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Abstract: Study conducted for this paper was to under-
stand the effect on a) enthalpy of combustion and b) igni-
tion delay for gelled hypergolic propellants for the alcohol
family, when carbon chain length is varied from ethanol to
heptanol. Gel propellant formulated from the alcohol fam-
ily, ethanol to heptanol, using organic gel with least weight
percent added was 2 wt% by weight of the gelling agent. It
was observed that the enthalpy of combustion of only pure
ethanol gel fuel shows a marked increase in energy with re-
spect to pure liquid and metalized gelled ethanol. Whereas,
in the case of other alcohol fuel from propanol to heptanol,
the enthalpy of combustion of both gel and metalized gel
case is lower with respect to their respective liquid state.
Hypergolicity of the formulated gel propellant were ach-

ieved using two catalyst CCAT (Copper (Il) chloride) and
MCAT (Manganese (ll) acetylacetonate) with Hydrogen Per-
oxide (Purity>90%). The ignition delay time of the for-
mulated gel system with hydrogen peroxide in the pres-
ence of catalyst was also investigated and it was observed
that the ignition delay time of the all the investigated gels
(both pure and metalized) were lower with MCAT with re-
spect to CCAT. The delay time increases for both the cata-
lysts with formulated gel alcohol fuel with increasing car-
bon chain. At the same time with increase in carbon chain
and decrease in vapor density of the fuel, the respective in-
vestigated fuel in liquid phase were not hypergolic in the
presence of MCAT and CCAT catalyst except for propanol
and butanol, which showed hypergolicity only with CCAT.
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1 Introduction

Development of monopropellant and bipropellant pro-
pulsion systems raises some environmental issues, most
commonly, regarding the toxicity of the combustion bi-
product gases. The nature of exhaust gases (toxic or non-
toxic) directly dependent on the type of propellant utilized.
Over the past few decades of research and development
and awareness regarding environmental issues, alternate
green propellant is an emerging field of interest for pro-
pulsion scientist. Despite the fact most effective propellants
are hazardous in nature, they are also unstable difficult to
store and are very expensive to synthesis. Storability, econo-
my and good performance, when choosing a propellant for
propulsion application, are also important among other is-
sues. This switched the interest of the researchers in the
field of non-toxic propellants [1-3].

ADN, HAN and HNF are most promising as high energy
green propellants, these propellants have complex and con-
sists of large complex organic molecular structures, which
are very expensive and difficult to synthesize. For pro-
pulsion application these propellants are formulated in an
jonic liquid state. These ionic propellants require elevated
pressure and temperature to initiate decomposition. On the
other hand, the propellant grade hydrogen peroxide is sim-
ple and economical to synthesize and requires lower pres-
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sure and temperature to initiate the decomposition. In
terms of performance, relatively the ionic liquid propellants
require expensive metal catalyst such as Pt, R, Ir, Ag, etc. to
generate decomposition which in turn provides the specific
impulse, Isp, ranging from 225 s to 280 s. Rocket grade Hy-
drogen peroxide (HP, purity >90%) can generate a similar
Isp and higher (280 to 300 s) with economical catalyst such
as MnO, MnO,, CuCl, and acetonates [1-3].

The physical property of HP is close to water with three
noticeable differences: (1) higher density (1.45 g/cm®), (2) low-
er vapor pressure (666 Pa), (3) freezing point based on HP con-
centration (for 100% purity freezing point is —0.43 °C, for 60%
purity freezing point is at —55 °C). All these values are at stan-
dard temperature and pressure (at 1 atm and 20°C). It remains
in the liquid state at ambient pressure in a wide range of tem-
perature and is relatively easy to handle with respect to other
liquid rocket propellants like dinitrogen tetroxide, HNO; (den-
sity=1.51 g/cm®, vapor pressure=6399.5Pa and freezing
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point=—42°C), LOx (density=1.141 g/cm?®, and freezing
point=—218.79°C) [4-11].

