In conclusion, we note that the above analysis makes it possible so to vary the parame~-
ters of the process as to modify its characteristics in the required direction,
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MODEL OF ALUMINUM AGGLOMERATION DURING THE COMBUSTION OF A
COMPOSITE PROPELLANT

V. G. Grigor'ev, K. P. Kutsenogii,
and V. E. Zarko

A distinctive characteristic of the combustion of heterogeneous metal-containing composi-—
tions is agglomeration, i.e., the enlargement of the metal particles due to coalescence as the
combustion wave passes through the condensed material, as a result of which the size of the
particles leaving the combustion surface is much greater than that of the starting metal parti-
cles [1, 2]. 1In spite of much research, we still lack an experimentally confirmed mechanism
of aluminum agglomeration application to the combustion of ammonium perchlorate-based com-
posite propellants [2].

In [3], on the basis of the experimental data. it is suggested that the agglomeration of
aluminum involves the coalescence of the metal particles within cells between the oxidizer
grains, leading to the formation of agglomerations with dimensions determined by the size of
the cells and their aluminum content. The possibility of agglomeration as a result of the ac-
cumulation of metal particles in closed "pockets" between the oxidizer particles was previous-—
ly suggested in [4], but no quantitative data on the size of the agglomerations were given.
The literature does not contain any systematic quantitative data on the effect of the packing
structure of the dispersed components on the size of the agglomerations formed during combus-
tion. This led to the experimental investigation of the dependence of aluminum agglomeration
on the particle size and concentration of the components in the mixture [3] and the ambient
pressure [5]. The object of the present study is to give a theoretical foundation to the ex—
perimental results obtained, on the basis of a statistical examination of the packing of the
dispersed components of the composition.

From a study of thin sections it was established [5] that at a relatively low volume ox-
idizer content the composite propellant may be regarded as a random packing consisting of
hard particles (oxidizer and metal) and a continuous matrix. Since the ammonium perchlorate
(AP) particles are much bigger than the aluminum particles, accumulations of metal particles,
randomly dispersed in the matrix and in mutual contact, are formed in the spaces between -ox-
idizer grains. For the compositions consideredin [5] (Table 1) the cells containing the metal
"clusters'" are generally closed (bounded by AP particles). Figure 1 shows a thin section ob-
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TABLE 1. Characteristics of the Compositions Investigated [5]

No, of D ~ No, of D N
{- . AP |V, compo- AP - ¥
compost Far | Pap um AP | hion Par | Pap |y AP
i 0,142 10,37 50 0,4 7 0412 | 0,37 220 0,70
2 0,12 | 0,37 75 0,3 8 0,47 0,37 280 0,16
3 012 | 0,37 110 0,25 9 0,27 0,33 75 0,30
4 0,12 0,37 200 0,18 10 0,27 0,33 110 0,25
5 0,12 0,37 280 0,16 i1 0,27 0,33 200 0,18
6 0,12 0,37 360 0,16 12 0,27 0.33 220 0,70

v
Remark. B, volume fraction; D, mean particle diameter; and V,
coefficient of variation of the particle-size distribution.

tained from a composition with Bp7 = 0.12, Bap = 0.37 and Dpp = 110 ym. It should be kept in
mind that in a three-dimensional packing each cell is also bounded in a direction perpendicu-
lar to the plane of the figure.

As a result of the considerable difference in geometric scale between the hard compo-
nents, it is possible to study the packing of the particles successively, i.e., in studying
the distribution of the AP particles we can lump the metal particles with the continuous
phase, since owing to their smallness and low concentration the metal particles should not
affect the packing of the much larger oxidizer grains. The next step is to consider the me-
tal/matrix system and find the packing characteristics of the aluminum particles. According
to [3], in the first step it is necessary to determine the size of the cells between oxidizer
particles, and in the second the distribution of the metal particles, since contact between
the particles is a necessary condition of agglomeration during the passage of the combustion
wave.

