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SUMMARY

The effect of oxidizer particle size on additive agglomeration was
investigated. Samples composed of ammonium perchlorate, polybutadiene
acrylic acid, and aluminum were burned at atmospheric conditions. Ag-
glomeration occurred when the majority of the bimodal mixture of oxidizer
crystals was relatively coarse. The same propellant with predominantly
fine oxidizer crystals showed no evidence of agglomerstion. Particle-
size distributions of the condensed-phase combustion products were ob-
tained. The size distributions for both propellants were identical with
the original additive distribution up to a particle size of approximately
8.5 microns. The agglomeration or growth of additive particles caused an
apparent break in the combustion-product distribution of the coarse-
oxidizer propellant; particles having diameters much larger than the
original additive size were obtained. The combustion-product size dis-
tribution of the fine-oxidizer propeliant did not vary from the initial
additive distribution. This behavior was in agreement with the quantita-
tive model presented for the additive growth process that predicts a
step change in the agglomeration phenomenon.

The radiation characteristics of aluminized and nonaluminized pro-
pellants were obtained in emission by use of a grating spectrograph.
The principal emitters were ildentified and interpreted relative to the
agglomeration process. The strong continuum, present with the coarse-
oxidizer propellant, was attributed to the presence of incandescent me-
tallic particles on the burning surface, whereas, with the fine-oxidizer
propellant, the decreased intensity of the continuum indicated that large
metallic particles were not present. The burning of the additives with
the latter propellant occurred throughout the flame zone, but, with the
coarse propellant, the additive burning was localized to the propellant

surface.



INTRODUCTION

The aim of this investigation, conducted at the Lewis Research
Center, was to gain a general knowledge of the mechanism of the combus-
tion of metallic additives in the presence of solid-propellant burning.
There is a lack of knowledge concerning the fundamental processes in-
volved, and a need exists for investigating the various physical and
chemical properties of the additive in the thin boundary (<100 microns)
above the decomposing surface. Observation of phenomena occurring
during combustion, for example, additive agglomeration and surface-
limited combustion of the additive, adds to the knowledge necessary for
understanding the role of additives.

The effect of a propellant composition variation on some basic com-
bustion processes is described herein. Specifically, the investigation
was concerned with the effect of oxidizer-particle size on additive ag-
glomeration and w1th the region wherein the combustion of the addltlve
occurs.

The knowledge gained concerning additive burning will also be usé-
ful in understanding how metallic particles suppress or assist in sup-
pressing combustion instability. The particle size of the additive in
the narrow region above the burning surface appears to be a critical
parameter .affecting oscillatory combustion (ref. 1).

A motion-picture film supplement has been preparéd and 1s available
on loan. A request card and a description of the film are given at the
back of the report. ‘ o ;

THEORY

On the basis of combustion experiments using polysulfide.- ammonium
perchlorate propellants of unimodal particle size, it is reported in
reference 2 that combustion occurs in one of several modes. The authors
of reference 2 hypothesized that increasing the oxidizer particle size,
within certain pressure limits, changed the mode of combustion from a
premixed gaseous flame to a dlffus1on—type flame. This concept is em~
ployed in the present investigation, since it is assumed that the. burning
of the additives is controlled.by the diffusion of oxygen vapors to the
additive site. o .

In addition, it has been observed (ref. 1) that it is more difficult
to suppress combustion instability by the addition of additives to
coarse-oxidizer propellants than to fine-oxidizer propellants. This
suggests that the oxidizer particle size may play a significant role in
affecting the properties of the additives during combustion. The present
investigation, therefore, is concerned with the effect of oxidizer-
crystal size on additive agglomeration and burning.



Model for Agglomeration

Consider the propellant to be composed of a matrix of uniformly
spaced particles as shown in figure 1. It will be assumed that the ag-
glomeration phenomenon is caused by the collision of additive particles
on the dry, burning propellant surface. It is postulated that the par-
ticles require a finite period of time to burn, which is based on a
"mixing limited" hypothesis; furthermore, the particles have a given
residence or stay time on the surface and require a finite time to ag-
glomerate. If the time to burn the larger additive is less than the ag-
glomeration time, the molten metal burns to its oxide. Since the melting
temperature of the metallic oxides generally exceeds propellant flame
temperatures, agglomeration will not occur. If, however, the burning
time exceeds the agglomeration time, the molten additive has an. opportu-
nity to agglomerate before it burns and forms an oxide shell.

Burning Time

Consider the matrix of uniformly spaced oxidizer particles shown in
figure 1. If ¢ represents the fractional volume occupied by the oxi-
dizer, .