Hypergolicity is one of the important parameter to make
the bipropellant propulsion system simpler, due to reli-
ability of self-ignition system that does not use a separate
igniter hardware and associated triggering system for igni-
tion. Most of the existing traditional hypergolic liquid bipro-
pellant system such as UDMH-RFNA, MMH-RFNA, MMH-NTO
are very toxic, corrosive and carcinogenic, hence not envi-
ronmental friendly. One alternative to these propellants is to
use alcohol-hydrogen peroxide for bi-propellant system. Al-
cohol and hydrogen peroxide based propulsion system is
non-toxic and economical, which is a demand for present
and advance propulsion application. This type of propulsion
has already been proposed during world war Il, in systems
such as V2 rockets. The problem is the instability which is
inherited from ethanol, due to its high vaporization rate. To
overcome this problem an additional compound is in-
troduced in the alcohol which act as a gelling agent and
form a stable gel propellant.

The gelation of such bipropellant system will add addi-
tional advantages to the fuel. Firstly, the gellant used being
organic in nature actively participate in combustion. Sec-
ondly, The gel system have the benefits of both liquid and
solid propellant [4-11]. Hypergolicity of such bipropellant
system with hydrogen peroxide can be achieved through
suitable catalyst as a catalytically driven hypergolic bipro-
pellant system [12-21]. The range of heat generated
(~Heat) is from 54 kJ/mole to 400 kJ/mole based on the de-
composition technique [1]. The decomposition of HP in
presence of catalyst as follows;

2H,0,(l) — 0,(g) + 2H,0(g) + AHeat (1)

Catalytically promoted alcohol-hydrogen peroxide based
bipropellant system (Eq. 1) is very eco-friendly and proven
to be effective not only for conventional propulsion system,
as used in the past (V-2), but also for future propulsion sys-
tem which can be further improved by gelation technology.
The most frequently used catalyst materials for HP are met-
allic silver, permanganates of alkali metals, manganese ox-
ides like manganese dioxide (MnO,) and di-manganese tri-
oxide (Mn,0;). For propulsion application as a hypergolic
gel bipropellant system, the HP decomposes into steam
and oxygen generating high temperatures in the presence
of suitable catalyst. The high temperature of the decom-
posed products enables auto-ignition capabilities with addi-
tionally injected fuels such as alcohol etc. Experimental in-
vestigations showed the auto-ignition threshold at a
chamber pressure of 1.6-2.2 MPa for ethanol with auto-igni-
tion temperature between 580-615°C which is generated
at the inlet of the combustion chamber (where hydro-
carbon fuels are introduced) for the given combustion
chamber design [22-25].

In presented work the choice of fuel (alcohol) and oxi-
dizer (hydrogen peroxide) for bipropellant system are con-
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sidered based on toxicity, storability and simplicity of the
overall propulsion system. In present study, efforts were
made to understand the effect of “enthalpy of combustion”,
hypergolicity and ignition delays (ID) for the formulated gel
propellant. Propellant is formulated from alcohol family by
varying carbon chain length from ethanol to heptanol, sta-
bilized with cellulose based gelling agent. In past [18,19],
weight percent of the gelling agent was reduced up to
6 Wt.%, in present studies this weight percent was further
reduced. The weight percent (wt.%) of gelling agent for ge-
lation with respect to the formulated gel propellant are dis-
cussed in the previous publications [6-8,17-19], this is done
to dominate the parent propellant properties and to reduce
the effect of gelling agent as much as possible, for better
performance. Propellants are generally characterized based
on its thermal energy generated during their combustion
for propulsion application. For a safe and better analysis of
these formulated propellants, the gross calorific value (GCV)
was conducted using “Parr Oxygen Bomb Calorimeter” [26-
28]. The choice of propellants used was, firstly, liquid alco-
hol with carbon chain varying from C2 to C7, as a base line
value for gel alcohol family. Secondly, for the formulated gel
alcohol (C2-C7), the fuel is further split into two categories,
a pure gel and an energized gel. The energized gel consists
of the suspension of the metal nanoparticles (Al) [29].

2 Experimental Section

Parent propellant utilized for the experiments consists of
ethanol to heptanol with 99.8% purity, these propellant
were purchased from Sigma Aldrich Corp., South Korea. The
gelling agent used for gellation is a cellulose derivative
(propyl cellulose). The gelling agent (GA) with molecular
weight 1000000, and powder with 20 mesh particle size
was used which will be presented as SP..

