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ABSTRACT

The decomposition reactions of 1wo typical double-base propellants, with and
without ballistic modificrs, have been studicd at different heating rates employing
DSC. The heating rates and ballistic modifiers did not affect the activation cnergy
calculated for the condensed phase reaction (33 :: 4 keal mole™'). The coincide::ce
between activation encrgics of both propcliants and a comparative study of a series
of thermograms, suggest that ballistic madifiers act on gas phasc or heterogencous
reactions occurting near the burning surface, probably in the fizz zone.

INTRODUCTION

Following the investigation on thermal decomposition of solid propellants,
initiated with composite propellants®. we present here a study of the kinetics and of
the cffects of ballistic modificrs on the decomposition reaction of double-base propel-
lants. Kubota® has exiensively reviewed the work done on the mechanism of these
reactions. From his excelient analysis one can conclude that at present there is no
clear understanding cither of the weight that condensed phase reactions play, nor of
the magnitude of the involved heat of reactions of these propellants. Generally i1t is
recognized that the initial stage of the combustion reactions starts with the breakage
of the O-NO, bond from nilratc csicrs, since il is the weakest of the chemical bonds
present. The initial products of these reactions arc NO, and aldechyde molecules and
apparently, the decomposition process occurs in the condensed phasce or at Icast at the
buming surface. The following step would be the reaction between these aldchydes,
ather organic compounds and NO,, giving NO: finally the last stage is the excthermic
oxidation of the organic molecules by NO siving N, CO,. CO. H,O, ctc.*

Kubota® 100k into account that for low pressures and lead-catalyzed propel-
lants, solid carbon particles were observed at the burning surface, and suggested that
the catalytic action of the lead salts took place on the condensed phase, giving active
gascous species and carbon. This solid carbon production reduces the cffective fucl/
oxidized (aldchyde/NO,) ratio, shifting it to the stoichiometric ratio, and increasing
the oxidation reaction rate in platonized propellants.
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Kubota* and Wilfong et al.? considerced the breakage of the O-N bond in nitric
esters as an endothermic rezction; in other work, for ethylene glycol dinitrate, Adams
and Wiseman* proposed a two stage decomposition as follows:

cuzoNOz CH:O'

—_— + NO, 4H ~ 35kcalmole™?!
CH.ONO, CH,ONO,
CH:O-

2CH.O <+ NO, J4H ~—=27kcalmole™?
CH,ONO,

As the mechanism of decomposition for this simple ester involves an endothermic
and an exothermic reaction, it could happen that for the very complex reaction of
nitroceilulose-nitroglycenin propellants, one may obtain a net production of heat.

Wilfong et al.? proposed a unimolecular reaction for the endothermic breakage
of the O-N bond. Further, in the study of the nitrocellulose decomposition, since there
is a great number of molecules available at the surface, and they are immediatcly
replaced when they are decomposed to gaseous products, they consider an apparent
zero order. In the already mentioned work by Adams and Wiseman®, they suggested
an exothermic reaction of zero order at the burning surface, ziving gascous products.

Kirby and Suh® have carried out a study on M-2 propellant, using differential
calorimetry. One of their conclusions was that DSC is not suitable for the determina-
tion of the hecat of reaction at the condensed phase, since the measurements are affected
by heterogeneous and/or 2as phase reactions which occur at or near the surface. We
agree with Kirby and Suh’s® conclusions about the restrictions of DSC, but taking
into account our experimental results, we believe that the first region of the thermo-
grams is indeed related to condensed phasc reactions, and the middic and final zones
are related 10 heterogencous andfor gas phasc reactions.

EXPERIMENTAL

We have attempted 1o study the efiect of lead salts using films prepared in the
laboratory by solvent evaporation (cthyl acetate/dimethylsulphoxide) from solutions
with the propellant compositions. Neither the thermograms. nor the activation energies
calculated with these samples showed differences produced by the lead salts, and the
activation energies were much smaller than those calculated for the extruded propel-
Iants. The different behaviour produced by the solvent treatment was mentioned by
Swotinsky ct al.%, who pointed out that the metallic salts used as ballistic modifiers
produce “plateau™ cffects only with propellants obtained by solventless processes.

