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We present the results of creation of paste-like fuel compositions with a high degree of
filling (up to 90 wt.%) and investigation of their rheological properties. The developed
composition contained the following components: a polymer matrix (type SNBR-N
butadiene rubber) and a mixture of inorganic fillers (preliminarily surface-modified highly
disperse potassium chloride, that was microencapsulated by using oligomeric products of
polyehtyleneterepthalate glycerolize, and highly dispersed aluminum powder. A surface-
active compound (oligomeric polioxypropylene glycol) and plasticizers of different natures
were used as additional components, which were introduced in order to increase the
degree of filling of the resulting paste-like compositions while maintaining a low level of
their viscosity. The dynamic viscosity of the compositions was evaluated in the range of
the shear stresses of 1 to 30 kPa and the temperatures of 293 to 323 K by using a rotary
viscometer (cone—plane system). The viscosity of the composition which is a mixture of
saturated and unsaturated methyl ester fatty acids at the maximum degree of filling
(90 wt.%) was at the level of viscosity of the individual binder.
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Introduction

In rocket engines along with the use of solid
and liquid rocket fuels, the most perspective and
rationale is a change to paste-like systems. The use
of paste-like fuels can provide a multi-start/stop of
rocket engine also within a drag changing and
maneuvering at fly trajectories [1]. In comparison
with liquid and solid fuels, paste-like fuel is safer [2]
and easier in production [3]. In addition, when using
a paste-like fuel composition, it is possible to modify
repeatedly (up to 80 times) and purposefully regulate
the energy parameters of the fuel [4], which can be
provided by the non-linear law of fuel consumption
depending on pressure changing along with
anomalous flowability of paste-like composition.

The main requirements to paste-like fuels are
established in works [3,5]. According to those
requirements, the main attention should be focused
on the following issues:

— achievement of the maximum degree of fuel
composition filling (up to 90 wt.%) with providing
high energy parameters;

— obtaining a homogenous consistency of fuel
composition which is capable of flowing under load;

— obtaining compositions with high density and
composition stability in the temperature range of
263 to 325 K as well as sedimentation stability during
storage and transportation;

— obtaining fuel compositions with a low
sensibility to impact or kinetic forces.

Usually, paste-like fuels include fuel binder and
oxidizer, which are the main components. Due to
the high oxygen balance and sufficient
physicochemical stability, the most commonly used
oxidizer is the highly dispersed ammonium
perchlorate. It should be noted that this oxidizer is
environmentally dangerous because of its ability to
release large amount of hydrogen chloride during
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Table 1

The PGO sample characteristics

Sample designation| The initial components ratio, wt. parts Appearance and viscosity at 323 K
PGO-4 PET/PEG-400=50/50 White paste-like compound, 18 Pa:s
PGO-5 PET/PEG-400=60/40 Light-yellow paste-like compound, 20 Pa-s
PGO-6 PEG-400/glycerol=40/60 White viscous liquid, 9 Pa-s
PGO-7 PEG-400/glycerol=80/20 White viscous liquid, 12 Pa-s

fuel combustion.

Uncured low-molecular or high-molecular
plasticized polymers are used as fuel-binders. In order
to increase the energy characteristics, an additional
filler is introduced into the paste-like fuel: a metal
in a highly dispersed form (mainly aluminium) or
other solid-phase powdery or liquid substances with
a high formation enthalpy.

Highly-filled paste-like systems must possess
the properties of a non-Newtonian liquid capable of
flowing under load. They may therefore include
additives that provide the required rheological
characteristics, a certain burning rate, etc. [5].

Notwithstanding the existing scientific
approaches to the creation of systems based on
polymer matrix filled with dispersing particles [6,7],
the production of paste-like fuel compositions and
the assessment of their ability to flow under load
should be experimentally resolved. This can be
achieved by the selection of qualitatively new raw
materials of different chemical composition, size and
shape of filling particles, their surface conditions,
etc. [8]. This study is aimed at obtaining highly-
filled paste-like fuel model systems and evaluating
their rheological properties in a temperature range
specified by the operating conditions.

Experimental

Materials

Previously described formulations [9] based on
fuel-binder (oligomer rubber), highly dispersed fillers
KCI (potassium chloride and powdered aluminium),
plasticizer and surfactants were used in order to
prepare paste-like fuel compositions.