The oxidizer used is a propellant grade liquid hydrogen
peroxide (purity >90%). In order to reduce the decom-
position rate of the hydrogen peroxide and to maintain the
concentration of purity higher than 90%, the oxidizer was
kept in a refrigerator at a temperature of about 0 to 2 de-
gree Celsius. To avoid contamination the oxidizer was kept
in clean and light free place.

To achieve hypergolicity with the base fuel, catalyst has
to be introduced to the fuel, the catalyst used for the ex-
perimentation are, first, copper chloride hydrous (CuCl2-2-
H20, 99.999% pure, CAS No. 7447-39-4, Sigma Aldrich
Corp., South Korea), and the second catalyst used was Man-
ganese (ll) acetylacetonate (C10H14MnO4, CAS No.14024-
58-9, Sigma Aldrich). These catalysts will be represented as
CCAT and MCAT respectively.

Initially the propellants used for experimentation are in
pure liquid state to establish base line values for each liquid
propellant ((Ethanol (E.;;,), Propanol (Pro.;;,), Butanol (B..,),
Pentanol (Pen.;;;), Hexanol (Hex.;;,), Heptanol (Hep.;;,)). Sec-
ondly the gel propellant were formulated with organic (cel-
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lulose derivative) gelling agents along with parent fuel for
each liquid propellant. The gelled propellants are catego-
rized as follows, first, in pure state, and second, with addi-
tion of aluminium nanoparticles. These alcohol fuel gel sam-
ples comprise of 2 percent by weight (wt.%) of the gelling
agent (GA, SP2), which is considered as a pure case ((Etha-
nol (E.;), Propanol (Pro.;), Butanol (B.,), Pentanol (Pen.p),
Hexanol (Hex.p), Heptanol (Hep.p)), while for energized case,
2 percent by weight of nano-sized Al (100 nm) energetic
particle was suspended, and all the samples were referred
in the nomenclature and hereafter will be represented as
((Ethanol (E.), Propanol (Pro.,), Butanol (B.,), Pentanol (Pe-
n.), Hexanol (Hex.,), Heptanol (Hep.,)) respectively.

The gel formulation of a parent fuel requires the follow-
ing key components; firstly, parent fuel and secondly, the
type of gelling agent and its weight percent. The weight
percent of gelling agent affects the viscoelastic properties
of any formulated gel fuel, which is one of the key require-
ments for system to be considered as a gel. In this article,
the choice of mass fraction of components in a gel fuel was
based on these parameters (type of gelling agent and its
weight percent). The criterion for choosing the mass frac-
tion of components for gelation of parent fuel is based on
the viscoelastic property which in turn depends on type
and weight percent of gelling agent [6-11]. The references
[6-11] discuss the detailed understanding of gel fuel for-
mulation and its rheological characterization.

The hypergolcity of the formulated bipropellant was
achieved using transition metal salts along with 90% pure
hydrogen peroxide. The metal salts used are Manganese (ll)
acetylacetonate (C,,H,,Mn0O,, Sigma Aldrich) and Copper (Il)
chloride (Cucl,, Sigma Aldrich) which will be represented as
MCAT and CCAT, respectively. The experimental setup (Fig-
ure 1) and methodology to calculate the ignition delays are
similar to those discussed in reference [17-19]. Measured
volume of oxidizer is introduced using Eppendorf dropper
onto the propellant, catalyst mixture, with the high speed
camera the events are recorded and the time is calculated
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(Glass Slide)
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Figure 1. Hypergolicity and Ignition delay measurement setup, with
this setup flame temperature can be calculated with three thermo-
couples positioned as shown.
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from, when the propellant and oxidizer comes in contact to,
first visible spark or flame, this provides us with the ignition
delays. The camera used to study the ignition delays was
“Photron SA-X2" with the following settings;

Pixel density: 1024 x 1024
Frames per second: 5000 fps
Total frames captured: 21839
Total run time: 4.3678 s

Time per frame (This is the least count for the measures ig-
nition delay time): 2 x 10™* sec

The Gross Calorific Value (GCV) of the formulated gel
propellant was determined using the “1314 Oxygen Bomb
Calorimeter with 6772 Calorimetric Thermometer from Parr
Instrument Company” and compared with those for the lig-
uid parent fuel, and gelling agent calorific value. The oxy-
gen bomb calorimeter consists of two basic parts: (i) a con-
stant temperature jacket and (ii) the calorimeter bomb. The
latter contains one gram of weight sample in the sample
combustor. Heat liberated during the combustion reaction
in oxygen environment at constant pressure of 15atm is
transferred to the stirred water in the temperature jacket (2
liter of water) from the calorimeter bomb. A rise in the tem-
perature of the calorimeter water, after correction for heat
exchange with the jacket, is proportional to the enthalpy of
combustion of the test sample. The bomb calorimeter was
calibrated for enthalpy of combustion using known mass of
benzoic acid as a reference material.

