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Abstract

The paper is focused on the effects of carbonaceous materials on the combustion performance of
widely known rocket propellant hydroxylammonium nitrate (HAN: [NH3OH]'[NO3]"). In this
work compared the combustion of the HAN-based propellant with that of carboxymethyl
cellulose gel and high surface area activated carbon based on vegetable raw materials as a
carbonized rice husk. Based on results described the influence of additives on the reaching of
linear burning rates of the propellant, were determined under a range of pressures up 10 atm to
70 atm in nitrogen media as a pressurizing agent. A kinetics study of thermal decomposition of
HAN propellant with the activated carbon activated carbon 1 wt. were assessed by differential
thermal analysis (DTA — TG) at different heating rates. Based on DTA results shown, that the
additives of activated carbon decreases the ignition temperature and activation energy of HAN
propellant compared to the propellant alone. Carried out the hard ionization of the HAN and
activated carbon mixture that investigated by electron ionization mass spectrometry at different
heating rates (from 16 K/min to 128 K/min). The formation intensity of major products and
product distribution showing the effect of activated carbon on thermal decomposition of HAN
based propellant.
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1. Introduction

In the aerospace industry as liquid propellants in the satellite control elements, hydrazine
mostly used as a type of fuel. Widely applicable catalyst for the monopropellants is iridium
metal, which as known as very expensive. Unfortunately, propellants based on hydrazine
considered extremely toxic. Among the possible alternatives of hydrazine use of ionic liquids
containing ionic oxidizer, fuel and water as a new propellants [1, 2].

HAN - is a high-energy substance that has the prospect of becoming a substitute for
hydrazine, so it becomes very popular in the field of propellants [3]. This material is less toxic,
has a high density and performance superior to most energy-intensive materials used and is
regarded as the primary oxidant for hybrid rockets. The main HAN-precursor is a
"hydroxylamine - HNOH »,

OH group substitution product of one hydrogen atom of ammonia NHj in the molecule. From
extensive studies, we can to characterize burning behavior of HAN and pressure effects on the
burning rates and flame structures of HAN and HAN-based liquid propellants [4-6].

The problems of old and recent fuels is that they are performance still less satisfactory in
use. Therefore, has been considerable interest in using additional additives like nanoparticles of
Al and SiO, [8], variations of carbon or different catalysts to enhance of performance of rocket
propellants.



In this work, as the recent perspective additives investigated the carbonaceous material with
high specific surface area - Activated carbon (AC) based on rice husk (RH). RH is a large-scale
vegetable unique material, e.g.: it is a renewable, green material with low commercial value [7].

The main purpose of research is the comprehensive study of combustion behavior of a
"green alternative" propellant hydroxylamine nitrate in the presence of the different of high SSA
(up to 3000 m?/g) activated carbon types.

The paper consists of three main research tasks: (i) Experimental investigations of effect of
carbonaceous material on the linear burning rates of the HAN-based propellant in high-pressure
chamber. (i1) Kinetic analysis of the thermal decomposition of HAN-based propellant supplied
with SSA activated carbon by DTA-TG analysis. (iii)) EI-MS analysis of HAN thermal
decomposition mixed with different types of activated carbon for understanding of effect of
carbon on behavior of the investigated object.

2. Experimental
2.1 Burning test

To investigate the linear burning rate used strand burner and high-pressure chamber, the
where test samples are placed and pressed by the nitrogen gas. The ignition delay, initial
pressures and burning process recorded by Lab-view software (NI USB-6229) with the sampling
rate of 1000 Hz. The accuracy of pressure sensor is £0.5% FSO (Ful 1 Scale Output) which is
equal to 0.076 MPa. The high-pressure chamber equipped with a high-speed camera PHOTRON
with the settings 250 frames per second and a resolution of 640h488 pixels. The full
experimental setup shown in Fig. /. The experiments of combustion of HAN monopropellant
with carbonized rice husk was carried out in high-pressure chamber by ignition with electric
power at constant pressures from 10 atm up to 70 atm. Burning process of HAN-based
combustion was taken by high speed video camera. The high-pressure chamber placed
compacted samples weighing 2 g, 1 cm in height and 6 mm in diameter. The two ends of the
specimens embedded with sensors for determining of burning rate by method of break point [1],
which connected to the oscilloscope. Upon reaching the required level of pressure initiation
performed by external electric power and a polymer binder GAP (glycidyl azide polymer).

2.2 The differential thermal analysis

The thermal and catalytic decompose of HAN-based propellant in the presence of the
activated carbon investigated by thermal analysis apparatus with a batch reactor. Thermal
analysis combines several methods of investigation after a TGA, DTA methods TG-DSC. The
DTA-TG dates recorded in the versus time, under nitrogen/argon flow (100 ml min") and
heating rates were fixed at 5-10°C min™' for thermal decomposition and 1°C min™ for catalytic
degradation.

