoiled by the 
inhibitor inefficiency, which conducted to the burn process 
in faces other than the one activated by the black gunpowder. 
Sometimes the flame did not uniformly begin in all activated 
surface, as expected, or it presented some delay points. When 

where:
r: burning rate (mm/s); a: constant dependent on the 

propellant (mm/MPa·s); P0: pressure at combustion chamber 
(in MPa); n: pressure coefficient (non-dimensional). 

Figure 1. Stages of a sample burn: (a) burn ignition with a 
fuse; (b) and (c) flame front propagation.

(a)

(3)

(b)

(c)



196
Foltran, A.C., Moro, D.F., Silva, N.D.P., Ferreira, A.E.G., Araki, L.K. and Marchi, C.H.

J. Aerosp. Technol. Manag., São José dos Campos, Vol.7, No 2, pp.193-199, Apr.-Jun., 2015

these phenomena were observed, the flame front propagation 
was not parallel to the original surface activated with 
gunpowder. Because of this, from 44 samples, 44 density and 
only 33 burning rate measurements were obtained. Most 
problems were observed in initial tests, occasions in which 
the samples were not efficiently inhibited.

As expected, density values increase with higher compaction 
pressures. Nevertheless, they are lower than the ones obtained by 
Nakka (1997) and most ones obtained by Vyverman (1978), which 
used the fusion process. However, the highest values obtained in 
this work (at about 80 MPa) are compatible to the ones observed 
by Vyverman (1978). The observed values are higher than the 
ones obtained by using similar production processes, such as  
presented by Marchi et al. (1990) and one of the authors  
(Moro, 2013) for rocket motors made using PVC tubes (observing 
that, in this case, the burn process can occur at slightly higher  
pressures than the atmospheric one). Marchi et al. (1990) produced 
the propellant in a similar way to the present in this work, 
however, without using a hydraulic press machine; in this case, 
the propellant was mixed with acetone in order to obtain a kind of 
paste which was poured into the motor, manually pressed and 
then placed to dry.

From experimental results, three second-order polynomial 
functions could be adjusted to data: (1) correspondent to tests 1 to 
5, i.e. data from five different batches — Eq. 4; (2) correspondent to 
tests 6 to 9, i.e. data from only one batch — Eq. 5; and (3) the general 
behaviour of all experimental data — Eq. 6. All polynomials describe 
the average density (ρ) as function of compaction pressure (Pc): 

to 9), results are over and under the respective polynomial 
fit equation. Based on these facts, it was preferable to use the 
average behaviour of all tests, i.e. Eq. 6. 

The behaviour of Eq. 6 can also be graphically seen in Fig. 2, 
with experimental results for all samples of all tests. Figure 2 also 
includes results from other authors and the theoretical density, 
described by Eq. 2.

Tests 6 to 9 were prepared from the same propellant batch; 
because of this, similar results for these tests were expected. However, 
these tests also presented a similar behaviour to the first five ones. 
Test 6, for which all samples were pressed with 48 MPa, produced 
samples with almost the same density values and, because of this, 
there are several overlying marks of these five samples in Fig. 2.

Values of all samples were grouped according to compaction 
pressure and, based on t-Student distribution with 95% confidence 
level, uncertainty intervals were obtained. They are shown 
in Fig. 2 and the highest value was observed for the 64 MPa 
group, for which the amplitude was 180 kg/m3, i.e. 11% related 
to the average value obtained by Eq. 6. A similar analysis, made 
only for samples of test 6, presented an uncertainty interval of  
21 kg/m3, i.e. 1.3% related to the average value obtained by Eq. 6.

The burning rate was measured for different regions of 
samples and the results were analyzed. All samples exhibited 
small variations in local burning rate; however, none evident 
behaviour was observed and, because of this, the average 
burning rate observed from 0 to 60 mm was used as reference 
for all analyses of this paper.

For these three equations, Pc and ρ are given, respectively, 
in MPa and kg/m3.

Although the three curves given by Eqs. 4 to 6 are not 
exactly coincident, they present the same general behaviour. 
Experimental uncertainties for each group of tests were also 
evaluated and it was verified that differences among all results 
are not significant. For each group of batches (1 to 5 and 6 Figure 2. Density versus compression pressure.
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From experimental data, a second-order polynomial function 
could be adjusted to evaluate the average burning rate (r) as 
function of compression pressure (Pc) for: (1) tests 1 to 5 — Eq. 7; 
(2) tests 6 to 9 — Eq. 8; and all experimental data — Eq. 9:

value was 0.55 mm/s, which corresponds to 21% related to the 
average of such group. The same analysis, however, considering 
only test 6 (48 MPa), presents an amplitude of 0.15 mm/s, i.e. 
6.4% related to the average of test 6.

