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Gel fuels can become an alternative energy resource within the framework of the implementation of the program
for developments in rocket and space technology. These propellants combine the advantages of solid and liquid
rocket propellants, of which the main ones are related to safety aspects, energy efficiency and storage. The
components range and gel fuels compositions are diverse, so the method of their preparation in each specific case

can be quite different, especially when using thickeners of various origins.

gel fuel thickener dispersion ignition combustion

| 1. Introduction

At present, three main types of fuels are widely used in practice: liquid 22, solid B4 and gaseous BE. Liquid
fuels (gasoline, diesel fuel, kerosene, hydrazine, heptyl, alcohols, naphtha, benzene-gasoline mixtures, fuel oil,
kerosene and methoxydiethylborane/tetrahydrofuran and others), as a rule, are used in internal combustion
engines (motor transport, shipbuilding) @, jet engines (aviation) &, liquid-propellant rocket engines & and
technological installations in thermal power engineering 29, Solid fuels (coals, combustible shale, metallized
composite solid fuels and others) are used as energy resources in coal-fired steam and water-heating boilers 21,
blast furnaces 22 and solid rocket engines 13l Gaseous fuels (methane, propane, dimethyl ether, coke oven gas
and others) are widely used in various applications, but the most efficient energy potential of these fuels is used in
gas turbines 141,

Along with the aforementioned fuels, in recent years, in transport technology and in the energy sector, a promising
direction of development is the design of effective compositions and methods for obtaining various types of
composite fuels: synthesis gas 12, coal-water slurries 18], coal-water slurries with petrochemicals 4, suspension
fuels 28] gel fuels 1920 and fuel briquettes (21, This is mainly attributable to the tasks of improving the
environmental, energy, economic and operational characteristics of both technological systems of devices in

transport and energy, and the processes of storage, transportation and combustion of new fuels types.

In recent years, the prospects for space exploration have been the main incentives for developments in the rocket
and space industry. The solution for this problem requires an integrated approach to conducting fundamental
research and using their results in practice to make rational, technical decisions when conducting development
work. One of the main problems is the need to develop new fuels, study their properties, as well as study the

physicochemical processes that occur during their ignition and combustion.
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Solid and liquid propellants were widely used in rocket and space technology at the end of the XX and the
beginning of the XXI century. Each of them has its own advantages and disadvantages compared to one other. To
date, the potential of such fuels is almost completely exhausted, according to many experts 2223124 Ge| fuels can
become an alternative energy resource within the framework of the implementation of the program for
developments in rocket and space technology. These propellants combine the advantages of solid and liquid rocket
propellants 24 of which the main ones are related to safety aspects (a small amount of vapor is released during
leaks compared to liquid fuels; indifference to shock, friction and electrostatic discharge; minimal risk of accidental
ignition, because the combustion process is sufficiently well controlled and can be stopped; the elastic-deformable
or viscous-plastic state prevents the formation of cracks in the fuel charge, so their development does not affect the
increase in the combustion area, uncontrolled combustion or explosion), energy efficiency (relatively high specific
thrust impulse compared to composite solid propellants) and storage (long-term storage without maintaining
special conditions; flexible packaging; relatively low proportion of solid fine particle settling in high-viscosity
formulations compared to liquid fuels). Gel fuels have higher energy characteristics than composite solid
propellants; in particular, a specific thrust impulse is about 3000-3500 m/s [23. Replacing a composite solid
propellant with a gel fuel will make it relatively easy to implement dynamic control of engine thrust during the time
in practice 24, Furthermore, gel fuels, compared to liquid fuels, have lower fire hazard rates because of the
minimization of evaporation losses and leakage during storage. Gel fuel components and their combustion

products tend to have a lower environmental impact than typical liquid propellants 28],

The aggregate state of gel fuel can differ significantly depending on its purpose and environmental characteristics
—from liquid (with high viscosity) to solid (elastically deformable). Within the framework of ignition theories of solid
and liquid condensed substances [ZZ1281129130131] ‘the properties of composite solid propellants and liquid fuels have
been studied in full, and mathematical models have been developed to predict the characteristics of
physicochemical transformations that occur when they are heated. The results of experimental studies [22123]
indicate a fairly significant difference in the regularities and characteristics of the physicochemical processes

occurring during the ignition and combustion of gel fuels, compared with typical solid and liquid fuels.

| 2. Fuel Preparation

Physically, gel fuels are rheologically modified liquids, the properties of which are changed by adding various
thickeners (gelling agents) (241832831341 pepending on the type of thickeners, it is currently conventionally accepted
(24132133 i the scientific periodical literature as the distinguishing of two fundamentally different (in terms of
rheological properties and physical and mechanical characteristics) types of gel fuels. On the one hand, these are
“soft substances” (Figure 1a) that exhibit the physical and mechanical characteristics of both a solid and a liquid,
depending on the level of shear stress 2482 On the other hand, these are materials with a three-dimensional

elastically deformable solid framework (Figure 1b) containing finely dispersed liquid drops in the matrix cells 33,
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before deformation after deformation

