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ABSTRACT: ' Additive powders of Al, Mg, B, Zn, Ti, and W in test mixtures
of NHl’Clo with bitumen and polymethylene-methacrylate, and of KC10, with
bitumen, showed that adding finely divided metals to compounds having a
weak dependence of combustion rate on pressure strengthens this dependence,
whereas if the dependence u(p) is strong for the orfginal coupound,
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the theoretical model, which allows for simultaneous occurrence of homo-
geneous reaction between products of gasificatioun of cxidant and or

organic fuel, and the heteropeneous teaction of corbustion of metal

particles. _
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Reference [l] considered the effect of metal particle aduitives on the
rate of corousticn of mixtures of lightly carbureted fuels and oxidants. It
was shown tnat the effect of metal additives is determined first of all by
the particle size dy. Sufficiently large metal particles will only reducel
the rate of combustion, since their effect depenus slightly on the nature
of the metal anu of the oxidant, upon the fuel-oxidant ratio, upon the par-
ticle size of the oxidant, and on pressure. On the other hand, metal gran-
ules which are thinly enough dispersed can significantly increase the rate
of comoustion. The present article considers the effect of finely divided
particles of metal in greater cetail.

Experiments were carries out with test mixtures of ammonium perchlorate
(PCA) with bitumen ana polymethylene-methacrylate /(PMMA), and alsc mixtures
of potassium perchlorate (PCK) with bitumen. Aluwdinum powders® with an ef-
fective particle size of ~ 2.7 7 3.0 and ~ 12 u were used, as well as alu-

minum granules with an effective particle size of ~ 0.09, ~ 0.2, ° 5, ° 8
anda ~ 15 u”. In_adaition, a few series of experiments were run with powders
of ragnesium dy = 10 u#, of boron < = i u4, wf Zinc dM <= 6 7, of titanium
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of the particles was flaky; in granules they more or less approkimated the
spherical. "as range of particle sizcc in almost all cases was very wide
(especially for aluminum flakes); the sole exceptions were granules of Al

and iig obtaired in the laboratory of M. Ya., Gen. The method for prenaring
the mixture was the same as in references [2, 3). The metal granules were
introduced at a constant ratio of oxidant and orgaric fuel. The experiments
werc perforneu with charges 6 - 8 rm in diameter and 8 - 10 wmm high in a gas
"bonp" of constant pressure ia mitroyen. The rate of combustion was measured
witih a pilezo~clectric pressure transaucer.

1
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Vvith an adnixture of 15% Al or W in aqranule fcrm, the rate of combustion

_is usvally cut by 5 - 15%.

“lne siz: is calculated by size of unit surfacc, as measured by a PSK-2 device.
sranules witn a narticle size of 7 0.09 andg U.< b were obrai ol in i, Ya,
Gen's laporatory (IKHF AN SS5R); their size was determined by electron inicro-
4590;@; for reraining granules the unit surface was measurea with a PSE-Z2.

Jize was caloulatad tw size of unit surface.
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TABLE 1

= %
X 2z
Cigs ¥
1 atn 6 atm 11 atm 51 atm 161 atm

2 g 1.08 1.14 1.03 1.10 "o1.14

~ 3 1.23 1.26 1.5% 1.21 1.38

~ 0.05 | 1.94 1.58 1.55 1.65 1.63
1 -

The effect of the metal additive was traced by using parameter z=u/uo,
where u, u, are, respectively, the combustion rate of the mixture with and

without the metal additive,
EFFECT OF PARTICLE SIZE OF A METAL

According to the degree of reduction of the particle size of a metal, its
effect on the combustion rate is increased which can be observed from a sample
of the mixture PCA &10p) bitumen at a = 0,75 with 13,17 aluminum additive
(concerning three mixtures) (table 1).

TABLE 2
dm,u 2
6 atm 11 atm 41 atm 61 atm 101 atm
) 1.04 1.06 1.3G3 1.014 1.3
8 1.04 1.01 1.16 1.18 1.41
2.7 1.15 1.18 1.21 1.27 1.53

EFFECT OF THE AMOUNT OF ADDITIVE

The effect of the amount of additive was examined for stoichiometric
mixtures of PCA-bitumen and PCK-bitumen with an aluminum additive (~0,09
and 0.2y). For increases in the amount of additive in limits to ~30%, its
activity is strengthened as shown in table 3, Mixtures of PCA + Bitumen with
Aluminum Additive Al (~0,09y).




TABLE 3
Particle size 7% of aluminum =
iy @ addlicive 1 atm € atm 11 atm 51 atm 101 atm !
10 6.5 1.15 1.07 1.07 1.04 -
13.1 72 1.63 1.55 1.65 ' -
31.1 3.46 3.46 3.80 - i 2.87
180 13.1 1.85 1.73 1.76 1.62 1.51
311 3,41 3.02 2,78 0 4

For a mixture of PCK (~10u) + bitumen with additives of 6.5; 13.1; and
31.1% Al (~0.2u) at 11 atm, values of z = 2,02; 2.31; and 2.74 were obtained
respectively, and at 101 atm, values of z = 1,34; 1.69; and 2.4 were obtained
respectivaly.

