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FOREWORD

This translation was prepared in response to ATD Work Assigmnment
No. 70« The article was originally published as . follows:

Pokhil, P. ¥., and L. D. Romodsnova. Issledovaniye struktury

poverkhnosti goreniya model'nykh smesevykh tverdykh topliv.
Zhurnal. fizicheskoy khimii, v. 39, no. 2, 1965, 29L=299.
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INVESTIGATION OF THE SURFACE CTHUCTURE OF RURNING MODEIL
MIXTURES af SOLLD FUELS

To understand the urning mechanisw ot voanpnelte solld propsllants,
ve investigated the structure formed during 'he bLuraing of stoichiometrie
model mixtures containing, the following o dants: smmonium perchlcrate,
which does not melt, but is self-inflammable st 360-=380°C; potessium
perchlorate, which melts with decomposition at 610°C; and godium perchlo-
rate, which melts at 482°C and decomposes at 505°C.

The following fuels having different physlochemicsl properties vere
selected: graphite, which does not melt sid dozp vot dzcoapose; tungsten,
which melts at ~3200°C; naphthalene, which melts and sublimates at 80°C;
starch, which melts and decomposes at 260°C; succinlc and walonic acids
(succinic acid melts at 185°C and deccmposes at 235°C; malonic acid melts
at 135.6C).

Experimental Part

The investigation of the structure of the surface formed during the
burning of these mixtures was csrried out with the ald of a microscope
(magnification, 1080 times). Surfaces formed by burning the mixtures
in vacuum, in alr, and under pressures were investigated. The mixtures
were pregsure-molded to a maximum density; the diameter of the charge
wag 5 mm,

None of the compositicus studied, except the composition KC10, +tungsten,
burned steadily in vacuum (pressure p-L07° mm Hg) and at room tempersature;
combustion ceases after the hot spiral is removed.

At atmospheric pressure the misturces were extinguished with come
pressed air. The mixtures burning under pressure were extinguished by a
rapid pressure drop in the bomb. The experimenty, in vacuum and under
pressure, were carried out according to a method described previocusly [1, 2].

Mixtures with NH,ClO4 as the oxidant. Investigation of the structure
of the surface formed during the burning of stoichiometric model mixtures
with NH,C1Q, as the oxidant (having s particle size from 4. to 30Qu) and
malonic and succinic acids and starch as the combustibles, showed that in
a vacuum (p~10~ 2 mm Hg) under the action of sn hot spirel, while the
oxidant erystals remsin on the surface eand therefore protrude over the
surface. The depressions between the protruding oxidant erystals contain
the fuel, as is shown in Fig. la. In addition to zeparate crystals, crystal
aggregates ~O.4 mm in al.¢ weore ovserved on the surface.

The larger the cerystels the more they protrude over the burning sur-
face. The protruding crystals are partially covered with combustion pro-
ducts (e.g., carbonized starch particles),

A similar piecture was observed durlng burning in elr. A4s the pressure
increases, the oxidant crystals which are protruding over the surface




decrease in size, and at a pressure exceeding p~30 atm abs., depressions
are formed on the places where the c¢rystals were located, as shown 1n
Figo la.

The phenomenon ig explained as follows. It 1is known from previous
studies [3] that the pressure belowwhich emmonivm perehlorate doss not burn
steadily at room temperature is equal to 20--30 atm abs. Therefore,
during the burning of mixtures at low pressures, when ammonium perchlo
rates itself does not burn and its decomposition tempersture is higher
than that of the fuel, the crystals of NH,ClO, are observed on the surface.

Fuel-mslonic wacid el-starch Qxidalnt At presgure higher
« Oxidant }\\“‘:pxida.nt i than the limiting value,
a | oo when ammonium perchlorate
) iteelf is capable of steady
' ' combustion (without the
P 30 atm abs ) P 30 atm abs  binder), it diseppears )
faster than the binder, and
'I\mgslten Grapl?ite Napht]fqalcne craters therefore appear on

the surface (in place of the

e oy
b,[ ; , . ¢ ﬁ NH4C1Q, ) crystals.

On the ezxtinguished

Large cryst?ls NH C10 Small cz;:,rstals surface of the NH4CLO,-+naph~
X thalene mixtures, as shown
d in Fig. lec, the cxidant is
accumlated on the surface.