3 Results and Discussion
3.1 Enthalpy of Combustion

Energy of the propellant that it submits to the system is vi-
tal for propulsion system. In order to determine the amount
of energy delivered by the fuel, its enthalpy of combustion
has to be measured [26-28]. For fuel that are formulated
with the gelling agent consists of two basic compounds,
firstly the parent fuel and secondly the gelling agent. The
choice of parent fuel generally gives off high heat energy or
have high calorific values, but, the selection of gelling agent
has an important contributing factor, the selected gelling
agent, changes the physio-chemical properties of the pa-
rent fuel which is causing the parent fuel to have thixo-
tropic properties. Gelling agent that cause an overall in-
crease in the propellant density, density impulse and
actively participate in combustion is considered to be a suit-
able gelling agent for propulsion application.

The gross calorific values of the parent fuel (liquid) with
respect to the formulated gel and metalized gel propellant
along with thickening agent are considered using Oxygen
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Bomb Calorimeter [26-28] and are given in Figures 2 and 3.
The results obtained are the average of at least four sets of
experiments. The errors introduced during the experiment
are from temperature measurements and length of ni-
chrome wire. The Parr Oxygen Bomb Calorimeter (Model:
1341), gives a temperature error of 0.002°C/min, whereas
for nichrome wire, the minimum error is 1 mm (least count
of the instrument). The weight of the fuel is approximately
1 gram with an error of 0.001 g. The pressure maintained in
the bomb calorimeter is about 15 atm with an error of
+0.5 atm [26-28].
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Figure 2. Calorific value study for alcohol from C2 to C7, catego-
rized as Lig. (liquid state), P (pure gel), Al (aluminum nanoparticles).
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Figure 3. Calorific value study for ethanol in liquid and gel state
with different wt.% and two different gelling agent (SP1 & SP2).
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This study will help to understand the enthalpy of com-
bustion of the investigated system. The whole process of
thermal utilization of fuels is influenced by the kind of fuel
used and its physio-chemical properties (e.g. carbon chain,
bulk density, vapor density, calorific value etc.) and also its
chemical composition. These parameters are the funda-
mental data for the measurement and the evaluations of its
efficiency and performance parameters which in turn define
the commercial value of such fuel for end application. The
basic characteristic, that is necessary for the definition of
the energetic content of the materials, is the “Gross Calorific
Value” (GCV) or high heating value. This value represents
the absolute specific energy of combustion of the fuel for
unit mass of a fuel burned in oxygen medium in a bomb
calorimeter [26-28].

During the enthalpy of combustion experimentation it
was observed that all the organic fuels (both liquid and gel)
undergo a complete combustion without any residual,
which shows that the organic gelling agent participate in
the combustion process of gel fuel (Figure 2). Residual was
observed, only in the case of energetic gel fuels suspended
with metal nanoparticles (Al) [29]. Lower calorific value was
observed in the case of pure gel and metalized gel system
with respect to parent liquid fuel for all the investigated al-
cohol family except for ethanol case (Figure 2). For metal-
ized case such observation, could be possible due to the
absorption of thermal energy by the suspended metal
nanoparticles in the gel system, during their oxidation proc-
ess occurring at the recommended operating pressure for
the bomb calorimeter (15 bars). The confidence interval for
the number of experiments conducted is about 95 %.

Ethanol gelled propellant with 2 wt.% of thickening
agent shows a higher enthalpy of combustion than the pa-
rent liquid fuel. Similarly, metalized gel shows higher en-
thalpy of combustion than parent liquid fuel but lower than
ethanol pure gel (Figure 2).