For this reason, we used two double-base extruded propellants. The composi-
tion of both propellants was: nitrocellulose, mitroglycerin, stabilisers and plasticisers
(propellant A) and with the additional Icad salts for propellant B. The composition
was slightly modified between propellants A and B in order to obtain the same heat
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Fig 1. Effact of ballistic modificrs on buming ratc. Propellant A- . 13 °C; .25 °C; TIO. 4 °C.
Propcllant B: A.— 13 °C:@.25 'C;: ). 53 °C.

of explosion (830 cal g7"). In Fig. 1 onc can see the ~platcau™ effect of the ballistic
modifiers on the curve log r vs. log P (r, burning rate; P, pressure), plotted for both
propellants.

The thermograms were run with filings and disc samples. The discs were pre-
pared by slicing the propcllants with a microtome and cutting them out with a cork
borer (diameter 3 mm). The weight of the samples used varied between 0.8 and 2.5 mg,
according to the heating rate employed. The samples were encapsuled in sealed alum-
inum pans with 7 holes (diameter 0.1-0.2 mm) picrced in the lid to allow gaseous
decomposition products to escape. The samples were weighed with a Cahn clectro-
balance. The differential calonimeter employed was a Perkin-Elmer DSC-1B. The
nitrogen flux during the sample heating was approximately 20 ml min~?, at atmos-
pheric pressure. The heating rates were 4, 8, 16, 32 and 64 K min~'. The measurement
of the thermogram areas was carried out by the Gregory’s numerical integration
method? for propellant A, and using a planimeter for propellant B.

RESULTS AND DISCUSSION

Thermograms obtained with propellant A, using discs or filings, showed only
one reaction peak for all heating rates (Fig. 2). The same was observed with propel-
lant B in the case of filings. For discs, this propellant showed one peak for 4 and
8 K min~* (Jow heating rates), but for 16, 32 and 64 K min~! (high heating rates)
another small peak is seen just before the maximum is seached (Fig. 2).

Tablc | shows detail of parameters such as temperature range and peak tem-
perature for both propellants and all heating rates. It also shows that there is no
significant difierence between the peak temperatures for all cases at each heating rate.
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Fre. 2 Typical thermozrams of propellznis A (— ) and B (----) (3} filings. 5 K min™': (b)
filings. 61 K min~ ¥ ; (<) discs. 5 K min~ ¥ (d) dises. 63 K min~ .

in order 1o study the thermozrams, the Uricheck™s method® was applied to aii exper-
iments. This method implies an order of reaction 7 = 1 and calculates the decomposed
fractior x o 2 fixed temperature using the refationship: arca under the curve up (0
that lcmpcmmxaf‘loul zrea. This method was used 1o analyze the different slopes ob-

cena l Bonwawm eha donralammesnms wf ol mlercaow ceallin caivwanscal Blaa® Sl n oo
lclllm QU lllg I.Ill. UL\‘-IUPII..III. (¢ ¢ llll. l'-Al\.lIull )lllu ldlll s EBEALS JALLAFUIERL B3R B3 L aFaX

under the curve does not represent only the heat generated in the condensed phase®.

TABLE |
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COUMNFARINON OF FEAK TESIFERATURE (/7,3 INITIAL TEMPIRATURE
(DEGREIE KELNTX) OF TIERMOGRANS AT IMFFEREXY MEATING RATVES
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TABLE 2

MAXIMUM DECOMPOSED FRACTION WHERE LINEARITY 5 ACCOMPLISHED N THE CRICHECK'S rLoTs

e T e i  a e —= - - ~ = — e [ - - =

Hearing rate Propcllant 4 Propellunt B

K min=* Dises Filings Dises Filings
4 0.63 0.50 0.37 0.10
& 0.62 0.16 043 03

1& 0.5% Q.50 0.13 Q.10

32 0.66 0.60 0.13 013

64 0.57 0.39 0.0% 0.2

= maem e oesmx = - - e — - -

it is impossible to calculate the real decomposcd fraction of the reaction working only
with the arca undcr the curve.

The Kishore's method” was 2'so used. In this case the decomposed fraction is
plotted versus a reduced time £/7, = 0.5 (real time/time for x — 0.5). If for different
heating rates all the points fall on the same curve, the order of reaction is the same.
in addition, from the slope of the plot log (v & A~*) vs. T~ (v, chart speed; b, height
of the curve; A. total area; 7T: absoluie temperature) for a fixed z and different heating
rates, onc can calculate the activation energies at several extents of reaction.

Finally, a third method by Rogers and Morris!®. was applied on each thermo-
gram in order 10 calculatc activation cnergics. We used herc only the first points of the
curve, where the reagent consumption is nol important, and at 4 K intervals. The
calculations were done for b =: 5 mm for the purpose of climinating points affccted
with a large error. The results obtained showed that there is no significant difference
in activation energy with the heating rate, contrary to what we found with composite
propellants! ; therefore we decided 1o take an average of the values for cach sample.