A non-functional cis-butadiene low molecular
SNBR-N type rubber was used as a combustible
polymer (oligomeric rubber), it is a product of
butadiene polymerization with nickel salts and
aluminum-organic compounds catalysts mixture. The
oligomeric rubber has a molecular weight of 2500
and shows the presence of 70—80% cis-1,4 segments
in the polybutadiene chain [10].

A surface-modified highly dispersed inert
component, potassium chloride, which simulates a
real oxidant in fuel compositions (ammonium
perchlorate), was used as the main filler.

A highly dispersed aluminum (ASD-4) with
average particle size of 12.4 pum, which was
introduced as a high-energy additive into the fuel
compositions, was used as additional filler.

Powdered KCIl surface modification was carried
out by using the products of polyethyleneterephthalate
(PET) alcoholysis (PGO) [12], their speciation and
properties are shown in Table 1.

High-efficient [11] oligomeric polioxypropylene
glycol (POPG) was used as a surface-active
compound with the following chemical formula
HO[CH,(CH,;)CHO],H (where n=17.2 and
molecular weight is 1000), a transparent liquid
without color and odor.

Transformer oil, chemically similar to butadiene
rubber, the above mentioned additives PGO-6 and
PGO-7 (Table 1) and synthetic products of
methanolysis of chicken fat, bioplasticizer BIO-5A
(samples 1 and 2), that are the mixtures of methyl
esters of fatty and unsaturated acids, were used as
plasticizers in the composition of the binder for
comparison with the previously considered dioctyl
phthalate [9].

Bio-plasticizer BIO-5A is a mixture of high-
purified methyl esters of fatty acids and unsaturated
acids of chicken fat (FAME) in the production of
which substitution methanol is removed and purified
on Amberloost BD 10 DRY [13].

BIO-5A found a use as coating, polymer and
rubber modification additive. Basic physicochemical
properties of BIO-5A are shown in Table 2. The
chemical nature and content of methyl esters of fatty
and unsaturated acids in it are given in Table 3.

Table 2

The characteristics of BIO-5A plasticizer [14]

Characteristic Value
Density, kg m > 868.0
Refractive index at 20°C 1.446
Dynamic viscosity, mPa-s 60
Mass fraction of soap, % 0.1
Methanol content, wt.% 0.02
Iodine number, g I, per 100 g 92.1
Acidic number, mg KOH per g 0.3
Appearance transparent yellow liquid
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Table 3

Chemical nature and FAME components content [14]
Fatty acid | Count in FAME Number of Melting point, | Boiling point,
type mixture, wt.% | carbon atoms | double bonds °c °c
Lauric 0.1 12 0 4.3 298.9
Muristic 0.9 14 0 18.1 248.0
Palmitic 21.6 16 0 28.5 267.0
Stearic 6.0 18 0 37.7 376.1
Palmitoleic 5.7 16 1 -34.1 229.0
Oleic 37.3 18 1 -20.2 226.0
Gadoleic 1.1 20 1 -7.8 246.1
Linoleic 19.5 18 2 —43.0 229.0
Linolenic 1.0 18 3 11.0 249.0
Arachidonic 0.1 20 4 —49.5 220.0
Others ~4

Preparation of paste-like compositions

The components of the compositions, with the
exception of the main filler KCI, do not require
special preparation.

Preparation of the main filler KCI was done in
several stages: crushing by ball mill, separation on
screen plates with defined cell size, drying to stable
mass at 393 K, cooling and packing to vacuum-
sealed storage units (to minimize contact with air
moisture). KCI used in this composition contained
the fractions of less than 45 pym and in the range of
45 to 63 um in the ratio of 1:1.

To perform surface modification of KCI, a
method similar to that used in work [9] was chosen:
the part of PGO (PET alcoholysis products) in the
quantity of 2 wt.% (with respect to the filler weight)
was solved in acetone and mixed with the crushed
KCI to obtain 10 wt.% solution. The prepared
compound was kept under intensive mixing at
333 K in the flask with a direct condenser for acetone
removal. After modification, the prepared filler was
dried to a stable weight at 293 K for full acetone
removal. The dry mixture was separated to 63 um
particle size to separate and remove aggregated
particles.

The surface modification was evaluated based
on the solubility of the sample in water. Unlike the
initial KCI, the modified filler is practically insoluble
in water, which confirms the coating of the filler
particles with a PGO modifier, i.e. the encapsulation
effect of these particles.