7t 3 .
¢ =7 Nl (1)

(Symbols are defined: in the appendix.) The interparticle spacing ¢ is

given by the expression
1/3
1
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The combination of these expressions yields
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e=d[(l) - ] (3)
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Since the loading factor ¢ 1is constant for any given composite mixture,
the spacing between the oxidizer crystals will increase with increasing
particle size within practical limits. On a microscopic level, the mix-
ture tends to be less homogeneous with larger particles. Since the com-
bustion mechanism presumably involves the diffusion of oxidizer vapors
across the propellant surface, a local deficiency of these vapors is ex-

pected at some of the binder and additive regilons of coarse-oxidizer
propellants. It was assumed that the diffusion of oxidizer vapors



followed Fick's equation:

2 de (4)
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where dc/dx is the concentration gradient on the propellant surface
petween the oxidizer and additive regions. As an approximation, dc/dx
is replaced by Ac/Ax, which is defined by
¢, -C C
Ac 0 1 o)
L. =222 (5)
where Cy 1s considered negligible, since the postulated mechaenism is

diffusion (mixing) controlled. The rate of diffusion.of oxidizer vapors
is given, therefore, by

o)

G‘ = gOf_ (6)
The.rate may be expressed as

(7)

where (dM/dt) is a rate of mass removal or oxygen diffusion to an addl-
tive site. The reaction rate R, of the additive is written, therefore,
from equation (7) as

|

R, =
a TB

1

5 (8)
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where 1Tg is the time required to burn the additive. Since the reaction
is assumed to be diffusion limited, the rate of chemical reaction of the

additive is determined by the rate of oxygen diffusion. Employing equa-
tions (6) and (8) results in the following:

a 1 ‘ Co
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For a propellant of given oxidizer and fuel type, changes in 9%f, Cos

and p with variation in oxidizer-crystal size are considered negligi-
ble; thus,

g « £y

The time required toc burn an additive particle is proportional to the
distance of closest approach of the oxidizer crystals and the additive
radius.

Residence Time

It is assumed that the additive has a size distribution and, there-
fore, that the particles will have different residence times on the pro-
pellant surface. This time 1R is defined as the time from when an
additive particle is first exposed on the surface until that particle
just leaves the surface. It is assumed that the propellant surface is
dry, that is, that it vaporizes without passing through the liquid phase
as in the case of double-base propellants. The particle, then, leaves
the surface when the binder has regressed beyond the additive, that is,
when

ct
it
e 1<

where 1 1is the regression rate of the propellant and y is the linear
depth. Since y corresponds to the diameter of an additive particle

ol
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(11)
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The residence time, therefore, increases with particle diameter, whereas
higher burning rates of the propellant produce the opposite effect.

The residence time could also be influenced by the surface tension
between the binder and the additive and the drag forces on the particle
from the gas stream around it. If the assumption of a dry surface is
invalid, the buoyancy of the additive and its ejection characteristics
would have to be considered.

Agglomeration Time
In order to arrive at an expression for the agglomeration time, an

analogy to the collision processes of molecules is employed. When it 1s
assumed that the small (diameter) additive particles are subjected to



lateral motion and may collide with the larger particles, the collision
distance £ 1is

g = [naﬂ(rl + rz)z]-l (12)

where rp 1is the radius of the large stationary particles. If the
transverse velocity v on the propellant surface is considered to be

proportional to the surface regression rate and the proportionality con-
stant is equal to the degree of turbulence,
v = K (13)

The agglomeration time Ty may be written

ta

T = = = [ Km( 2]-1
A =5 = [ngri(r) +rp) (14)

When the radius of the particles in motion is neglected,

4
nKn a2m
543,

= (15)

The agglomeration time 1s inversely proportional to the number of parti-
cles per unit volume, the velocity of the particles, and the cross-
sectional area of the particles.

The collision distance would also be influenced by the spacing of
the oxidizer crystal €, since the additive can only be located between
the crystals. Similarly, the transverse velocity could be influenced by
the oxidizer spacing because of the mixing of the oxidizer and binder
vapors. Since the pyrolysis rates of oxidizer and binder are different,
the gas-stream velocity difference will induce shear forces with subse-
quent mixing.: Some bubbling action of the binder might contribute to
cross flow on the surface.

p Agglomeration Criteria
in order for agglomeration to occur, the residence time of the addi-

tive particles on the surface must exceed the time required for agglomer-
ation; that is, the ratio of equation (11) to (15) must exceed unity:

TR (16)



When
— <1 (17)

agglomeration will not occur. Substitution of equations (11) and (15)
into equation (16) yields

3
0.785 nKdj > 1 (18)

Agglomeration will occur, therefore, only when the concentration and the
particle size yield values greater than unity in accordance with equa-
tion (18).