Let us consider a two-phase metal/matrix system. For simplicity, we assume that the me-
tal particles are monodisperse and spherical in shape. Then, the basic criterion determining
the arrangement of the particles in the packing will be the coordination number N., i.e.,
the average number of contacts per particle. The N, of ordered packings is given by the geome-
try and can easily be determined [6]. In [7] it was shown that such symmetrical packings may
be regarded as particular cases of more general irregular arrangements. If as the initial
coordination of the spherical particles in a random packing we take the coordination of the
particles about some selected particle, then we will obtain the same coordination about any
other particle within the first coordination sphere, These néew coordination spheres will
include the particle selected as the initial particle (located in the center of the sphere),
likewise the outer particles of the first coordination sphere and, finally, the outer parti-
cles of the second coordination sphere. As a result there is formed an aggregation of ever-—
increasing size [7]. The only condition that must be satisfied by such aggregations is that
for any point within the aggregation there exists some finite number of neighbors not greater
than 14 [7].

The coordination number serves [8] as a special parameter of the radial distribution
function f(R) which is [7] the probability of finding particles of a random ensemble at a
distance R from the center of a given particle. It is not yet possible to calculate the radial
distribution function theoretically for any heterogeneous system. Only for statistical mix-
tures modeled by means of Poisson packings is it possible to calculate this function for the
case of monodisperse spheres [8].

The compositions considered in [5] are characterized by relatively low metal contents
and correspondingly small values of N.. With such mixtures, for determining N, it is possible
to use a relation [9] derived on the assumption that the number of contacts is distributed ac-
cording to Poisson's law

No=—8In(1—8), (1)

where g = BAl/(BAl + Bp) = BAl/(l~— BAP) is the volume fraction of aluminum particles in the
system, BAl’ Bm’ Bap are the volume contents of the components; the volume fractions of the
heterogeneous components (AP and Al) B; are related with the particle concentrations (number
of particles per unit volume Nj) by the obvious expressions By = (ﬂ/6)D;Ni (D, are the parti-
cle diameters). In view of the monodispersity of the particles, N, (1) does not depend on
their size. Calculation of the average number of contacts from Eq. {1) gives Nc = 1.7 for
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compositions 1-7, N, = 2.5 for composition 8, and N, = 4.1 for compositions 9-12. Clearly,
.as the volume fraction of the particles decreases, so do the number of contacts per parti-
cle and the probability of the structure being conmected, i.e,, the probability that between
any two particles in a two-phase system there exists a continuous {from particle to particle)
path.

In [10] a critical estimate was obtained for the minimum number of contacts NC* =
which the structure can still be considered completely connected. At N5, < N, < 'N.* the
possibility of one or mere continuous chains of particles extending from one edge of the
composition to the other is preserved. At NC < Niopin the probability of the existence of
infinitely extended particle chains is close to zero. The relation between N and the
connectivity criterion N.* takes the form (10}

cmin

Nemin = (1 —F(0)I Ng, (2)

where f(0) is the fraction of particles not having contacts with other particles. For a Pois~-
son particle contact probability distribution we have £(0) = 0.2 and NCmin ~ 1,6, Thus, in
the compositions investigated the aluminum particles are connected, and the necessary condi-
tion of agglomeration (contact) is satisfied.

The specimen may also be regarded as a metal/matrix system into which AP vnarticles have
been randomly introduced. For a random packing the cells differ with respect to both shape
and size even when the particles are monodisperse spheres. Accordingly, the cell size dis-
tribution can be obtained only by statistical methods [11]. 1In accordance with the princi-
ples of stereology [12)], the volume of a cell of arbitrary shape enclosed between AP parti-
cles can be found as the volume of the equivalent sphere with diameter equal to the mean free
distance I (between particle surfaces)

I=4(1—5,,)/Sp, (3)

where S,p is the specific surface of the oxidizer powder (total particle surface per unit
volume). For a system of monodisperse spherical particles (Spp = 6/D,p} relation (3) takes
the form