In this study it was used a modulated DTA — TG apparatus operating at a temperature range
between -180 and +725 °C and within & 0.05 °C and a heating rate of 0.1 to 25 °C / min with a
sample weighing 200 mg. The this case DTA-TG allows to able to obtain the following
information: (a) initial temperatures; (b) evaporation point (endothermic peak); (c) temperature
of decomposition given by the inflexion point of the temperature curve; d) mass loss etc [9].
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Fig. 1. Scheme of an enclosed bomb to testing of burning rate

2.3 Electron lonization — Mass Spectrometry (EI-MS) analysis

The EI spectra investigated by using a TSQ 700 mass spectrometer with an adjustable
heating rate of samples. The electron energy was 70 eV and the emission current was 200 mA.
The ion source temperature was 150 °C, and the scan range was m=z 0-200. Trace amounts of
test samples were loaded into aluminum crucibles (SUS) and inserted directly into the source.
The probe temperature was ramped from 25 C to 600 °C at different heating rate 16K/min, 32
K/min, 64 K/min and 128 K/min. Data acquisition was start immediately following insertion.

3. Results and discussion
3.1 The combustion experiments in strand burner

Different types of high SSA activated carbon additives have been investigated and their
effects on propellant and enhance of the performance characteristics was analyzed. The linear
burning rates of the HAN-based propellant with the activated carbon additives monitored and
recorded by high-speed camera. In the results shown the ignition and burning characterization as
a function of additive concentration and initial pressure. The linear burning rates are determined
using by two methods, first is break point based on breaking of strings from a combustion wave
and second is determination of burning rate by graphical point relationship. In the Fig. 2. shown
compare the combustion of: (a) HAN-based propellant with that of carboxymethyl cellulose gel;
(b) HAN-based propellant with that of carboxymethyl cellulose gel and high surface area
activated carbon; (c) HAN-based propellant with activated carbon without gel (/g) at 50 atm
pressure.

As the results, can be seen that burn rate is much improved with the introduction of activated
carbon. The high velocity achieved under equivalent initial pressure even the addition of the
smallest additive 1% mass of using activated carbon. Noted, that the burning of both system with
is stable and has a laminar flame, accompanied by the releasing of a large amount of heat and
exhaust gases. Characteristics of the above compositions show a good prospect of application of
these combinations as propellants.
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Fig. 2. Captured images of regression process during combustion of HAN based propellant
with various additives.
(a) HAN-based propellant containing 10 wt % Carboxymethyl cellulose gel at 50 atm.,
I, = 32.05 mm/s ™.
(b) HAN-based propellant containing 10 wt % Carboxymethyl cellulose gel and 1 wt %
Activated carbon (CRH-KOH) at 50 atm., r,, = 52.9 mm/s.
(c) HAN-based propellant containing 1 wt % Activated carbon (CRH-KOH) at 50 atm., r},
=143.6 mm/s™.



3.2 Experimental studies of Thermal analysis of decomposition HAN with carbonized
rice husk by DTA-TG

Figure 3 shows the results of DTA and TGA at 20 K/min heating rate on nitrogen media. The
graph (a) shows data thermal decomposition HAN water solution (95%) where initial

temperature point start from 185.2 °C. The graph (b) presents the thermal analysis of

decomposition 90% HAN with 10% CRH-KOH-475. After including activated carbon in the

mixture the initial temperature two times decries and held from 86 °C.
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Fig. 3. TGA-DTA results of the analysis at different ratios of HAN with CRH-KOH: a)
DTA-TGA analysis of HAN decomposition (100%); b) The DTA-TGA analysis HAN
decomposition (90%) / CRH-KOH (10%);

Decomposition kinetics of mixture (HAN spiked with the 1 AC mass %) was assessed by
DTA — TG thermal analysis at different heating rates. DTA-TG analysis results showed that the
initial temperature of HAN decomposition in the presence of the obtained RH-based AC is
comparable to Iridium catalytic effect, e.g.: the effect of 1% AC on initial temperature from
185/86 °C vs 1% Ir 185/75 °C. The thermal decomposition of HAN/CRH-KOH mixtures, were
conducted experimental sets of decomposition analysis in different heating rate (5 K/min, 10
K/min, 15 K/min and 20 K/min). Based on the DTA-TG results of the analysis in Figure 1 can
assume the strong effect of CRH- KOH -475 on the decomposition of hydroxylammonium
nitrate. Study the decomposition at different heating rates is allowed (in Figure 4) us to
calculated the activation energy by using the isoconversional method suggested by Starink [10],
because this methods more accurate value. Results of calculations of activation energy by Ozawa
plot 87,946 KlJ/mol, by Kissenger a plot 83.835 KJ/mol compared with 112,968 KJ/mol.
Therefore possible to assume that the carbon exhibits pseudo catalytic effect of activated carbon.
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Fig. 4. The non-isothermal analysis of activation energy of HAN based monopropellant
with activated carbon by a) KISSINGER; b) OZAWA methods.