Figure 3 also includes results from other authors: Aravind 
et al. (2013), Moro (2013), Nakka (1984) and Vyverman 
(1978). As can be seen, the burning rate presents an opposite 
behaviour compared to density, since it decreases with  
higher values of compaction pressure. Since the sample 
preparation in this work takes a different process from Nakka 
and Vyverman ones, these authors did not study the influence 
of compression pressure on the burning rate. The observed 
experimental results, however, are slightly closer to Vyverman’s 
ones than from Nakka’s; they are also nearer Aravind’s results, 
which also produced the propellant by a different process, 
than the one proposed in this work. 

Since density and burning rate presents opposite behaviors 
in relation to compression pressure, it was analyzed how it affects 
the combustion gases mass flux, which is given by (Sutton and 
Biblarz, 2010):
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where:
Pc and r are given, respectively, in MPa and mm/s. 
Although the average burning rate equation correctly predicts 

all experimental data (including experimental uncertainties), the 
burning rates present a kind of dependence on the batch: tests 
conducted with samples from batches 1 to 5 presented higher 
values for burning rate when compared to tests conducted with 
the samples from the other batch. It is emphasized, however, 
that the average behaviour, represented by Eq. 9, predicts well 
all experimental data.

The confidence intervals shown in Fig. 3 were evaluated 
based on t-Student distribution with 95% confidence level. The 
amplitude of the major interval, for all tests, was observed for 
the sample group with 32 MPa compaction pressure. The obtained 

where:
Ab: burn surface area. 
The result from burning rate times density can be identified 

as gases mass flux (ṁ) per unit burn surface (Ab), which is 
graphically presented in Fig. 4. In this figure, results of all 
samples that presented a regular burn process are presented. 
It was also observed that the gases mass flux per unit of burnt 
surface presents an average value of 3.83 kg/(m2s). It was verified, 

(7)

(8)

(9)

(10)

Figure 4. Mass flux per unit area versus compression pressure.

m = ρ r Ab

r = 3.15x10-5Pc
2 – 9.14x10-3Pc + 2.88

r = 4.18x10-5Pc
2 – 9.38x10-3Pc + 2.75 

r = 5.68x10-5Pc
2 – 1.13x10-2Pc + 2.86 
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however, that depending on the batch, this average can slightly 
change: for tests 1 to 5, the average is about 3.93, while for tests 
6 to 9, it reduces to 3.74. 

Figure 4 also presents the confidence intervals based on 
t-Student distribution with 95% confidence level related to 
experimental data. The highest interval occurs for 32 MPa 
pressure and is equal to 0.98 kg/(m2s), i.e. it varied 26% related 
to the average. In this case, in spite of the average of each group, 
the average of all samples was employed, since it is nearly 
independent of the compaction pressure. Even if the averages 
of different tests are different, considering the experimental 
uncertainties, the average of all tests correctly represents all 
data. The confidence intervals for all analyses are coincident 
and, because of this, one cannot affirm that the three averages 
are different.

A last important aspect to be mentioned is related to the 
solid and liquid residua accumulation on the surface where the 
samples were burnt. Apparently, non-gaseous phases, specially 
potassium carbonate (K2CO3), can adhere to the rocket nozzle. 
Figure 5 shows accumulated residua after the burn process 
of four samples. The quantity of residua was not measured, 
specially because it was strongly adhered  to the plaque surface 
and a fraction of it was ejected far from the test place. The two 
samples in the upper portion of Fig. 5 seem to have generated 
more carbonate residua and the two lower portions, more 

carbon residua. It can indicate that the compounds mixture 
was not exactly homogenous in these samples.

CONCLUSION

In this paper, KNSu propellant was processed by cold 
manufacturing. Although the observed density values were, 
in general, lower than the ones obtained by fusion process, for 
the higher applied compression pressures (at about 80 MPa), 
results were similar to the ones obtained by Vyverman (1978). 
It corroborates the feasibility of KNSu cold manufacturing by 
mechanical press.

From experimental data, it was observed that density (ρ) 
increases with higher values of the propellant compression 
pressure (Pc) according to a second-order polynomial function. 
Moreover, the propellant burning rate (r) also depends on Pc 
according to a second-order polynomial function; however, r 
decreases with higher values of Pc.

It was also observed that the product ρ times r, which 
represents the mass flux per unit area, is nearly constant for 
samples obtained by the cold manufacturing.
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