I=1(2/3)(4 — B ap)Dar. (4)

Knowing 7 we can find the expected size of the agglomerations for a known cell metal
content
cal

Dagg = [Ba(1—p AP )]1/3 I=4 ® AP » Ba) D ap » (5)

where A = (2/3)[6A (1 —'BAP)Z]I/S is the proportionality factor introduced in [5]. In Fig. 2
the agglomeration &iameters calculated from (3)-(5) are compared with the experimental values
for the compositions investigated in {5]. The axis of abscissas corresponds to the experi-

mental values obtained in [5] for the volume-average diameters of the agglomerations Dggg,

and the ordinate axis to the values of D;gé.k The 20% relative error limits ave also indica-
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ted. Clearly, there is good agreement between the experimental and calculated values for
most of the investigated compositions on the pressure interval 1-40 atm.,

A study of Fig. 2 leads to a number of conclusions. Firstly, a discrepancy between Dzal
and DSXP is observed only for compositions with a low volume fraction of metal containing &8
very c§§rse (>300 um) oxidizer. The fact that the values of Dgxg are lower than the theoret-
ical estimate is easy to explain if account is taken of the fac% that, as noted above, for
compositions 1-7 [5] the average number of contacts between particles N is close to Ne pin -
Accordingly, for these compositions, when the diameter of the AP grains is large, it is pos-
sible for more than one agglomeration to be formed within each cell. In the end this leads
to a fall in the average size of the agglomerations. Secondly, with these compositions, as
the pressure increases, the agreement between the experimental and the calculated data im~
proves, which is probably associated with the more favorable conditions for particle contact
in the case of specimens burning at elevated pressures owing to the rise in the temperature
of the reacting surface and the more intense gasification of the matrix,

It should be noted that relation (3) for the mean cell size is based on the laws of geo-
metric probability and does not involve any arbitrary assumptions. Accordingly, in principle,
(3) is also valid for a packing consisting of a polydisperse set of particles; however, it
makes it possible to obtain only the average cell size [12]. At the same time, since the
experiments give the size distribution of the agglomerations, it is interesting to try to find
a relation between the distribution functions for the agglomerations and the intergranular
cells. One possibility for determining the sizes of the cells is to find the distribution
of the distances between particles (particle centers) in the packing. The solution of the
problem of the distances between random points in space is known [13]. It can be extended
to the case where the random points are replaced by a system of monodisperse spheres and the
distribution of these spheres in space is considered [14]. Under these conditions the mean
intercenter distance is found from the expression

E = 0.277(4’[/33 AP )l“"DAp . (6)

However, the applicability of expression (6) is limited to low particle concentrations. The
solution becomes physically meaningless at Bpp > B, = 0.0884, since at Bpp > B:. the particles
interpenetrate. This is because in deriving (6) the limiting condition ﬁ'EzDAP (R = DAP is
the particle contact condition) was not introduced.

Taking this into account, let us consider a packing consisting of a set of polydisperse
particles. We will assume that, as a first approximation, the system of particles can be
characterized by the mean dimension D and that the _mean free distance is related to the mean
intercenter distance by the simple dependence 7 = R —~ D, Then as a basis for examining the
problem we can take the distribution of the centers of the spherical particles as random
points in space and assume that the number of points appearing in any region of volume V is
a Poisson random quantity with mean NV [13].

If Ri, Rz, ..., R, are the distances from a certain fixed point to the nearest random
points 1, 2, ..., n, respectively, then the function of the radial distance to the n-th near-
est neighbor is written [13]
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tin, o}

3 (f‘_ nN)n

i (Ro) ARy, = exp (- 4 nNR;E) R¥ 4R, (7

where o is the distribution function truncation parameter; N, number of particles (particle

00

centers) per unit volume; F(n,a)zzgf_lfth , incomplete gamma function [15]. Here it has been
o

taken into account that as the lower limit of integration it is necessary to take R, = D and
not R, = 0, which is manifested in the substitution of the incomplete gamma function I'(n, a)
for the function T'(n) [137.