(b)

Figure 1. Appearance of gel fuels: (a) Liquid and plastically deformable fuel compositions based on kerosene: K-
100—100 % kerosene, K-99—99 wt% kerosene, 1 wt% silicon dioxide, K-95—95 wt% kerosene, 5 wt% silicon
dioxide, K-90—90 wt% kerosene, 10 wt% silicon dioxide, K-85—85 wt% kerosene, 15 wt% silicon dioxide; (b)

Elastically deformable: 50 vol% oil + 48 vol% aqueous solution of PVA (10 wt%) + 2 vol% emulsifier.

The first type of fuel is obtained, as a rule, by adding organic and inorganic thickeners to combustible liquids, and
the second is obtained by adding polymeric thickeners. Rheological properties, physico-mechanical and physico-
chemical characteristics of combustible liquids change quite significantly after thickening. After obtaining the gel
fuels and for a certain period of time during storage, their viscosity increases by several times compared to
combustible liquids in the initial state, and the density increases significantly, especially if finely dispersed metal
particles are added to the fuel composition 4. These components also contribute to the growth of the thermal
effect of the combustion process 2 and the specific energy density 24, Thus, the production and practical
application of gel fuels can provide a high level of control over operational characteristics, uniformity and

reproducibility of fuel compositions, as well as energy characteristics.

Mainly potential technologies for the use of gel fuels, for example, in rocket and ramjet engines, afterburners,
involve the implementation of the processes of their transportation through pipelines, supply to the combustion
chamber and organization of direct combustion, similar to the processes characteristic of typical liquid fuels in the
initial state [2413211331[34135] |t js worth noting that in addition to thickening flammable liquids, gel oxidizers are also
used in practice to solve some problems 837 |n the early stages of development of gel fuels in the middle of the
XX century, they were considered solely as a replacement for mixed solid fuels B8IB7IB8I39[40I141] - Accordingly, the

corresponding formulations of the first gel fuels and oxidizers were developed [B8IE7I38][39][40][41]
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However, later, it was proposed to use gel propellants instead of liquid propellants 2242 since the thickening of
the latter made it possible to minimize their main operational disadvantages, as well as to improve the energy
characteristics mainly by adding metal powders, the particles of which can be fairly evenly distributed in the volume
of the thickened combustible liquid. This has led to gel fuels being predominantly characterized as non-Newtonian

fluids. The compositions most widely used in experimental studies are given in references Table 1.

Table 1. Compositions of typical gel fuels.

Rocket Fuel Thickener 2 Additives &b:° Notes Ref.
Carbopol 941
Water (98.5%) (0.5%) NaOH (1%) Mechanical mixing (23]
(27 um)
JP-5 AO (2-5%)
JP-8 SiO, (4-8% . .
RENA Sioz 53_5%; - Mechanical mixing [43]
HP SiO, (5-7%)
Jet Al (85%) Thl)((?t;/[))zsg MIAK (7.5%) Mechanical mixing [44]
- Mixing at 40-60 °C for 2.5 h at [45]
70
Jet Al (NA) Thixcin R (4-7%) NA 1000 rpm.
0,
MMH AHeIrDoiil(:z(fg/)o) B Mechanical/acoustic mixing at [46]
60 °C

Hybrid Gel (2-3%)

. O T o
Jet Al (85%) Th|xat(r§:I)’ i‘lr'n§7.5 %) Xylene (7.5%) Mixing at 63 r;:n:or 1 h at 1200 [47]
Xylene (7.5%)
Nano aluminum oxide Mixing at 63 °C for 1 h at 1200 (48]
(50-150 nm) rpm. [49]
Oleic acid (10%)

ISROsene (85—  Thixatrol ST (7.5%)
65%) (23 pm)

: 0-55% Alex (100 nm)
0,
Carbosil (5%) (44 Tween B 50]

RP-1 s
H 85 (0-1.3%)