- The accumilation of the oxi-
Fig. 1. Oxidant NHaCJ‘Oh dant on the surface due to

the big difference in the melting and sublimation temperatures of naphe
thalene and the temperature of the thermal decomposition of NH,C1LO,.
Therefore, during the burning of the mixture, when the surface tempera-
ture is "{+50° C, naphthalene disappears from the surface layer Faster than
the oxidant.

It is significant that on the surface and in the gsurface layer,
between the NH,C10, crystals, products of various degree of decomposition
of naphthalene were observed, which probably are formed as a result of the
reaction of the gaseous decomposition products of the axidant wiih the
liquid phase of the fuel, i.e., with naphthalene.

The study of the burning of mixtures of mmmonium perchlorate with
tungsten showed that this mixture ignites and burns steadily when ignited
with an incandescent spiral at room temperature in the pressure region of
5 atm abs. On the surface of the extinguished specimen, as shown in
Fig. 1b, are sccumulated tungsten and products of 1ts cxidation. The
NH,C1Q, ~~graphite mixtures does not burn steadily in the pressure range
studled, up to 100 atm abs. Visual observation of the surface after the
application of the incandescent spiral showed accumlation of graphite
on the surface (Fig. 1b).



For mixtures of ammonium perclilorate with the fuels studiede-malonic
and succinic acids, naphthalene, starch, graphite, and tungstene-limiting
pressures (below which the mixture does not burn steadily and ceases to
burn) were determined as a function of the particle size of the oxidant.
Ammonium perchlorate had a particle size of LO=--50, and 200~=300, (table).

From the results given in the table, 1t is evident that the limiting
pressure for mixtures with a melting fuel of the type of malonic and succiniec
acids lacreases with decreasing particles size of the oxidant.

This phenomenon is probably due to the fact that fine particles are
easily covered with a film of the molbten fuel which protects and hinders
the heating of the oxidant to the temperature of vigorous decomposition as
shown schematically in the Fige. ld.

Large particles of NH,C1O4, as shown in Flg. 1d; are partially
covered with a film of the fuel, but their upper part is free. During
the burning of the NH,C10, +naphthelene mixture, NH,ClO, is accumilated on
the mixture surface and the limiting pressure of steady burning is inde-
pendent of the particle size of the oxidant.

Starch, as is known, melts only slightly when heated to decomposition
temperature, and the limiting pressure of the steady burning of the NH,C10,
+starch mixture is therefore independent of the size of the cxidant particles.

The limiting pressure of steady burning is alsc independent of the
size of the oxidant particles in mixtures of ammonium perchlorate with

tungsten and graphite.

Mixtures with KC10, and NaClQ, as oxidsnts. In burning of mixtures
containing KC10; or RaClO; as oxidants, tne formation of a molten layer
on the charge surface was observed in all cases. The reaction between the
oxidant and the fuel originates either in the liquid layer or on its surface.

In vacuun (p~10-2mm Eg) at room temperature, the KC1lO0i+tungsten
mixture burns steadily with a wvelocity of ~0.22 cm/smec.

We were not able to extinguish this mixture either in wacuum or at
high pressures. NaClO, was used as an oxidant to study surfaces formed
during the burning. Mixtures with this oxidant burn less intensively and
are extinguished at pressure p>l atm abs, but these oxidants have similar
yroperties.

During the burning of this mdxture, a melt of NaC1l0, and -NaCl, a de~
composition product of the former, is formed. Tungsten and products of
its oxidation are located on the surface of the melt, i.e., heat-resistant
fuel is accumilated on the melt surface (owing to a big difference between
the decomposition temperatures of the fuel and the oxidant).

Under the action of an incandescent spiral, cn the surfaces of the

KC1O,+graphite and NaClO,+graphite mixturss, accumlation of graphite was
also observed, as is schematlically shown in Fig. 2b.
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Mixtures of KC10, with graphite and NaClO, with graphite do not burn
steadily in the pressure range studied, up to 100 atm abs, The mixtures
of KC1lOu4naphthalene and NaClO,-+naphthalene do not burn at p70 2 mm Hg.
They burn steadily in air and at elevated pressures. '

On the burning surface, which consists of molten KULO, end KCL or
NaClOy and NaCl, dark-brown naphthalene decomposition products are lo-
cated.