Dimensional analysis suggests that f (Rn) is a function of the single composite parame-
ter )\ = NR;; accordingly, making the substitution x = (4/3)w), we rewrite (7) in the form

flzddz = 2~'~*dz/Tn, o). (8)
After transformations, we obtain the obvious relation
z=RVN/(D)® =8pap R/ (D),

where Bpp = NV is the volume fraction of AP particles in the composition; vV = (11/6)5-3 is the
mean particle volume.

As may be seen from {8), the intercenter distance distribution function has the form of
a gamma distribution [15], in which the gamma function is replaced by an incomplete gamma
function. When integrating (8) for the purpose of finding R and the variance of R it is ne-
cessary to take the quantity x = (4/3)aN(C)® = 8 BAP(_D)a/D3 as the lower limit. Computation
of the moments of the function fn(x) {15] gives the values of the dimensionless (normalized
to D) mathematical expectation

1 1= - F('”‘%’ “)
En='§[D3/(ﬁAP (D)s)]ua____r_(n,_a)__’ (9
the variance
a1 D* By r 3 @)Y/
On= 7 b OF| T el {T(n, )T (n - 2/3, @) — [T (n + 1/3, a)*}V/ (10)

and the coefficient of variation

=

(1D

n

&={F (n+-23,a)Tin, @) 1 1/2
£y [T (n+1/3, @)])* } '

It is clear from (9)-(11) that the moments of the distribution depend on the particle
concentration through Bap, on the particle-size distribution through D?/(D}3, and on the
ordinal number of the neighbor n, whereas the coefficient of variation depends only on n. The
oxidizer fractions used in [5] had Gaussian particle-size distributions. It is easy to show
[15] that in this case the condition of symmetry of the AP particle diameter distribution
function leads to the third central mowent of the distribution function vanishing, and we
then have the relation D?/(D)® = 3V?_ + 1, where XAP is the coefficient of variation of the
AP grain-size distribution of the corresponding functions.

The quantities E,(R,), GS(RH) and V,{R,) were calculated for a series of values of BAP
and VAP' The incomplete gamma functions were calculated in accordance with standard sub-
programs on a BESM-6 computer for the values n =1, 2, ..., 14 (nga« = Ngax = 14 [7]). As an
example, Table 2 gives the results of the calculations for Bpp = 0.33 (Vpp = 0; 0.3) and
Bap = 0.37 (VAP = 0). Note that Vh(R,) increases with increase in Vap and decrease_in B,,.

It is interesting to observe that, starting from a certain n (n = 10 in Table 2), V, ceases
to depend on Vpp. This indicates that the polydispersity of the oxidizer does not affect

the "long-range" order in the packing [8]. Moreover, the coefficient of variation has a max-—
imum for a value of n corresponding to the mean coordination number for a packing with a
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TABLE 2. Results of Computer Calculations of
the Packine Parameters

%&P_O‘% Bap =0.13 F"AP =0,37
D% /(D) =1 DaK D)y =1.21 Do(Dy=t
n
En 10-Vn En 10-Vn En iO-Vn
1 1,005 | 0,815 | 1430 | 0,988 | 1,005 | 0,762
2 1,130 | 0.955 | t64 |- 1437 | 1,146 | 0,851
3 1,463 | 1,062 | 1,210 | 1,228 | 1444 | 0,960
4 1,204 | 1,034 | 1,268 | 1,297 | 1475 | 1,073
5 1,245 | 1497 | 4,335 | 4338 | 1.221 | 1,120
] 1,310 | 1,247 | 1,406 | 1,332 | 4,272 | 1,180
7 1,370 | 1,222 | 1,478 | 4,234 | 1325 | 1182
3 1,430 | 1,959 1| 4,546 | 4472 | 1,380 | 1,033
9 1,488 | 1,104 | 1,610 | 1420 | 1,436 | 1,080
10 1,542 1 1074 | 1,670 | 4,075 | 1,484 | 1,039
i1 1,593 | 1,048 | 4725 | 1,019 | 1535 | 1,02
12 1,640 | 0975 | 4,777 | 0975 | 1,979 | 0,972
13 1,687 | 0.902 | 1.827 | 0902 | 1,620 | 0,920
14 1,730 | 0885 | 1.873 | 0,895 | 1667 | 0,89%
|
E, 1,410 — Lset o — 1,360 —
i