As a rule, the main component of these fuel compositions are flammable liquids used as fuels in aerospace
Motumodgyelativehratiss diquefipdnenysiingewt. RLRERSht paypenyslicfadtmis dejratadingonhyeitaricenter 2158 Y
auiritvestAythydearinesol(dMsijor BiMERURAIEIBEIRA  ynsymmetrical  dimethylhydrazine (UDMH)  [2211411(54]
tetramethylethylenediamine (TMEDA) 89: various grades of kerosene-based jet fuel JP (JP-1, JP-5, JP-8 and JP-
10) [ALESIB6IET gnd Jet A1 [231476L62]63] Rp-1 [3250]: and alcohol-containing fuels based on methanol B8 and
ethanol (281641631 Other common liquid components of gel fuels are isopropanol 28, oils of petroleum origin B2,

spent organic solvents (benzene, acetone and chlorinated solvents) B2, nitromethane 8, ethanolamine &2, aniline
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(41 nitropropane 1, isooctane 8 hexane B233l propane B3l ethane B3l paraffin B2, glycerol £ and

ammonium ethyl acetate [,

Oxidizers used in gel form are mainly used in conjunction with hypergolic fuels. Among such oxidants, red fuming
nitric acid (RFNA) (2268 jnhibited red fuming nitric acid (IRFNA) BA42I55157] and hydrogen peroxide BIESIS7[68]70]
as well as cryogenic substances such as substituted bromine trifluoride %, bromine pentafluoride-chlorine
trifluoride 9, liquefied oxygen 2% and oxygen difluoride; a large number of nitroalkanes and nitrogen tetroxide 7!

can be noted as well.

A significant amount of research related to the development of fuel formulations is aimed at identifying suitable
types of thickeners for specific combustible liquids and oxidizers 24571, As a rule, most thickeners are commercially
available manufactured compounds. Both inorganic X and organic thickeners are used, many of which are
polymeric [Z2. For thickeners, typical selection criteria apply FH[I273]: they must be compounds that are applicable
at low concentrations; they must be combustible, provide a reversible system; and thickeners should be non-

aggressive, environmentally friendly and economically affordable.

Inorganic thickeners, such as silica, work well with fuels and oxidizers (/2. However, they are inert and, therefore,
their use obviously leads to losses and a decrease in the energy efficiency of the fuel during combustion. In
addition, their tendency to form covalent bonds reduces the reversibility of the gel fuel and negatively affects its

flow characteristics.

Polymeric thickeners such as Carbopol, cellulose compounds, Xanthan and others are used as aqueous solutions
to thicken combustible liquids. These compounds are straight or branched chain polymers and form a strong
entangled or cross-linked network through hydrogen bonds when dissolved in water [Z2. Cellulosic compounds and
agar-agar can only thicken fuels. Although the rheology of these polymer gels exhibits shear thinning
characteristics, the molecular bonding of the polymer chains to water prevents liquid breakdown and subsequent
aerosol formation, which impairs atomization. However, atomization can be achieved for fuels containing agar-agar
as a thickener, which absorbs water and forms a network around the liquid rather than binding to its molecules 3!,
These examples illustrate the importance of the thickener—liquid interaction in fuel atomization and highlight the

need for proper thickener selection.

Unlike polymer gels, low molecular weight thickeners are used to obtain some organic gels based on organic
liquids /4. Organogels resemble polymer gels in the structure of molecular bonds that form a matrix, in the cells of
which finely dispersed liquid drops are located. They are easier to spray compared to polymer gels because of a
component with reduced tensile viscosity. Moreover, they burn together with liquid fuel and oxidizers. For example,

the castor oil derivative Thixcin R is used to thicken a suspension of coal and oil 22, as well as Jet A1 73], Other

castor oil derivatives are widely used as a non-polymeric organic thickener—Thixatrol [23147][48][49][61][63](75]
Thixatrol ST [231471611[63][72][76] \pA 60 4, Thixatrol 289 879 Thixcin R BAZE Thixatrol Plus [,
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Among inorganic thickeners, and most likely among all types of thickeners used for the preparation of gel fuels,
various forms of silicon dioxide are most widely used BLBSIBAE7I68IEA: for example Cabosil and Aerosil. It is worth
noting that the results of numerous studies indicate the need for caution when choosing these commercially
available silica gel thickeners for the preparation of gel fuels, since the latter do not always satisfy the basic typical
requirements for rheological properties and physical and mechanical characteristics. To date, a large number of
combinations have been proposed between widely used liquid fuels and thickeners, but only a small part of these

fuel compositions has ever been used in experimental studies of the gel fuels spraying and combustion.

Equally important components of gel fuels are energy additives, for example, metal powders. The concentration of
the metal is the determining factor if it is used as an energy additive. The typical range of metal content in fuel by
mass is 5-60% [2IABL  The justification for the advantage of metallized fuel compositions is to obtain
suspensions that have a greater value of thrust per kilogram of oxidizer (or air). Preference is given to metals with
the highest volume and mass values of combustion heat 8283184185 |t js known that Mg is characterized by the
highest thrust per kilogram of air at stoichiometric mixture ratios, followed by Al B2, In practice, Al,Oj3 is sticky and
melts at the flame temperature of a typical gel fuel BL82 whereas boron combustion is difficult to initiate (3],
Magnesium oxides do not melt and, therefore, Mg is a promising component for metallized gel fuels. The efficient

use of boron requires the organization of a more complex fuel combustion mode [B4183],