For better understanding a detailed study of ethanol
gelled propellant was carried out to evaluate the GCV for 8
different formulations. These formulations of gel ethanol
consist of two different kind of gelling agent. With these
ethanol gel formulations, it was observed that the gel sys-
tem with | owwt.% (SP2) of GA along with higher molecular
weight gives a higher enthalpy of combustion than the gel
system with high wt.% (SP1) of GA, of low molecular weight
as seen in Figure 3. From Figure 3 it can be deduced that
the wt.% of gelling agent contributes to the GCV, which in
turn can help to modify the enthalpy of combustion of the
formulated gel propellant and overall performance of the
gel propulsion system. Based on this observation the critical
wt% of the selected GA was used for the formulation of
high carbon alcohol family, gel systems. Hence, it can be
suggested that the gelation or solidification through gelati-
on technology with high wt.% of GA results in significant
decrease in the GCV value of the formulated gel system,
which in turn will decrease the enthalpy of combustion and
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Table 1. Ignition delay time of liquid and gel fuel.
FUEL Fuel Catalyst Catalyst Oxidizer Ignition Delay
TYPE Weight (g) wt.% () (ms)
Ethanol Liquid 0.2 CCAT 4 30 Rapid decomposition
Propanol Liquid 0.2 CCAT 4 30 119.6
Butanol Liquid 0.2 CCAT 4 30 194.5
Pentanol Liquid 0.2 CCAT 4 30 Rapid decomposition
Hexanol Liquid 0.2 CCAT 4 30 Rapid decomposition
Heptanol Liquid 0.2 CCAT 4 30 Rapid decomposition
Ethanol Gel 0.09 MCAT 4 10 7.3
Ethanol Gel 0.09 CCAT 4 30 Rapid decomposition
Ethanol Al Gel 0.09 MCAT 4 10 12.8
Ethanol Al Gel 0.09 CCAT 4 30 383
Propanol Gel 0.09 MCAT 4 30 10.6
Propanol Gel 0.09 CCAT 4 30 Rapid decomposition
Propanol Al Gel 0.09 MCAT 4 30 14.6
Propanol Al Gel 0.09 CCAT 4 30 41.0
Butanol Gel 0.09 MCAT 4 10 15.5
Butanol Gel 0.09 CCAT 4 10 264.6
Butanol Al Gel 0.09 MCAT 4 10 18.0
Butanol Al Gel 0.09 CCAT 4 10 73.6
Pentanol Gel 0.09 MCAT 4 10 40.5
Pentanol Gel 0.09 CCAT 4 30 303.0
Pentanol Al Gel 0.09 MCAT 4 30 37.0
Pentanol Al Gel 0.09 CCAT 4 30 198.9
Hexanol Gel 0.09 MCAT 4 10 1218
Hexanol Gel 0.09 CCAT 4 30 3549
Hexanol Al Gel 0.09 MCAT 4 20 38.5
Hexanol Al Gel 0.09 CCAT 4 30 Rapid decomposition
Heptanol Gel 0.09 MCAT 4 50 139.4
Heptanol Gel 0.09 CCAT 4 50 Rapid decomposition
Heptanol Al Gel 0.09 MCAT 4 50 98.8
Heptanol Al Gel 0.09 CCAT 4 50 Rapid decomposition

the overall performance of the gel propellant for the pro-
pulsion application.

The choice of selecting ethanol based gel propellant, for-
mulated using SP2 gelling agent is considered to provide a
significant advantage over its counterpart. Pure ethanol gel
shows a significant increase in the enthalpy of combustion,
which is above 35 kJ/g, jumping to levels of high carbon chain
alcohols, such as pentanol, hexanol and heptanol (Figure 2). It
is also evident that higher molecular weight, organic gelling
agent, when introduced into ethanol at critical wt.% provides
significant energy with respect to lower molecular weight, or-
ganic gelling agent (Figure 3). For propulsion lower molecular
weight, of byproduct, is better in order to achieve higher Isp,
ethanol, as a parent fuel, fulfil this requirement, as it has
98 wt.% in the gel formulation, this shows a significant chem-
ical properties of parent fuel resulting in improved perform-
ance with respect to parent liquid fuel.