Molten naphthalene is located under the molten KC1.04 layer, and a
dark-brown layer of naphthalene decomposition products is located at the
interface of the two molten layers. A similar pilcture was observed on the
burning surface of mixtures of KC10, and NeClQ with succinic acid and
starch, as is shown schematically in Fig. 2z. With all mixtures with
melting (KC10,) and nonmelting (NH,C1O,) oxidants and a melting fuel, fine
bubbles were cbserved in the surface layer of the melt which are formed
from the gaseous products of the oxidant and the fuel and the liquid-phase
oxidation of the fuel as a result of the reactions occurring in the con-
densed phase.

Fuel decomposition products In the surfece layer of the
\Melt KC1O, +KCL or NaClOu+ NaCl  melt reactions are possible not
a Asvss Molten fuel: malonic acid, only between the gaseous decom-
, succinic acids, naphthalene, position products of the oxidant
starch and the gaseous decomposition
- products of the fuel, but also
Fuel: tungsten, graphite, and pro- between the gaseous products of
ducts of its decomposition. the oxidant and the malten fuel
b perrMelt KC10, +KC1 or NaClO,+ NaCl in the reaction layer of the con~
densed ph&se, 1.8., & liqllid.“
[:T phase oxidation take place.

Fig. 2. Oxidants KC10, and NaClQ,

When the mixture consists of e melting oxidant and nonmelting fusl
or a nonmelting oxidant and nonmelting fuel, the reaction between the oxi~-
dant decomposition products and the fuel occcurs on the surface of the cone-
densed phase of the fuel.

In (4] it is shown that the mechanism of burning of NH,C10, is
similar to the mechsnism of burning of powders and mixed solid fuels {1, 2]
While 957 of the heat needed for heating the NH,C1l0, charge comes from the
heat generated in the reaction layer of the condensed phase, 57 comes from
the heat generated in the gaseous burning zone of the mixture, -

Mixtures containing KC10, and NaCl0, as oxidants burn more intensively
than mixtures containing NH,Cl0, . Thls difference 1is due to the temperature
being higher (equal~600--700°C) on the surface of mixtures containing Kelq,
and NaCl0O, than on the surface of the mixtures with NH,ClO y» Where it is equal




to ~500°C, and in eddition to that, the sodium and potassium chlorides which
are formed during the decomposition of KC1O: and NallOy act as catalysts of
the burning process [5].

Thus, it is evideot from the results obtained that the initlsl stage
of the burning of various mixtures of salld fuels occurs in the reactlon
layer of the condensed phase and is completed with the formetion of the
smoke phase.

CONCLUSIONS

l. In the pressure region of p0 atm absg, oxident crystals appear
on the surface of bhurning mixtures containing the pommelting oxidant
NH,C10, and fuels melting or decomposing at temperabures cloge to the
oxidant decomposition temperature. The larger the oxidant erystals, the
more visible do they become on the smurface., AL pressures of p230 ata abs,
the picture is the converse, i.e., craters are formed on rlaces where the
ammonium perchlorate erystsals were Llocated,

2. Heat~resistant Tuels (graphite, tungsten) are accumilated on the
surface of the mixtures during the burning process. When the decomposition
temperature of NH,C10, is higher than the sublimaticn or decomposition
temperature of the fuel, ¢.g., naphthalene; the oxidant is accumulated on
the surface.

3. In the surface layer of the melting cocidants or melting fuelss
bubbles were observed which are formed from the gaseous decamposition pro-
ducts of the oxidsnt and the fuel and by liquid-phase oxidation of the fuel.

4, For mixtures containing the nommelting smmonium perchlorate.
the pressure below which the mixture does not burn stesdily (ceases to burn)
depends on the size of the oxidant particles and the physical properties
¢f the fuel.

5. The mixture KC10,+tungsten burned steadily in a vacuum of p-20~ 2
mn Hg at £25°C. The mixture NH,CL0, +tungsten burned steedily at room teme
perature and pressure in the region of py5 stm abs, The mixtures KC1Q,+
graphite and NH,C1O,+graphite do not burn gteadily in the rangs of pressures
studied up to 100 atm abe.

6. The initial stage of burning of mixtures of sclid propellants
occurs in the reaction layer of the melt of the condeused phase or on the
surface of heat-resisbunt fuels (graphite, tungsten) with an overall
positive thermal effect and is completed by the formstion of a fuel~smoke
mixture which burns in the zone above the mixture surface to form the final
combustion products.
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