3.1 The results of EI - MS

Presented the results of mass spectrum of a HAN based propellant with carbonaceous
materials. Effect of the heating rate on product distribution of HAN based propellant with
addition of different types of activated carbon (CRH-KOH and CRH- K,COs). Shown the
comparison of the product distribution of primary and secondary gaseous products during the
decomposition of investigated materials. The mass spectrum of a HAN based propellant with
activated carbon (CRH-KOH) is shown in Figure 5. The hard ionization analysis held on 64
K/min heating rate conditions by EI - MS. The observed spectra at the initial temperature and
total ion current intensities increased with temperature around 450 °C. The base peak, m/z=30
(NO), which proves that the peaks m/z=46 (NO,). Peak m/z=28) corresponds to a molecule of
CO gas that is formed through the interaction of activated carbon KOH-activated with
hydroxylamine nitrate.
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Fig. 5. EI-MS analysis of total gaseous products of decomposition of HAN with carbonized



rice husk.

The elemental composition of the most important fragment ions, determined by high
resolution MS analysis, was the following: m/z 14 = N, m/z 18 = H,O (major ion), m/z 28 = N,
m/z 30 = NO (major ion), m/z 32 = 0O, m/z 33 = H3;NO (hydroxylamine),
m/z 44 = N,O, m/z 44 = NO,. The results of the study completely coincide with the data of Lee,
H., and Litzinger, T. A. work [11], where water, nitric acid and nitrogen oxides are the main
products.

Figure 6 shows the EI-MS analysis of HAN at different heating rates. Impact of heating rate
on HAN mixture moiety affect on the change of products distribution of two important ions, m/z
30 and ion m/z 46. Distribution of the products of major gases (NO, NO, and H,O) was varied.
The obtained major gas products of the decomposition of HNO;j is responsible for the formation
of NO and NO,. The formation rate of nitrogen oxide depends on the time of oxidation. Shown
all detected formation products of formulation decomposition. Peak 33 m/z indicate the
formation of H3NO. It should be noted that the substance is always backed up by a peak 16 m/z
and 32 m/z peaks (oxygen) and 17 m/z, 18 m/z 19 and m/z, which indicates the water course.
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Fig. 6. Effect of heating rate on the product distribution of HAN decomposition with a)
CRH-KOH; b) CRH-475 K,CO3; at 64 K/min heating rate.

At low heating rate experiments around 16-32 K/min is defined that unrealized oxygen is
responsible for the oxidation of NO to NO,. This is can be seen clearly explained to a regular
increase of NO; intensity at low speeds Gas NO, rapidly dissociate at high pressures. When this
process occurs and in formed products increases the concentration of NO, followed rapid
decrease the reaction temperature due to consumption of heat for dissociation NO, molecules.

The including of activated carbon in the propellant composition, the m/z 30 = NO
concentration is clearly decreases. It is shown that in order to reduce the pollution of NO gas, the
type of used carbon acts an important role. The comparison of the products distribution depend
on type of AC shown in Fig. 7. When carbon is added, the formation of NO gas falling down to
25-30%, which is a fairly interesting effect, considering the activated carbon concentration of
only 1% of the total mass.
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Fig. 7. Comparison of product ion distribution for KOH and K;COj; activated carbon and
pure HAN without carbon at 128 K/min heating rate

Conclusion

The linear burning rates of HAN based propellant have been studied at the high pressures,
exploring the effects of carbonaceous materials additives, based on vegetable raw materials as a
carbonized rice husk. In all cases, the burning rate of HAN propellant was increased
approximately tree times with the addition of carbonaceous additives in comparison with used
HAN/CMC mixture. Also, shown that the linear burning rate of HAN can be high that other
additives, even with low concentrations of activated carbon. Enhancement of the propellant
burning rate is relate to the increasing heat of reaction, due to the accumulation of energy in the
structural defects of carbon. The results from the combustion process of HAN — based
propellant and carbonized rice husk additive showed that changed a mechanism of
decomposition of reaction of pure HAN. The results EI-MS and DTA-TG shows acceleration of
reaction rate, decreasing of ignition temperature, going down of activation energy and increasing
of intensity of formation of gas products of propellant depend on type of injection carbon.
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