The foregoing ratio of the residence and agglomeration %ime, how-
ever, does not take into account the combustion of the additive, which
is a simultaneous occurrence. Therefore, it is necessary to consider,
in addition, the ratio of the agglomeration time to the time required to
burn the additive g (eq. (10)). If the additive burning time is less
than the time required for agglomeration, then the molten metal will
burn and form its oxide. Since the melting point of the metallic oxides
generally exceeds propellant-flame temperatures, agglomeration cannot
occur. If, however, the burning time exceeds the agglomeration time,
then the molten additive has an opportunity to agglomerate before it
burns and forms an oxide shell on the agglomerated particle. The crite-
rion for agglomeration consists, therefore, of the additional inequality:

T v , -
?é <1 “ (19)
B , ,

If equations (10) and (15) are substituted into equation (19),

L3
: of¥o . ; ‘ ‘
Equation (20) indicates the parametric grouping that must Have a value
greater than unity in order for agglomeration to occur. For a given

propellant, the variation in equation (20) is confined to Knadggmp;

that is, the size distribution and the concentration of the additive
and oxidizer. Fixing the additive size, concentration, and type limits
the variability to oxidizer spacing, propellant burning rate, and the
coefficient for.the cross flow K. BSince increasing oxidizer size for
a fixed loading ¢, increases £ and decreases m, the net change in



equation (20) will be small when only the oxidizer-crystal size is
treated as a variable.

With fine oxidizer propellants, wherein the oxidizer spacing ap-
proaches additive size, rapid burning of the additive is expected be-
cause of the greater premixing of the ingredients. The probability of
agglomeration appears remote for the fine oxidizer propellant since
Ta < TR but Ty > TR-

APPARATUS AND PROCEDURE

Propellant samples made of ammonium perchlorate and polybutadiene
acrylic acid were used in the investigation reported herein. The compo-
sitions used are listed in table I. The oxidizer was a blend of fine
(11l-micron mean weight dism.) and coarse (89-micron mean weight diam.)
crystals. The particle-size distributions of the aluminum additive and
oxidizers, as obtained with a micromerograph, are given in figures 2
and 3.

Surface Observations and Sample Collection

High-speed movies (4000 frames/sec) of the burning surface were
made to determine whether agglomeration of the aluminum occurred; the
propellant samples were approximately 1/2 by 5/8 by 3/16 inch. - An
object-to-image ratio of unity was used for the photographs, which were
taken at an angle of approximately 20° to the surface. The solid com-
bustion products were collected on Pyrex slides located l/4-inch above
the burning surface. The slides were exposed for approximately 1/20
second by use of a manually operated, sliding, slotted plate. The appa-
ratus is shown in figure 4. No inhibitor was used on the propellant.
These experiments were performed in the open alr at 70°+5° F, A-delay
time of 1 second was uggd before collecting the samples in order to en-
sure that no pieces of the ignition wire remained in the burning region.

Size distributions of the particles collected on the slides were
obtained by visual counting using high optical magnification. Only
those particles that were identified as metallic or of metallic origin
were counted. This procedure was necessary because of the presence of
ammonium salts, binder constituents, and contaminants. An attempt to
remove all the extraneous particles by oxidation at 875° K proved un-
successful. The microscope samples were projected at a magnification
of 500 on a metalloscope viewing plate and sized with the aid of an X6
eyepiece. Slightly over 1200 particles were counted for each propellant
type. X-ray and electron-diffraction techniques were used to identify
the major specles present. :



Emission Spectra

Spectra of the various propellant compositions, both with and with-
out the aluminum (table I), were obtained in emission with the image
located on the propellant surface as shown in figure 5. This arrange-
ment was used in the investigation reported in reference 3. The spectro-
graph used was a l.5-meter Wadsworth grating instrument equipped with a
35-millimeter film holder and a remotely operated shutter. The 15,000~
groove-per-inch grating gave readings of 2100 to 7800 A in the first-
crder wavelength range, 2100 to 3200 A in the second order, and 2100 to
2600 A in the third order. Reciprocal linear dispersion at the film
holder was 10.9 A per millimeter in the first order, 5.45 A per milli-
meter in the second order, and 3.63 A per millimeter in the third order.

A quartz lens was used to focus the radiation from the burning
strands on the entrance slit of the spectrograph. The spectroscopic
films used, Eastman 1-0 and 1-F, were sensitive in.the 2500 to 5000 A
and 2500 to 6900 A regions, respectively. Overlap of the first and
second order of the spectra occurred when the 1-F film emulsion was used.