The absolute value of the combustion rate of compositicns with finely
dispersed oxidarnts and with a large percent of finely dispersed aluminum is
extremely high as shown in table 4 for mixtures containing 31% Al &0.0%:).

TABLE 4
u, om/sec
Mixture
1 atm 6 atm 11 atm 51 atm 101 atm
PCA + bitumen; a = 1 5.40 19.5 32.3 56.0 86.1
PCA + biitumen: a = 0,75 5415 15,5 25.8 60.8 —_—
FCK + bitumen; a = 1 —_ — 18.4 £3.4 79.0

It follows to note that the dependence of 2z to a and the particle size
of an oxidant (d__} for bitumen based mixtures is relatively weak. At high
pressures, z decfcéases as dox increases.

EFFECT OF THE NATURE OF A METAL

Results of experiments according to the effect of the nature of a metal
on the value z are approximations since each metal (except Al) was tested according
to only one fraction, with the average size of particles varving from one metal
to the next. Experiments with a stoichiometric mixture of oxidant (»10u) with




bitumen, where 13,17 of metal was introduced, have shown that the combustion
rate can be significantly increased by means of additives of finely divided
Al, B, and Mg (table 5).

However, the particle sizes of magnesium, and to some slight degree
boron, were too large, so that the potentialities of these metals in a
mixture for increasing combustion rate are insufficiently explained.

Titanium additives only negligibly (by 5 - 15%) increased ccmbustion
rate; however, the particle size (~16y) was too large.

TABLE 5
o z
Oxidant Metal {d., u |l atm 6 atm 11 atm 51 atm 101 atm
' .
Al ~0,091 1,72 1,63 1,55 1,65 -
PCA ~12 1,31 — 1,29 1,14 1,14
B* ~1 1,32 1,24 1,40 1,27 1,19
Mg ~10 1,97 1,72 1,58 1,30 1,20
Al ~0,2 6.45 2,72 2,31 1,65 1,69
PCK ~12 144 | 1,30 | 1,20 | 1,06 | 1,04
B ~1 4,22 1,95 1,84 1,20 0,95
Mg ~10 3,10 1,84 1,72 1,13 0,90.

* . y . : : : dises
bBoron is a non-metal, but for the sake of brevity this is not specified.

Additives of W and Zn were ineffective in increasing combustion rate:
z =1 3 1,1 was obtained for W (~2,.5p) and z = 0,9 ¢ 1,1 was obhtained for
Zn (~6u).
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Effect of !Metal Additive on Dependence u{p)

The experiments performed showed that for some mixtures the metal audi-
tive had a strong effect at lower pressures and a weak effect at high pres-
sures, and for other mixtures the opposite was true. The following general
trena could be established.

1. If the dependence u(p) is weak for the criginal (without metal) mix-
ture (the exponent in the combustion law v, < 0.5), then the metal additive
strengthens the dependence u(p) (i.e., the additive increases the combustion
rate slightly at low p and strongly at high p). Correspondingly, the expcnent
v is higher than v, for the mixture with metal.

2. On the other hand, if the dependence u(p) is strong for the original
mixture (v_ > 0.5 -~ 0.6), the metal additive weakens the dependence u(p), and
rorrespondingly v < Vgr

Thus, for example, v = 0.57 for a stoichiometric mixture of PCA (~ 10 u)
rlus bitumen. When Al, Mg or B are added, the value of v falls within limits
of 0.44 - 0.56, i.e. is negligibly decreased. For a mixture of PCA (= 180 )
and bitumen at a = 0.75 and a¢ = 1 vo': 0.54. When Al of various sorts is
added, the value of v lies within limits 0.42 - 0.50.

On the other hand, for a stoichiometric mixture of PCK {~ 10 u) plus
bitumen with a high value of vy, = 0.75, adding finely dispersed Al, B and Mg
markedly weakens the demendence u(p) :

Additive dn, U v
Al T 0.2 0.61
Mg =109 0.45
B 1.0 0.43

As follows from the figure, exponent v, for a gelatinated mixture of
fCA {7 G u) pilus FliHA depends on the pressure range. Av p § 40 aun, when
vV, * 0.55, the magnitude of z scarcely depends on p at all. However, as soon
{at p » 50 atm) as the expornent vV, becomes less than 0.5, the magnitude of =z

bhegins to increasc with!pressure_

2 Yo
s L0
1
N R
PRE = o -—J » \\
o S0 - 0 50 D, atm

Relationship betweon depenuence z(p) for mixture PCA (T 6 vu) + PUMA
+ 10% Al at o = 0.85 and dependence Vv, (P) for original mixture (witn-

out Al additive). 1 - dm = 29 P 2= dy ~ 8w, 3~ dM = A% e
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Discussion of Results

The effert of metal additives on combustion rate can be explained on tne
basis of the thermal theory of ccmbustion and concepts abcut the zone of ef-
fect [4].