Using Uricheck™s method®, practically all the experiments with filings showed
a deviation from linearity at lower apparent decomposed fractions, than those with
discs (Table 2). This differenee is very significant for propeliant B. which has ballistic
modifiers. The fact that this deviation occurs at a Jlower decomposed fraction for
filings, where it is expected that gaseous andfor heterogeneous reactions may have an
carlier cffect, suggests that these reactions are responsible for the deviation. Since for
the casc of filings of propellant B linearity is effective only in a narrow range. we think
that ballistic modifiers act mainly on the mechanism of gas phase reactions or at Icast
on reactions which develop just at the burning surface. In the case of discs of propel-
lant B the low decomposed fraction obtained at heating rates of 16, 32 and 64 K min—!
agrees with the small peak present in these thermograms, which causes the deviation
from lincanty.

Applying the Kishore's method®, the plots 1 — x vs. £/, = 0.5 for all samples
and hcating rates arc concurrent. The activation energies calculated for x = 0.1, 0.2,
0.6 and 0.8 are detailed in Table 3. Figure 3, which shows experimental results of discs
of both propellants at x = 0.1 and 0.2, gives evidence of a discontinuity for the points
obtained at low heating rates against those at high heating rates. At present we are not
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TABLE 3

ACTIVATION ENERCIES (KCAL 30LE™ ¥) CALCULATED BY THE KISHORE™S METHOD'

e R R © s e e S SEEITEI SRR s

Propellorns A B Pntpd&gll B

Dises  Filings Dises | Filings
x fa)  thi tek tai (b Iy
0.10 336 372 373 326 s 47.5
o 367 35 373 M9 372 325
0.60 46.1i<) £ K 31.2(e) 99

030 42 3c) LA | 39.7(c) 36.5

= Ty e s e - B e e LRI

(= Land S K min~*.
(b) 16. 32 and 6 K min~*_
(<) Al hcating r21cs.
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Fig 3. Discontinuity in Kishorc's plots for dcs at x == 0.1 (@.
lant A (D) propellant B.

Yand 0.2 (.3, - - -)- {3) propci-

able 10 give an explanation of this change in the ordinate to the origin, but as it was
confirmed in several runs of the expeniments, we decided to calculate each of the
activation encrgies (low and hizh heating rates) separately for both decomposed frac-
uons.

In order to compare, at least qualitatively. the evolution of the reaction at dif-
feremt healing rates, we plotied the apparent not decomposed fraction (I = 2) vs.
temperature for all kinds of samplcs (Figs. 4 and 3). In the case of discs (Fig- 4), one
can see that the shape of the curves is modified varying the heating rate. The curves
at Jlow heating rates (4 and § K min™?!) are steeper than at higher heating rates. As
the slope of the curve represents the evolution of the rate of reaction, its change may
sugeest that at low heating rates an induction period exists. These plots and the
thermogzrams for discs of both propellants coincide at 4 K min~! and they begin to
differ at increasing heating rates (Fig. 2).
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Fig. 4. Dises: change in decomposed fraction (cxpressed as 1~ x) with temperature. Light trace:
propcllant A: heavy trace: propeilant B. Heating rate (— - - ~) 3 K min™ Vo~ -)8 K min~*;
163 K min~*.
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Fig. 5. Filings: change in docomposcd fraction (expressed as |-~ 2) with (cmperature. Light trace:
propciiant A heavy Irace: propeltant B. Heating ratez (—~-- —) A K min~? { (—- — -} S K min~*;
[ PIGK min~ i t----)32 K mim~ ' ¢ Y64 K min~ b

As has been described before, theymograms of discs of propellant B at heating
rates over 16 K min~? showed a small peak before the maximum. This peak is not
obtained with propellants without ballistic modifiers. Thus, it scems quitc rcasonable
to belicve that this alteration in the thermogram is related to the catalytic activity of
the modifiers.
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Comparing the thermograms of filings, one can sec that the peak shape of
propellant B is wider and lower than that of propellant A. This fact affects the plot
of Fig. 5. showing that the reaction rate of catalvzed propellant B varies slower than
the rate of non-catalyzed propellant A

Following the study of both figures, one finds that the shape of | — 2 vs. T plots
for high heating rates of discs of both propellants is similar to these of filings for each
of them. This similarity in the evolution of the reaction sccms to suggest that at high
heating rates the influence of the gas phase reactions is dominant. One can explain
this idea by supposing that at higher heating rates there is Iess time available for dif-
fusion and the reactions will occur in a narrow region, very close to the surface, which
will be detected to a laree extent by the equipment.