Preparations of a model paste-like composition
based on surface-modified KCI were done in a water
bath (323 K) by the mixing of calculated amounts
of SNBR-N, surface-active compounds and the
dispersed fillers (KCI and Al). Distribution of all
components over the volume of the composition was

ensured by intense mixing by electric paddle type
agitator for 20 minutes, followed by the visual
assessment of the mixture quality.

The prepared composition was condensed in
the vacuum chamber (residual pressure of 50 mm of
Hg and temperature of 323 K) for 30 minutes for air
removal that appeared during the previous process.

The rheological properties (dynamic viscosity)
of the paste-like compositions were determined by
means of a cone-plane type rotary viscometer
Reotest-2 in the range of shear stress of 1 to 30 kPa
and the temperatures of 293 to 323 K. The
measurement error was not more than 1%.

Results and discussion

Highly filled paste-like compositions containing
only 13—15 wt.% of the binder (SNBR-N), according
to earlier investigations [9], are on the verge of loss
of integrity and fluidity, and the application of
additional plasticizer improves the properties of the
system.

An influence of plasticizers of different nature
is considered to increase the degree of filling of such
compositions while maintaining their stability and
ability to flow. The total degree of filling was
85 wt.% (70 wt.% of surface-modified KCIl and
15 wt.% of Al) with saving equal sums of SNBR-N,
surface-active compounds, oligomeric surface
modification additives and plasticizer. Experimental
results are shown in Fig. 1.

With a total binder phase of 13 wt.%, positive
results are obtained as there is a significant decrease
in viscosity as compared with the dioctyl phthalate
plasticizer, for which the value is 30 Pa-s. The best
results were observed by using a BIO-5A plasticizer.
The viscosity of the compositions containing the said
plasticizer in the studied shear stress range is about
10 Pa:s.
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Fig. 1. The viscosity (323 K) of paste-like compositions with 85 wt.% feeling degree (70 wt.% of KCI modified by 2 wt.%
PGO-4+15 wt.% of Al) based on SNBR-N with 0.5 wt.% surface-active compound (POPG) and 3 wt.% of plasticizers:
1 — PGO-7, 2 — without plasticizers, 3 — PGO-6, 4 — transformer oil, and 5 — BIO-5A

45 4
40 1 x
35 A
30
25 -
20 A

N, Pa.s

15
10 - 5

3
T,kPa

Fig. 2. The viscosity (323 K) of paste-like compositions based on SNBR-N with 0.5 wt.% of surface-active compound (POPG)
and 3 wt.% of BIO-5A plasticizer with different degree of filling: 1 — (70 wt.% of KCI modified by 2 wt.% PGO-7+15 wt.%
of Al), 2 — (70 wt.% of KCI modified by 2 wt.% PGO-6+15 wt.% of Al), 3 — (75 wt.% of KCI modified by 2 wt.%
PGO-6+15 wt.% of Al)

Thus, for plasticizers close to diene rubber,
which contain alkane and alkene fragments (the
residues of higher carboxylic acids), there is a
reduction in viscosity by a factor of 3. The said
composition has remained stable for six months while
being stored at 298 K. To complete the research and
obtain low-viscosity compositions with maximum
degree of filling up to 90 wt.%, the surface of KCl
was modified by 2 wt.% PGO-4 additive and used
in the composition of a BIO-5A binder in quantity
of 3 wt.% of the total mass of the composition. The
results of the viscosity measurements are shown in

Fig. 2.

In addition to measuring the viscosity of the
obtained maximum-filling paste-like composition
containing a BIO-5A plasticizer, an evaluation of its
stability during a prolonged exposure (6 months) at
room temperature (298 K) was made. There are no
signs of loss of homogeneity and fluidity of the
composition due to stratification by the
decomposition of the plasticizer or the disruption of
the continuity. At the same time, the composition
with an elevated content of dioctyl phthalate (DOP)
(6—9 wt.%) even at a lower degree of filling
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(85 wt.%) became dispersed immediately at room
temperature [9]. It can be assumed that the use of
PGO-6 and PGO-7 additives as a surface modifier
of KCI contributes to an increase in the adhesive
interaction of non-polar rubber and polar filler.