Particles of a metal can increase the rate of combustion of a mixture
only when they ignite and effectively burn up near the surface of the charge.
Additives of such metals as Mg, B and especially Al increase the temperature
of coubustion. As to the rate of combustion, then its increase is linked
not only with the emeryence of additional heat release due to combustion of
netal particles, but also with increase of rate of heat release due to reac-
tion of products of gasification of the basic mixture as a result of increase
of cormbustion tenperature.

In reference [5] an expression was obtained for the rate of combustion
during sinultaneous occurrence in one narrow zone of homogenized reaction in
the volume and also heterogeneous recaction on the particles. With regard to
the case of interest to us, combustion of particles of metals, which occurs
in a diffusion reyime, the expression for the magnitude of z assumes the form

E 71 i A’ £\
2 ~ exp o i 1 HEE i A : ( ).
l/ ["' (r, T )] d a “T\RT, ()

where E is the eneryy of activation; T! and TF are, respectively, the combustion
temperatures of the mixture with and without metal.

If Tf does not depend on temperature, then from (l) we obtain

2~V A4 Bp v (2)

From (2) it follows that at v < 0.5 z should increase with increase of p,
and at v, > 0.5 it should decrease. This result is found to agree well with
experimental data™.

We also note that according to (1) z should increase with decrease of
netal particle size and of combustion temperature of the original mixture T,..
liore recently it has been inuicated that, other conditions being egual, it 1s
easier to increase the rate of combusticn of a "cold" mixture (if, of course,
the netal particles are able to ignite and burn). Both these results agree
with experiment.

In discussing tne results of the experiments we must keeo in mind the
following o licating circumstance. Undoubtedly in the process of preparina
the charge, nodulizing of the metal particles occurs to tnis or that degree.
doreover, on the surface of the burning crarge one may observe amalgamation
of a certain portion of the melted particles, resulting in the formation of

l.trlctly speaking, (1) and (2) are applicable only to mixtures with a finely
tinyersea oxidant, however, as was noted above, increase of dox does not in-

{luence experinental values of z too strongly.
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comparatively coarse cupels (6, 7]. In other words, the actual sizes of par-
ticles igniting and burning under the surface of tne charye can exceed the
size of the particles of the original granules (d”), and this does not exclude
the possipility that a sharp decrease of dy, may slightly decrease this actual
size of rarticles.

Thus, we have studied the effect of finely divided metal additives (Al
ana to a significantly lesser deyree Mg, B, Ti, W, Zn) on the cocrmbustion rate
of test mixtures of PCA and PCK with bitumen and PMMK.

It has been founu that the smaller the size of the metal particles and
the yreater their quantity (at least up to 30%), the less the additives of
finely divided metal will increase the combustion rate.

Adding finely divided metals to compounds having a weak dependence of
conbustion rate on pressure strengthens this dependence. On the other hand,
if the dependence u(p) is strong for tne original compound (v, > 0.5), addi-
tives weaken it.

Results of the experiments succeed well enough in totally explaining
concepts about the zone of effect, as well, based on thermal theory of com-
bustion. 7The effect of metal on the dependence u(p), and also the strength-
ening of the efficacy of metal in the presence of inert diluent, agrees well
with the theoretical model, which considers simultaneous occurrence of the
hemogeneous reaction between products of gasification of oxidant and of or-
ganic fuel, and the heterogeneous reaction of combustion of metal particles.

Subnitted July 22, 1967

REFERENCES
1. . . sakhman, Iu. A. Xondrashkov, ZnhFKh, 21, 1, 1963, 216.
2. . . wvaklwman, A. F. pelyayev, Dokl. AN SSSR, 133, 1960, 4, 866.
3. 5. A. 1sycanov, W. I. Bakhman, V. V. Yevdokimov, FGV, 1, 1965, 4, 44.
4. N. k. bakiman, A. F. Belyayev, {Combustion of Heterogeneous Condensed
S

ystens], "llauka," lloscow, 1967.

. 1i. bakiman, Iu. A. Kondrashkov, Dokl. AN SSSR, 168, 1966, 4, B44.

6. L. A. Wateruweicr, %. P. Aungst, S. P. Pfaff, 9th Symposium International
on Cotdsastion, Acadenic Press, W.G.-L., 1963, p. 316.

7. AL F. selyayev, 8. S. Yermolayev et al., FGV, 5, 1962, 2.

(8]