given oxidizer content B,p. At the same time, there is a certain increase in the mean inter-

14

center distance iilzza/ié)lﬁ E, (R,) with increase in GAP’
n=1

Using the properties of the moments of the functions [15], we obtain relations for the
parameters of the agglomeration diameter distribution

oDy = o(l) = o(R), (12)

EDpgg) =1/ =ppp), (13
~ ‘qw )~ . /G@)
Vogg (@~ (1= Bap VBaT 0

(14)
Relations (12)~(14) make it possible to determine the mean size of the agglomerations and the
width of the spectrum, starting from the packing parameters of the particles in the composi-
tion. The curyes in Fig. 3 represent the calculated dependences of the coefficients of varia-
tion Vagg on VAP for compositions with Bap = 0.33 and BAP = 0.37 [volume content of dispersed
components_in compositions: 1) 1-7, 2) 8, 3) 9-12]. The points represent the experimental
values of V, from [5]. The agreement between the theoretical values and the experimental
values szp is satisfactory. The use of broader oxidizer fractions leads to a broadening of
the agglo% ration size spectrum, as predicted by the theoretical model.

The values of Dy g for a monodisperse packing (GAP = 0) calculated from the Kendall~
Moran model (Eq. (l3)§ can be compared with the values Dgag calculated in accordance with the
simplified scheme (Eq. (5)). The comparison indicates tha% the values of D, calculated hv

g8

these two different methods lie close together. Thus, the relative error & = (Dagg ~~DC"’11/D
agg

is 9 and 127 for compositions 1-8 and 9-12, respectively. Our terms of reference did not

include the question of the limits of applicability of the calculation method described: how-

ever, we assume that it can be used for determining the expected size of the agglomerations

for compositions with BAB < 0.5. Mathematical modeling methods [9] can be used for calculat-
ing the parameters of denser random packings of the oxidizer grains,

agg

Our results and those obtained in [3, 5] make it possible to formulate the following
model of the agglomeration of aluminum during the combustion of AP-based composite propellants,
The aluminum particles in the specimen are in contact with each other. The time spent by the
particles in the heated layer of the condensed phase T, ~x/u® -~ 10™® sec {x is the thermal
diffusivity) at u = 107% m/sec considerably exceeds the time T,{t, = 10 “-107° gec [2]) need-
ed for the formation of bridges between the particles capable of holding them together under
the action of the gas flow. Accordingly, the passage of the combustion wave is accompanied
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by the progressive coalescence of the particles, and the rate of propagation of the thermal
wave in the spaces between AP grains will be greater than the average for the specimen as a
whole owing to the high thermal conductivity of the aluminum,

Initially, when the particle contact areas are small, the rate of heat transfer from the
combustion surface is limited by the contact resistance of the particles [16]. At tempera-
tures close to the melting point of aluminum, when the cxide shell starts to crack as a re-~
sult of the difference between the thermal expansion coefficients for Al and Al;0s; [1] and
"bridgelets" of molten metal are formed between the particles [2], the rate of heat transfer
will be determined by the thermal conductivity of the metal. The progressive heating of the
framework of aluminum particles and the matrix occupying the spaces between them results in
the intense gasification of the latter. This leads to a sharp increase in capillary pressure
and a corresponding increase in the tensile strength of the particle aggregations [17].