3.2. Comparative Ignition Delay Time
Space propulsion application, the choice of parent fuel and

its performance is vital, similarly, from alcohol family the se-
lection criteria are based on the molecular weight of its by-
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product gases which determines the exhaust velocity giving
off high Isp. The hypergolicity of parent fuel is an important
property for propulsion system as well. In alcohol family the
hypergolic ignition is mainly dependent on the choice of
catalyst, the length of carbon chain and state of the propel-
lant, liquid or gel (Table 1).

In previous section it was determined that alcohol gel
along with gelling agent participate in GCV. Further studies
were conducted where gelled alcohol family was compared
to the parent fuel respectively. The study performed for the
alcohol parent liquid fuel from ethanol to heptanol (Table 1)
indicates for the choice of two catalysts (MCAT and CCAT)
only CCAT shows the hypergolicity for propanol and buta-
nol with long delay times. With addition of a selected gel-
ling agent, SP2, the formulated gel propellant of inves-
tigated alcohol family shows a promising trend in
hypergolicity and ignition delay (Table 1).

The volume of oxidizer was varied from 10 to 50 ul to
achieve hypergolicity for the formulated gel fuels. The incre-
ment in the oxidizer volume is by 10 pl. All the fuels were
initially experimented, firstly with 10 pl of oxidizer and the
data was recorded for fuels that ignited at this volume. The
volume of oxidizer was then increased to 20 pl and the gel
fuels were re-experimented, while data was recorded for
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fuels that ignited at this volume. Similarly, the volume of ox-
idizer was incremented up to 50 ul which is a significant
volume for a very small quantity of gel fuel. Based on these
experiments the least volume of oxidizer was observed for
different gel fuels to successfully achieve hypergolicity.
Therefore, based on these observations, Table 1 indicates
the minimum volume of oxidizer required for each for-
mulated fuel from ethanol to heptanol, to achieve hyper-
golicity with ignition delays. The experimental conditions
for the hypergolicity and ignition delay are fuel rich con-
ditions. While keeping fuel rich conditions oxidizer volume
was varied from 10 ul up to 50 pl to achieve hypergolicity in
all the cases and to measure ignition delays. This is to gen-
erate more bi-product gases when propellant and oxidizer
comes in contact and rapidly decomposes. For propulsion
system fuel rich system is preferred as more bi-product gas-
es are generated which in turn provide proportional
amount of thrust to the vehicle. In case of stoichiometric
conditions the bi-product gases are reduced and in turn
generate more heat which is undesirable for the propulsion
system.

Hypergolicity and ignition delay study were performed
for the alcohol family, from ethanol to heptanol using tran-
sition metal salt catalyst, CCAT and MCAT, while oxidizer
(H,0,) was dropped from the Eppendorf injector. using the
experimental setup and procedure as mentioned in refer-
ence [16], it was observed that all the gel systems, both
pure and metalized gel show hypergolicity with both CCAT
and MCAT. Comparatively lower ignition delay time of gel
system was obtained with MCAT (Table 1). The ignition crite-
rion for ignition delay study is based on visual analysis of
the captured images through high speed camera. The igni-
tion delay calculations were performed as follows:

The frame number was recorded when the volume of
oxidizer was introduced on the surface of gel fuel bed to
the frame number when first visible flame or spark was ob-
served. The difference between two frame numbers, when
multiplied by the fps (captured frames per second) gives
the time between the introduction of oxidizer to the visible
flame or spark. All of these calculations are made possible
by using the application software (Photron FASTCAM View-
er) provided along with the camera.

Base line study was performed with respective liquid
fuel for hypergolicity and ignition delay time using both
CCAT and MCAT, for better understanding of the inves-
tigated fuel behavior in liquid and gel phase and was ob-
served that all the investigated liquid fuel were not shown
any hypergolicity with hydrogen peroxide in the presence
of CCAT and MCAT except for liquid ethanol and propanol,
which showed hypergolicity with CCAT only. The only ex-
planation for such behavior of liquid fuel could be the dif-
ference in the vapor pressure density with increase in the
carbon chain of the investigated fuel. With increase in car-
bon chain vapor density decreases and hence the volatility
which demand higher energy for ignition than the fuel with
lower carbon chain. Therefore, propanol and butanol shows
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hypergolicity with CCAT in liquid phase (Table 1) and others
show rapid decomposition but no ignition.