The components range and gel fuels compositions are diverse, so the method of their preparation in each specific
case can be quite different, especially when using thickeners of various origins (polymeric, organic, and inorganic).
However, most techniques for preparing gel fuels rely on the mixing of thickener, solvent (optional), metal particles,
catalysts, stabilizing surfactants (if metals are added) and liquid fuel at room conditions or elevated temperatures
using mechanical or acoustic methods. The order of adding the listed components to the mixture, their
concentrations and mixing times are quite significantly different in each specific case “ZBSIZ3IBEIE7IBEIEY  The
main stages and conditions for the preparation of gel fuels are four possible combinations of combustible liquid
component/oxidizers and thickeners: fuel-organic (polymeric) thickener, oxidizer—inorganic thickener, fuel—
inorganic thickener and fuel-organic (non-polymeric) dispersed thickener. It should be noted that compositions
based on organic thickeners and oxidizing agents are of no practical interest, since the vast majority of oxidizing

agents are highly reactive with organic thickeners (€8],

In L9B9RL methods for the preparation of gel fuels are presented by thickening waste oils of petroleum origin with
a polymeric thickener (without additional components and with the addition of finely dispersed solid combustible

particles), as well as by thickening kerosene with an inorganic thickener (silicon dioxide).

Based on the analysis of references LIMZIBSI7SIE6IB7IESIBI0IL it was concluded that the component
composition of gel fuels is very diverse and, in each specific case, is determined by the availability of components,
such as a thickener (organic, inorganic or polymeric) and the necessary rheological properties or physical and
mechanical characteristics of the final product, as a rule. The latter, in turn, have a direct impact on all subsequent
stages of the gel fuel life cycle, in particular, the processes of its storage, transportation through fuel lines, spraying

in combustion chambers and direct combustion.

https://encyclopedia.pub/entry/39910 6/13



Gel Fuels Preparation | Encyclopedia.pub

References

1.

10.

11.

12.

13.

Carasillo, D.A. Liquid Fuels: Types, Properties and Production; Nova Science: New York, NY,
USA, 2012; ISBN 9781614704355.

. Houghton-Alico, D. Alcohol Fuels: Policies, Production, and Potential; Taylor & Francis: Abingdon,

UK, 2019; ISBN 9780429704642.

. De Souza-Santos, M.L. Solid Fuels Combustion and Gasification: Modeling, Simulation, and

Equipment Operations, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2010; ISBN 97814200475009.

. Tillman, D.; Duong, D.; Harding, N.S. Solid Fuel Blending; Butterworth-Heinemann: Oxford, UK,

2012; ISBN 9780123809322.

. Mller, H.; Kiefer, J. Fuels|Gaseous. In Encyclopedia of Analytical Science; Elsevier: Amsterdam,

The Netherlands, 2019; ISBN 9780081019832.

. Shah, Y.T. Chemical Energy from Natural and Synthetic Gas; CRC Press: Boca Raton, FL, USA,

2017; ISBN 9781315302348.

. Verhelst, S.; Turner, J.W.; Sileghem, L.; Vancoillie, J. Methanol as a Fuel for Internal Combustion

Engines. Prog. Energy Combust. Sci. 2019, 70, 43-88.

. Li, X.; Qin, S.; Huang, X.; Liu, H. Multi-Component Effect and Reaction Mechanism for Low-

Temperature Ignition of Kerosene with Composite Enhancer. Combust. Flame 2019, 199, 401—
410.

. Sakaki, K.; Kakudo, H.; Nakaya, S.; Tsue, M.; Suzuki, K.; Kanai, R.; Inagawa, T.; Hiraiwa, T.

Combustion Characteristics of Ethanol/Liquid-Oxygen Rocket-Engine Combustor with Planar
Pintle Injector. J. Propuls. Power 2017, 33, 514-521.

Garcia-Contreras, R.; Martinez, J.D.; Armas, O.; Murillo, R.; Garcia, T. Study of a Residential
Boiler under Start-Transient Conditions Using a Tire Pyrolysis Liquid (TPL)/Diesel Fuel Blend.
Fuel 2015, 158, 744-752.

Glushkov, D.O.; Kuznetsov, G.V.; Chebochakova, D.A.; Lyakhovskaya, O.E.; Shlegel, N.E.;
Anufriev, I.S.; Shadrin, E.Y. Experimental Study of Coal Dust Ignition Characteristics at Oil-Free
Start-up of Coal-Fired Boilers. Appl. Therm. Eng. 2018, 142, 371-379.

Li, Y.; Zhang, X.; Zhang, J.; Zhou, J.; Yan, H. Numerical Simulation and Optimization of Pulverized
Coal Injection with Enriched Oxygen into Blast Furnace. Appl. Therm. Eng. 2014, 67, 72-79.