Taking into account the observations just described and the coincidence between
thermograms of disc samplcs at low heating rates (Iess influence of gas phase reactions)
one can agrec with the hypothesis of Powling and co-workers'* that ballistic modi-
fiers affect the reactions which take place in the gas phase. Figure 3 is an interesting
example which shows a definite sequence in the reactions when filings of both propel-
Iants are studicd. Superposition of curves at each heating rate intersect cach other and
this intersection takes place at higher decomposed fractions as the heating rate in-
creases. In this case no curve can be superimposed on another, as happened with some
disc experiments. This seems to show that when working with filings. gas phase reac-
tions always have an effect. regardless of the heating rate employed.

TABLE 4

ACTIVATION ENERGIES (KCAL 3041 ™ ') CALCULATED BY THE ROGERS AXND MORRIS” METHOD'™

Hewting rate érfr;flh-@g'{‘ o Propellgmes
(K min=1) Dises 7 Fifimes Dises " Filimgs *
A TTsesT T T TS TCT U TEE T T ey T T
22 563 FLE 50.1
s 53.7 58§ 60.0 455
57.6 34 525 456
6 156 392 $52 50.6
438 61.5 56.1 49.5
32 50.5 619 559 55.2
538 25 530 55.0
63 1S F 522 56.9 97
531 663 559 59.3
E  S36:41  SS1 &40 0 S32:40 SL6 & 32 o
= o 577 568 567 142
e 32 nst 36 s

E m:tu:tg::&;ﬁli»l;nmgy.v
s = standand dcxiation.

= = wranoe.
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The average activation energies calculated by the Rogers and Morris™® method,
which are detailed in Table 4, were compared using the Student test. Taking a signifi-
cance level of 0.05, we accept that average activation cncrgics from discs of both
propellants agree. For discs and filings of propcllant B, we must reject the hypothesis
for a significance level 0.95, but we may nisk the acceptance of resulls for valucs larger
than 0.01 and smaller than 0.03. For filings of both propellants, the hypothesis does
not azrec with the experimental dawa with a significance level 0.01.

As onc can infer from Table 4, filings of propellant A show a genceral tendency
to have larger calculated activation energies. This difference may be explained consid-
cring that gas phase reactions begin to affect the development of the thermograms at
an carlicr stage (x ~= 0.1-0.2) as happens with the experiments of propellant B. For
propellant A, which has no lead salts, and accepting that ballistic modifiers do not
affect condensed phase reactions, one can admit that gas concentration on the reactive
surface could be high cnough to initiaic gas phase reactions at decomposed fractions
of the same order. However, these gaseous reactions, as they are not affected by the
catalyst, would have a light cffect on the lincarity of Uricheck’s plot®. In the calcula-
tion cmploying the Rogers and Morris method’® it is quite possiblc that some points,
which really are affected by the gascous reactions. arc included giving an activation
energy which really cannot be assigned only to condensed phase reactions.

The asrecment of the average activation energies for discs of both propcliants,
calculated by the Rogers and Morris method'?, which consider only the first region
of the thermograms, denotes that the first region can be assigned to the condensed
phase reactions and that they are not affected by the ballistic modificrs.

The modification of the | — x vs. T curves at low and high heating rates. already
discusscd above, produces the discontinuity in the Arrhenius™ plois used to calculate
the activation enerey by the Kishore™s method®. For this reason, we consider that in
thi< particular situation, where for a fixed fraction of decomposed mzterial differcnt
rcactions can take place according to the heating rate employed. the method is not
fully reliable.

To the contrary of what happens with discs, the results of activation encrgics
obtained with filings for both propcllants show the largest difference in the data
described (Table 3). It is interesting to note that in these cases one should expect to
obtain much more influence of reactions in the gas phase. and consequently of
catalytic cffects.

Finally, reviewing all the experimental data just described in this paper, and
keeping in mind the limitations which one should expect for DSC in combustion
studies, we are templed to believe that our work scems to show that ballistic modifiers
affect fundamentally gas phasc reactions occurring very close to the bumning surface,
quitc probably in the fizz zone. and that they do not have an imporiant cffect on con-
densed phase reactions, since the calculated activation energies agree quite well for
both propeilants in the case of disc samples and at the beginning of the thermograms.
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