With long carbon chain alcohol family and its re-
spective formulated gel fuels, it is observed that for larger
carbon chain demands high wt.% of catalyst to achieve hy-
pergolicity even with longer ignition delay time. A similar
trend was observed for the oxidizer volume except for bu-
tanol.

From Figure 2, 3, and Table 1, it can be deduced that the
enthalpy of combustion is increasing with an increase in
carbon chain of the investigated alcohol family for liquid
system, whereas with gelation it decreases moderately ex-
cept for ethanol gel. At the same time when it comes to
ignition delay study, the delay time is increasing with in-
crease in carbon chain for all the formulated alcohol gel fuel
in presence of catalyst. With this, choice of catalyst is also
important indicating that MCAT, which do not participate in
any hypergolic ignition with parent liquid fuel, actively par-
ticipate with gelled alcohol giving least ignition delay for
ethanol and gradually increases with the gelled propellant
formulated with higher carbon chain. CCAT on the other
hand shows hypergolic ignition with energized ethanol gel
up to hexanol gel, but for higher carbon chain do not par-
ticipate, similar ignition delay trend are observed for MCAT.
The ignition delays for CCAT are higher than that of MCAT
and the ignition delay of lower carbon chain are lower with
MCAT. For the case of energized gel propellant [29], the ig-
nition delay increases for ethanol up to butanol, from pen-
tanol the Ignition delay reduces for energized system and
significant reduction is observed for the hexanol. In alcohol
family from ethanol to butanol (5.95 kPa to 0.93 kPa), these
fuels have high vapor pressure. Even in the gel state, a
slight temperature variation in the presence of hydrogen
peroxide, can initiate a rapid decomposition which is more
rapid in pure gel state than metalized gel state. With the
help of catalyst a suitable ignition process can be achieved.
For higher alcohol family (pentanol to heptanol) (0.29 kPa
to 0.02884 kPa) the vapor pressure is very low. Therefore
the time of heat energy generation due to the presence of
hydrogen peroxide is prolonged, during which the thermal
energy is absorbed by the metal nanoparticles, resulting in
the increase of the temperature in its vicinity. This is one of
the possible explanations for the metalized gel fuel (penta-
nol to heptanol) to reach its auto-ignition temperature fast-
er in comparison to the parent fuel.

4 Conclusions

Hypergolic gelled bi-propellant system was formulated
based on a choice of fuel from alcohol family and hydrogen
peroxide respectively using organic gelling agents. For the
energetic gel bipropellant system Al nanoparticles were in-
troduced in the formulation for hypergolicity and ignition
delay studies. Hypergolicity was achieved using MCAT and
CCAT and was observed that MCAT shows a better perform-

Propellants Explos. Pyrotech. 2018, 43, 1-9


www.pep.wiley-vch.de

Effect of Alcohol Carbon Chain on Enthalpy of Combustion and Ignition Delay Time for Gelled Hypergolic Propellant System

ance than CCAT. It was determined that the hypergolicity
and ignition delay time were varied depending upon the
type of fuel, carbon chain and catalyst. For liquid case only
propanol and butanol were hypergolic with CCAT due to its
vapor pressure density comparable to hexane and octane
than other investigated alcohol fuel with higher carbon
chain. In order to examine more detailed discussions, the
calorific value study was performed for a better under-
standing of the heat release generated by the formulated
system and its participation in combustion.

Ethanol shows a significant increase in its GCV when
Gellized with SP2 at critical concentrations, where its GCV
values are comparable to pentanol in liquid state. Ethanol
gel shows marked increase in its GCV values even when en-
ergetic nanoparticles are present in the system, compared
to liquid ethanol. Hypergolicity and ignition delay studies
for the ethanol gel with MCAT, having 4 wt.%, in the pres-
ence of 90% pure hydrogen peroxide gives a reasonable ig-
nition delay times. Similar behavior is observed for propanol
and butanol, but for higher carbon chain the formulated
system shows hypergolicity but their ignition delays were
relatively longer. These properties indicate that ethanol
when gelled with a least wt.% of gelling agent of higher
molecular weight, in the presence of MCAT, gives significant
advantage over the investigated fuels.
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