Padwal, M.B.; Varma, M. Thermal Decomposition and Combustion Characteristics of HTPB-
Coarse AP Composite Solid Propellants Catalyzed with Fe203. Combust. Sci. Technol. 2018,
190, 1614-1629.

https://encyclopedia.pub/entry/39910

7/13



Gel Fuels Preparation | Encyclopedia.pub

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Emami, M.D.; Shahbazian, H.; Sunden, B. Effect of Operational Parameters on Combustion and
Emissions in an Industrial Gas Turbine Combustor. J. Energy Resour. Technol. Trans. ASME
2019, 141, 012202.

Dubinin, A.M.; Shcheklein, S.E. Mini Coal-Fired CHP Plant on the Basis of Synthesis Gas
Generator (CO + H2) and Electrochemical Current Generator. Int. J. Hydrogen Energy 2017, 42,
26048-26058.

Vershinina, K.Y.; Glushkov, D.O.; Kuznetsov, G.V.; Strizhak, P.A. Differences in the Ignition
Characteristics of Coal-Water Slurries and Composite Liquid Fuel. Solid Fuel Chem. 2016, 50,
88-101.

Miccio, F.; Raganati, F.; Ammendola, P.; Okasha, F.; Miccio, M. Fluidized Bed Combustion and
Gasification of Fossil and Renewable Slurry Fuels. Energies 2021, 14, 7766.

Strizhak, P.A.; Piskunov, M.V.; Volkov, R.S.; Legros, J.C. Evaporation, Boiling and Explosive
Breakup of Oil-Water Emulsion Drops under Intense Radiant Heating. Chem. Eng. Res. Des.
2017, 127, 72-80.

Glushkov, D.O.; Kuznetsov, G.V.; Nigay, A.G.; Yashutina, O.S. Heat and Mass Transfer Induced
by the Ignition of Single Gel Propellant Droplets. J. Energy Inst. 2019, 92, 1944-1955.

Padwal, M.B.; Natan, B.; Mishra, D.P. Gel Propellants. Prog. Energy Combust. Sci. 2021, 83,
100885.

Tabakaev, R.; Shanenkoy, I.; Kazakov, A.; Zavorin, A. Thermal Processing of Biomass into High-
Calorific Solid Composite Fuel. J. Anal. Appl. Pyrolysis 2017, 124, 94-102.

Feng, S.; He, B.; He, H.; Su, L.; Hou, Z.; Nie, W.; Guo, X. Experimental Studies the Burning
Process of Gelled Unsymmetrical Dimethylhydrazine Droplets under Oxidant Convective
Conditions. Fuel 2013, 111, 367-373.

Mishra, D.P.; Patyal, A.; Padhwal, M. Effects of Gellant Concentration on the Burning and Flame
Structure of Organic Gel Propellant Droplets. Fuel 2011, 90, 1805-1810.

Natan, B.; Rahimi, S. The Status of Gel Propellants in Year 2000. Int. J. Energetic Mater. Chem.
Propuls. 2001, 5, 172-194.

Tsutsuran, V.1.; Petrukhin, N.V.; Gusev, S.A. Military and Technical Analysis of a State and
Prospect of Development of Rocket Fuels; MO RF: Moscow, Russia, 1999.

Klapotke, T.M. Chemistry of High-Energy Materials; Walter de Gruyter GmbH: Berlin, Germany,
2015.

Zeldovich, Y.B.; Barenblatt, G.I.; Librovich, V.B.; Makhviladze, G.M. Mathematical Theory of
Combustion and Explosions; Plenum: New York, NY, USA, 1985.

https://encyclopedia.pub/entry/39910 8/13



Gel Fuels Preparation | Encyclopedia.pub

28.
29.

30.
31.

32.

33.

34.

35.

36.
37.
38.

39.
40.
41.

42.

43.

44.

Williams, F.A. Combustion Theory; Westview Press: Boulder, CO, USA, 1985.

Merzhanov, A.G.; Khaikin, B.I. Theory of Combustion Waves in Homogeneous Media. Prog.
Energy Combust. Sci. 1988, 14, 1-98.

Vilyunov, V.N.; Zarko, V.E. Ignition of Solids; Elsevier: Amsterdam, The Netherlands, 1989.

Okajima, S.; Kumagai, S. Further Investigations of Combustion of Free Droplets in a Freely
Falling Chamber Including Moving Droplets. Symp. Combust. 1975, 15, 401-407.

Rapp, D.C.; Zurawski, R.L. Characterization of Aluminum/RP-1 Gel Propellant Properties. In
Proceedings of the 24th Joint Propulsion Conference, Boston, MA, USA, 11-13 July 1988;
American Institute of Aeronautics and Astronautics: Reston, VA, USA; p. 25.