After reaching a maximum at a certain value of the liquid content of the aggregations,
the strength gradually falls and is determined by the net effect of the capillary forces
governing the formation of liquid "bridgelets" between particles and the capillary pressure
of the liquid in the aggregation [17]. It is to be assumed that by the time the strength
falls sharply due to the presence of liquid, the contact bridges will already have had time
to form. The presence of capillary forces should also lower the requirements with respect
to the relation 7., << t1;. The possible oxidizing agents for Al are the AP decomposition
products, and the length L of gaseous diffusion through the liquid matrix for characteristic
process time t is (Dt)'/? ~ 10-°-10~° m; accordingly, only metal particles situated close
to AP grains can be oxidized. The burnup rate is maximal at the contact boundary of the ma--
trix/metal system [18]. This leads to the isolation of each cell, and hence the agglomera-
tion is the product of the coalescence of all the metal particles present in a given cell,

On the basis of these results we may draw the following conclusions. The proposed model
of the agglomeration of aluminum satisfactorily describes the laws of variation of the size
of the agglomerations with variation of the oxidizey particle size and the content of the
components of the composition, and moreover with variation of the width of the size spectrum
of the oxidizer particles employed. In order to determine the mean size of the agglomerations
formed during the combustion of compositions containing narrow oxidizer fractions, it is
possible to use a simplified scheme for the calculation of the agglomeration diameter. Varia-
tion of the external pressure and the linear burning rate of the specimens has almost no ef-
fect on the size of the agglomerations over the investigated interval of variation of these
parameters. It is to be expected that this agglomeration model will also be applicable to
compositions with other nonmelting oxidizers in cases where the corresponding temperature
and time conditions for the coalescence of the metal particles in the combustion wave are
satisfied.

The authors wish to thank E. G. Klimova for carrying out the computer calculations,
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DYNAMICS OF GAS COMBUSTION IN A CONSTANT VOLUME IN THE
PRESENCE OF EXHAUST

V. V. Mol'kov and V. P. Nekrasov

The urgency of the question of protecting closed volumes from explosion by the method of
depressurization requires the production of physicomathematical models which would permit
obtaining dependences of the fundamental parameters of gas mixture combustion (pressure, rate
of pressure rise, temperature of the fresh mixture and the combustion products, etc.) on the
time before and after the opening of the faulty areas. While the dynamics of gas combustion
in a closed volume has been studied sufficiently well [1-5], models describing the combustion
process after depressurization of the volume have been developed slightly and possess a number
of weaknesses.

Approximate methods which do not take account of the dynamics of the development of an
explosion after the beginning of the gas run-off [6, 7] are used most often to determine the
areas of the faulty holes and openings. This can result in groundlessly exaggerated or danger-
ously reduced values of the faulty hole areas. Moreover, such methods do not afford the pos-
sibility of investigating the influence of important factors as, e.g., the level of depres-—
surization pressure at the maximum explosion pressure. The pressure change during an explo-
sion was studied in [8] only for the subcritical exhaust mode and in a narrow band of excess
pressures (Ap < 50 kPa). A turbulization factor is introduced in [9, 10] to explain the pres-—
sure peaks experimentally observed during combustion. The assumption about the exhaust of just
fresh mixture [9] and utilization of just the law of mass conservation and the adiabaticity
condition [10] did not permit the authors of these papers to describe the change in pressure
with time p(t) in a constant volume with gas exhaust; only values were estimated. A more de—
veloped mathematical model, proposed in [11], assumes the exhaust of either the fresh mixrure
or of the combustion products.

The purpose of this paper is to obtain a physicomathematical model that will describe
the dynamical characteristics of gas combustion in a constant volume in the presence of ex-

Balashikha. Translated from Fizika Goreniya i Vzryva, Vol. 17, No. &4, pp. 17-24, Julv-
August, 1981. Original article submitted July 14, 1980,
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