A comparative assessment of the rheological
properties of the compositions under study was
carried out by calculating the activation energy of
their viscous flow (E) according to the method
described in ref. [15] for the temperature range of
293 to 323 K. According to data shown in Table 4,
the most effective composition with a degree of filling
of 90 wt.% has practically the same value of E as
pure SNBR-N.

Density is another important characteristic of
a fuel compound. The density of the investigated
composition was calculated (by densities of each
compound component) and experimentally
determined. The value of experimentally measured
density of highly-filled (90 wt.%) composition is
1648 kg m™3, whereas the calculated values is
1683 kg m~3, which shows good coincidence of the
obtained results.

A proof of the higher efficiency of the BIO-5A

plasticizer against DOP plasticizer is provided by
the obtained temperature dependences of viscosity
of paste-like compositions (Figs. 3 and 4).

The comparison confirms the higher efficiency
of the use of the BIO-5A plasticizer, which provides
a greater reduction in the viscosity of the composition
filled to 90 wt.%, as compared with the viscosity of
the composition based on DOP and filled to 85 wt.%.

According to obtained results, the use of
PGO-6 surface modifier and BIO-5A plasticizer as
alternative to classic DOP allows producing a stable
highly-filled (90 wt.%) composition with low
viscosity. The developed material fully satisfies all
requirements for the paste-like fuels.

Conclusions

1 The correlation between viscosity and shear
stress in temperature range of 293 to 323 K was
considered for the model composition of paste-like
fuel consisting of non-functionalized oligomeric
rubber and highly dispersed fillers (KCI instead of
real oxidizer and Al) with a maximum degree of
filling and zero oxygen balance.

2. The FAME mixtures of sebacic, palmitic
and oleic acids as plasticizers in paste-like model

Table 4

The activation energy of viscous flow of the compositions based on SNBR-N*

Activation energy of viscous flow of the compositions based on SNBR-N (wt.%), kJ mol '
SNBR-N 10 SNBR-N 5
Temperature SNBR-N 18 KCl,, 71.5 KCl, 76.5
range, K SNBR-N SNI?(};_ISOZO KCl,, 81.5 Al 15 Al 15
POPG 0.5 POPG 0.5 POPG 0.5
DOP 3 BIO-5A 3
293-303 23.8 92.7 35.1 423 27.2
303-313 17.7 78.2 30.6 334 19.0
313-323 11.3 63.5 19.2 26.7 14.3
“Note: KCl,, stands for KCI which was surface-modified by PGO (2 wt.%).
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Fig. 3. The temperature dependence of the viscosity of paste-
like composition (degree of filling 85 wt.%) plasticized by DOP
at the following shear stress: 1 — t=6 kPa; 2 — =10 kPa

Fig. 4. The temperature dependence of the viscosity of paste-
like composition (filling degree 90 wt.%) plasticized by BIO-
5A at the following shear stress: 1 — t=6 kPa; 2 — =10 kPa
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fuel composition are more efficient in terms of
influence on rheological properties and possible
degree of filling of the composition than those
considered earlier and containing dioctyl phthalate.
3. It was established that the use of surface-
active compounds jointly with the modification of
filler by the products of polyethyleneterephthalate
alcoholysis and application of plasticizers close in
their nature to oligomeric rubber makes it possible
to increase the degree of filling of the model fuel
composition to the limiting value of 90 wt.%. The
prepared composition is stable and homogeneous
without plasticizer exudation on the surface.
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JOCIIIXKXEHHS PEOJOTTYHUX BJIACTUBOCTEN
BUCOKOHAITOBHEHOI ITACTOTIOAIBHOI IMMAJIMBHOT
KOMITO3UIIIi HA OCHOBI OJJITOMEPHOTO
KAYUYYKY I JUCITEPCHUX HAITOBHIOBAYIB