Kajiwara, K. Structure of Gels. In Gels Handbook; Osada, Y., Kajiwara, K., Fushimi, T., Irasa, O.,
Hirokawa, Y., Matsunaga, T., Shimomura, T., Wang, L., Ishida, H., Eds.; Academic Press: London,
UK, 2001; Volume 1, pp. 122-171.

Tepper, F.; Lerner, M.l.; Ginley, D.S. Metallic Nanopowders: An Overview. In Dekker Encyclopedia
of Nanoscience and Nanotechnology; CRC Press: Boca Raton, FL, USA, 2004; pp. 1921-1934.

Kaledin, L.; Tepper, F. Metallic Nanopowders: Rocket Propulsion. In Dekker Encyclopedia of
Nanoscience and Nanotechnology; CRC Press: Boca Raton, FL, USA, 2011, pp. 2165-2175.

Ray, A.B. Process of Producing Solidified Fuel. U.S. Patent 2,046,209, 30 June 1936.
Long, C.G. Reinforced Gelled Propellants. U.S. Patent 3,035,950, 22 May 1962.

Longwell, J.P.; Bieber, H. Gelled Solid Rocket Propellant Reinforced with Unoriented Microfibers.
U.S. Patent 3,369,943, 20 February 1968.

Tarpley, W.B. Thixotropic Gel Fuels. U.S. Patent 4,156,594, 29 May 1979.
Tarpley, W.B. Thixotropic Oxidizer Propellant Mixtures. U.S. Patent 3,449,178, 10 June 1969.

Tarpley, W.B. Thixotropic Organic Liquid Propellant Compositions with Solid Storage
Characteristics. U.S. Patent 3,471,344, 7 October 1969.

Hodge, K.F.; Crofoot, T.A.; Nelson, S. Gelled Propellants for Tactical Missile Applications. In
Proceedings of the 35th Joint Propulsion Conference and Exhibit, Los Angeles, CA, USA, 20-24
June 1999; American Institute of Aeronautics and Astronautics: Reston, Virigina, 1999; pp. 1-7.

Ramasubramanian, C.; Notaro, V.; Lee, J.G. Characterization of Near-Field Spray of Nongelled-
and Gelled-Impinging Doublets at High Pressure. J. Propuls. Power 2015, 31, 1642-1652.

Rahimi, S.; Natan, B. Thixotropic Effect of Inorganic Gel Fuels. J. Propuls. Power 2000, 16, 1182—
1184.

https://encyclopedia.pub/entry/39910 9/13



Gel Fuels Preparation | Encyclopedia.pub

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Yoon, C.; Heister, S.D.; Campanella, O.E. Plain-Orifice Gelled Propellant Flow Characteristics
with Rheological Hysteresis. In Proceedings of the 48th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference and Exhibit, Atlanta, GA, USA, 30 July—1 August 2012; p. AIAA-2012-4135.

Lee, I.; Koo, J. Break-up Characteristics of Gelled Propellant Simulants with Various Gelling Agent
Contents. J. Therm. Sci. 2010, 19, 545-552.

Padwal, M.B.; Mishra, D.P. Synthesis of Jet A1 Gel Fuel and Its Characterization for Propulsion
Applications. Fuel Process. Technol. 2013, 106, 359-365.

Jejurkar, S.Y.; Yaday, G.; Mishra, D.P. Characterization of Impinging Jet Sprays of Gelled
Propellants Loaded with Nanoparticles in the Impact Wave Regime. Fuel 2018, 228, 10-22.

Jejurkar, S.Y.; Yadav, G.; Mishra, D.P. Visualizations of Sheet Breakup of Non-Newtonian Gels
Loaded with Nanoparticles. Int. J. Multiph. Flow 2018, 100, 57-76.

Mordosky, J.W.; Zhang, B.Q.; Kuo, K.K.; Tepper, F.; Kaledin, L.A. Spray Combustion of Gelled
RP-1 Propellants Containing Nano-Sized Aluminum Particles in Rocket Engine Conditions. In
Proceedings of the 37th Joint Propulsion Conference and Exhibit, Salt Lake City, UT, USA, 8-11
July 2001; p. AIAA-2001-3274.

McKinney, C.D.; Tarpley, W.B. Gelling of Liquid Hydrogen; NASA-CR-54967; NASA: Washington,
DC, USA, 1966.

Staikovich, J.; Adams, S.; Palaszewski, B. Nanoparticulate Gellants for Metallized Gelled Liquid
Hydrogen with Aluminum. In Proceedings of the 32nd Joint Propulsion Conference and Exhibit,
Lake Buena Vista, FL, USA, 1-3 July 1996; p. AIAA-96-3234.

Wong, W.; Starkovich, J.; Adams, S.; Palaszewski, B. Cryogenic Gellant and Fuel Formulation for
Metallized Gelled Propellants: Hydrocarbons and Hydrogen with Aluminum. In Proceedings of the
30th Joint Propulsion Conference cosponsored by AIAA, ASME, SAE, and ASEE, Indianapolis,
IN, USA, 27-29 June 1994; p. AIAA-94-3175.