0.b. Cyposues, 1.A. Mandsrwk, /[.0. Yepeaxos,
M. D. Cegpeposa, O.B. Uepearos

OrnurcaHo pe3ybTaTH CTBOPEHHST MOJEJIbHUX MaCTOIO/i-
OHUX MaTUBHUX KOMIO3MUILiil 3 BUCOKHMM CTYIIEHEM HAIIOBHEHHSI
(mo 90 mac.%) Ta DOCHTIIXEHHS IX PEOJOTiYHUX BJIACTUBOCTEIA.
Po3pobieHa KOMITO3H1ist MICTUTB TaKi KOMIIOHEHTH: MOJiIMEPHY
Matpuuio (OyranieHosuit Kayuyk tuny CKAH-H) i cymimn He-
OpraHiYHMX HAIMOBHIOBAYiB — IMOMEPEIHBO MOBEPXHEBO-MOIU-
(hikoBaHOTO BUCOKOAMCIIEPCHOTO KaJliii XJIopuay (MiKpokaricy-
JIbOBaHMI1 3 BUKOPUCTAHHSIM OJIITOMEPHUX MPOAYKTIB ITiLIePOTi-
3y TojtieTuiieHTepedTaiaTy) Ta BUCOKOIUCIIEPCHOTO aTIOMiHi€-
BOro MopoiiKy. K 101aTKOBi KOMIIOHEHTU BUKOPUCTAHO TO-
BEPXHEBO-aKTUBHY CIOJIYKY (OJirOMEpHUI MOJiOKCUTIPOTTiIEH-
[J1iKOJIb) Ta MacTudikaTopu pi3HOI MPUPOAU, SIKi BBOAUIIU IUISI
301JIbILIEHHS CTYIIEHSI HAlTOBHEHHSI OJlep>KaHUX MacTOMOAIOHUX
KOMITO3MU1Iiii npu 30epekeHHi HU3bKOTO PiBHS 1X B’SI3KOCTi. JAu-
HaMiuHY B’3KiCTh KOMITO3UIIiif OILIIHIOBAJIM B MTialma3oHi HaIpy-
>xeHb 3cyBy Bin 1 mo 30 xI1a ta Temneparyp Bix 293 no 323 K Ha
[MOBOPOTHOMY BiCKO3UMETPi (CMCTeMa KOHYC—TILIoluMHa). Bera-
HOBJICHO, 1110 B’I3KiCTh BUCOKOHATOBHEHOI (10 90 Mac.%) KoMm-
no3uuii 3 miaactudikaTopoM, KU € CyMillIIIO HACUYEHUX i
HEHACUYEHUX METWIOBUX €CTEPiB XXMPHUX KUCIIOT, 3HAXOAUTHCS
Ha TOMY X PiBHi, 110 i IUTSI BUXiZHOTO OJirOMEpHOTO OyTalieHO-
Boro kayuyky tury CK/IH-H.

KimouoBi c10Ba: BUCOKOHAIOBHEHA TTACTOMOAIOHA ITaTMBHA
KOMTIIO3UIIisl, PEOJIOTiYHI BJIACTUBOCTI, AMCIIEPCHI HaTIOBHIOBAYi,
OJIITOMEepHUII KaydyK, TTOBepXHeBa MoaudiKailisi, TOBEepXHEBO-
aKTMBHA peYOBMHA, ItacTudikaTop.

A.B. Surovtsev, 1. A. Mandzyuk, D.O. Chervakov, M.F. Seferova, O.V. Chervakov



ISSN 0321-4095, Voprosy khimii i khimicheskoi tekhnologii, 2021, No. 5, pp. 111-117

117

STUDY OF THE RHEOLOGICAL PROPERTIES OF THE
HIGHLY-FILLED PASTE-LIKE FUEL COMPOSITION
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We present the results of creation of paste-like fuel
compositions with a high degree of filling (up to 90 wt.%) and
investigation of their rheological properties. The developed
composition contained the following components: a polymer
matrix (type SNBR-N butadiene rubber) and a mixture of
inorganic fillers (preliminarily surface-modified highly disperse
potassium chloride, that was microencapsulated by using
oligomeric products of polyehtyleneterepthalate glycerolize, and
highly dispersed aluminum powder. A surface-active compound
(oligomeric polioxypropylene glycol) and plasticizers of different
natures were used as additional components, which were
introduced in order to increase the degree of filling of the resulting
paste-like compositions while maintaining a low level of their
viscosity. The dynamic viscosity of the compositions was evaluated
in the range of the shear stresses of 1 to 30 kPa and the
temperatures of 293 to 323 K by using a rotary viscometer (cone—
plane system). The viscosity of the composition which is a mixture
of saturated and unsaturated methyl ester fatty acids at the
maximum degree of filling (90 wt.%) was at the level of viscosity
of the individual binder.

Keywords: highly filled paste-like fuel composition;
rheological properties; dispersed filler; oligomeric rubber; surface
modification; surface-active compound; plasticizer.
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