Verma, M.; Gupta, B.L.; Pandey, M. Formulation & Storage Studies on Hydrazine-Based Gelled
Propellants. Def. Sci. J. 1996, 46, 435-442.

Rahimi, S.; Hasan, D.; Peretz, A. Development of Laboratory-Scale Gel-Propulsion Technology. J.
Propuls. Power 2004, 20, 93-100.

Rahimi, S.; Peretz, A.; Natan, B. Rheological Matching of Gel Propellants. J. Propuls. Power
2010, 26, 376-378.

Rahimi, S.; Peretz, A.; Natan, B. On Shear Rheology of Gel Propellants. Propellants, Explos.
Pyrotech. 2007, 32, 165-174.

Solomon, Y.; DeFini, S.J.; Pourpoint, T.L.; Anderson, W.E. Gelled Monomethyl Hydrazine
Hypergolic Droplet Investigation. J. Propuls. Power 2013, 29, 79-86.

https://encyclopedia.pub/entry/39910 10/13



Gel Fuels Preparation | Encyclopedia.pub

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Cho, K.Y.; Pourpoint, T.L.; Son, S.F.; Lucht, R.P. Microexplosion Investigation of
Monomethylhydrazine Gelled Droplet with OH Planar Laser-Induced Fluorescence. J. Propuls.
Power 2013, 29, 1303-1310.

Thynell, S.T.; Adair, J.H.; Goddard, I.W.A.; Hanson, R.K.; Law, C.K.; Lee, J.; Rabitz, H.A.; Risha,
G.A.; Williams, F.A.; Yang, V.; et al. Spray and Combustion of Gelled Hypergolic Propellants (Final
Report); Pennsylvania State University: University Park, PA, USA, 2014, pp. 1-347.

Ciezki, H.K.; Naumann, K.W. Some Aspects on Safety and Environmental Impact of the German
Green Gel Propulsion Technology. Propellants Explos. Pyrotech. 2016, 41, 539-547.

Padwal, M.B.; Mishra, D.P. Effect of Air Injection Configuration on the Atomization of Gelled Jet A1
Fuel in an Air-Assist Internally Mixed Atomizer. At. Sprays 2013, 23, 327-341.

Padwal, M.B.; Mishra, D.P. Experimental Characterization of Gelled Jet A1 Spray Flames. Flow
Turbul. Combust. 2016, 97, 295-337.

Jyoti, B.V.S.; Baek, S.W. Formulation and Comparative Study of Rheological Properties of
Loaded and Unloaded Ethanol-Based Gel Propellants. J. Energ. Mater. 2015, 33, 125-139.

Jyoti, B.V.S.; Naseem, M.S.; Baek, S.W. Hypergolicity and Ignition Delay Study of Pure and
Energized Ethanol Gel Fuel with Hydrogen Peroxide. Combust. Flame 2017, 176, 318-325.

Von Kampen, J.; Madlener, K.; Ciezki, H.K. Characteristic Flow and Spray Properties of Gelled
Fuels with Regard to the Impinging Jet Injector Type. In Proceedings of the Collection of Technical
Papers—AIAA/ASME/SAE/ASEE 42nd Joint Propulsion Conference, Sacramento, CA, USA, 9—
12 July 2006; Volume 4, pp. 2639-2650.

Jyoti, B.V.S.; Naseem, M.S.; Baek, S.W.; Lee, H.J.; Cho, S.J. Hypergolicity and Ignition Delay
Study of Gelled Ethanolamine Fuel. Combust. Flame 2017, 183, 102-112.

Weiser, V.; Glaser, S.; Kelzenberg, S.; Eisenreich, N.; Roth, E. Investigations on the Droplet
Combustion of Gelled Mono-and Bipropellants. In Proceedings of the 41st
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Tucson, AZ, USA, 10-13 July
2005; p. AIAA-2005-4474.

Boyer, E.; Risha, G.A.; Kuo, K.K.; Devendorf, T.E. Combustion Characteristics of Non-Toxic Non-
Hypergolic Bipropellants. In Proceedings of the 38th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference and Exhibit, Indianapolis, IN, USA, 7-10 July 2002; p. AIAA-2002-4297.

Tarpley, W.B., Jr. Thixotropic Liquid Propellant Compositions with Solid Storage Characteristics.
U.S. Patent 3,470,040, 30 September 1969.

Cogquill, S.L. Synthesis of Highly Loaded Gelled Propellants; Technical Report; Resodyn Corp.:
Butte, MT, USA, 20009.

https://encyclopedia.pub/entry/39910 11/13



Gel Fuels Preparation | Encyclopedia.pub

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

Baek, G.; Kim, C. Rheological Properties of Carbopol Containing Nanoparticles. J. Rheol. 2011,
55, 313-330.

Green, J.; Rapp, D.; Roncace, J. Flow Visualization of a Rocket Injector Spray Using Gelled
Propellant Simulants. In Proceedings of the 27th Joint Propulsion Conference, Sacramento, CA,
USA, 24-26 June 1991; pp. 1-16.

Terech, P.; Weiss, R.G. Low Molecular Mass Gelators of Organic Liquids and the Properties of
Their Gels. Chem. Rev. 1997, 97, 3133-3160.

Varma, M.; Pein, R. Optimisation of Processing Conditions for Gel Propellant Production. Int. J.
Energ. Mater. Chem. Propuls. 2009, 8, 501-513.

Padwal, M.B.; Mishra, D.P. Characteristics of Gelled Jet A1 Sprays Formed by Internal
Impingement of Micro Air Jets. Fuel 2016, 185, 599-611.

Goldin, M.; Pfeffer, R.; Shinnar, R. Break-up of a Capillary Jet of a Non-Newtonian Fluid Having a
Yield Stress. Chem. Eng. J. 1972, 4, 8-20.

Chernov, V.; Natan, B. Effect of Periodic Disturbances on Non-Newtonian Fluid Sprays. At. Sprays
2008, 18, 723-738.

Arnold, R.; Anderson, W.E. Droplet Burning of JP-8/Silica Gels. In Proceedings of the 48th AIAA
Aerospace Sciences Meeting Including the New Horizons Forum and Aerospace Exposition,
Orlando, FL, USA, 4-7 January 2010.

Ciezki, H.K.; Robers, A.; Schneider, G. Investigation of the Spray Behavior of Gelled Jet A-1 Fuels
Using an Air Blast and an Impinging Jet Atomizer. In Proceedings of the 38th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Indianapolis, IN, USA, 7-10
July 2002.

Negri, M.; Ciezki, H.K. Combustion of Gelled Propellants Containing Microsized and Nanosized
Aluminum Particles. J. Propuls. Power 2015, 31, 400-407.

Olson, W.T.; Breitwieser, R. NACA Research on Slurry Fuels through 1954; NACA-RM-E55B14
(21 April 1955); NACA: Washington, DC, USA, 1955; pp. 1-31.

Gany, A. Comprehensive Consideration of Boron Combustion in Air Breathing Combustion. In
Proceedings of the 42nd AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit,
Sacramento, CA, USA, 9-12 July 2006; p. AIAA-2006-4567.

Haddad, A.; Natan, B.; Arieli, R. The Performance of a Boron-Loaded Gel-Fuel Ramjet. Prog.
Propuls. Phys. 2011, 2, 499-518.

Natan, B.; Gany, A. Combustion Characteristics of a Boron-Fueled Solid Fuel Ramjet with Aft-
Burner. J. Propuls. Power 1993, 9, 694-701.

https://encyclopedia.pub/entry/39910 12/13



Gel Fuels Preparation | Encyclopedia.pub

86.

87.

88.

89.

90.

91.

Munjal, N.L.; Gupta, B.L.; Varma, M. Preparative and Mechanistic Studies on Unsymmetrical
Dimethyl Hydrazine-Red Fuming Nitric Acid Liquid Propellant Gels. Propellants, Explos. Pyrotech.
1985, 10, 111-117.

Santos, P.H.S.; Arnold, R.; Anderson, W.E.; Carignano, M.A.; Campanella, O.H. Characterization
of JP-8/SiO 2 and RP-1/SiO 2 Gels. Eng. Lett. 2010, 18, 41-48.

Brandle, R.; Liebl, J.; Pein, R. Preparation and Characterization of Gelled Fuels. Int. J. Energ.
Mater. Chem. Propuls. 2007, 6, 307-321.

Kim, H.; Ko, T.; Kim, S.; Yoon, W. Spray Characteristics of Aluminized-Gel Fuels Sprayed Using
Pressure-Swirl Atomizer. J. Non-Newton. Fluid Mech. 2017, 249, 36-47.

Vershinina, K.Y.; Glushkov, D.O.; Nigay, A.G.; Yanovsky, V.A.; Yashutina, O.S. Oil-Filled Cryogels:
New Approach for Storage and Utilization of Liquid Combustible Wastes. Ind. Eng. Chem. Res.
2019, 58, 6830-6840.

Glushkov, D.O.; Kuznetsov, G.V.; Nigay, A.G.; Yanovsky, V.A.; Yashutina, O.S. Ignition Mechanism
and Characteristics of Gel Fuels Based on Oil-Free and QOil-Filled Cryogels with Fine Coal
Particles. Powder Technol. 2020, 360, 65-79.

Retrieved from https://encyclopedia.pub/entry/history/show/89696

https://encyclopedia.pub/entry/39910 13/13