The propellant-sample size, optical path, spectrograph slit, film
exposure, and development times were maintained constant for all tests.
A suitable delay time was used subsequent to ignition in order to elim-
inate contamination. No inhibitor was used on the propellant and, con-
sequently, some side burning occurred. All experiments were conducted
at 70°4#5° F in open air.

RESULTS AND DISCUSSION
Agglomeration Criteria Determination

Using a value of 2.2 microns for the mean radius of the aluminum
perticles (fig. 2) and a 9-percent concentration (table I) and substi-
tuting for n, in equation (18) yield

D> 21.4 microns (XK =.0.10)

This critical value, approximately 20 microns, is required in order for
agglomeration to occur, that is, in order to satisfy the requirement
that . ‘

T
T—R> 1 (16)
A ,

Since only a small number of particles of this size are present in the
distribution (see fig. 2), it is expected that the agglomerates will
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also be small in number. Experimental verification of this is given in
the following section.

Consider now the two aluminized propellants (table I). Since the
additive size distribution was constant for both propellants and the"
propellant type remained fixed, equation (20) reduces to' '

pie > 1
where"

-
JTKnadap

P =2490§%

The diffusion coefficient and the initial oxidizer concentration were
considered invarient with change in oxidizer spacing. The diffusion co-
efficient was determined by use of the.Chapman-Enskog relation and the
Lennard-Jones function for the potential field (ref. 4) and by assuming
a temperature of approximately 600° K. The resulting value is 0.35 cen-
timeter squared per second, based on a.molecular weight of 75 for the
binder wvapors, and 32 for the oxidizer. The density of oxygen at

1200° K was used for Coys the oxidizer spacing was calculated from equa-
tion (3), and the burning rates were calculdted or measured. For lack
of better information, K was assumed constant (~0.10), although it.
probably increased slightly with increasing oxidizer size. Substitution
in equation (20) yields

pmE ~ 0.65
for the 70-percent fine-oxidizer propellant, and

Pmg ~ 1.05

for the 70-percent coarse-oxidizer propellant. . . N : .

These values indicate that the fine-oxidizer propellant will not
experience agglomeration, whereas the coarse-oxidizer propellant will
undergo some additive growth. The number . of particles that agglomerate
will be small, as indicated Dby the critical agglomeration diameter. In
order to test the agglomeration criteria, surface observations were made
of the burning propellants and combustion products were collected.

Surface Observations and Sample Collection

Photographic observations. - High-speed motion plctures of, the .
burning surface (fig. 6) revealed -agglomeration of the aluminum additive
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on the surface of the predominantly coarse oxidizer propellant (propel-
lant 1 in table I). The predominantly fine oxidizer propellant (propel-
lant 2 in table I) showed no indication of this phenomenon. Some of the
aluminum particles at the center of the sample surface were observed to
move laterally on the surface. The agglomeration occurred before the
aluminum particles were carried off by the gas stream. It was interest-
ing to observe that the additives served as flow tracers on the surface
and that their motion indicated that somewhat unsteady conditions pre-
vailed. This motion of the additives on the surface may have been due
to their proximity to a mixing region (oxidizer-binder interface) or to
sporadic bubbling and melting of the binder.

The residence times of the larger aluminum particles on the surface,
discernible in the photographs, were in excess of the ignition times
reported in.reference 5. These larger particles, therefore, had suffi-
cient time to ignite and burn provided that there was sufficient oxidigzer
present.

Similar photographs for the predominantly fine oxidizer propellant
revealed only small aluminum particles on the surface that were quickly
carried off by the gas stream. No agglomeration was detected. In addi-
tion, the residence time of the aluminum particles, as determined from
the high-speed photographs, was appreciably lower for this fine- oxidizer
mixture.

The phenomenon of surface agglomeration, which has been noticed by
investigators, appears to be applicable to higher pressure combustion.
in reference 6, surface agglomeration is reported to.have occurred during
the burning of a propellant containing ammonium perchlorate, polyure-
thane, and 13 percent aluminum at a chamber pressure of 400 pounds per
square inch. Agglomeration or "rolling together" of molten balls of alu-
minum on the surface is described, but oxidizer- and additive-size dis-
tributions are not given. Data that support the findings reported hereln
are also reported in reference 7.

No appreciable fragmentation of the meﬁallio‘combustion prodﬁcts;
as reported in reference 8, was observed in or above the combustion zone
during the present investigation.

Combustion products. - Photomicrographs of combustion products col-
lected (fig. 7) show that the sizes of the additive after combustion
were significantly larger for the predominantly coarse oxidigzer propel-
lant than for the fine-oxidizer mixture. The largest particle discern-~
ible after combustion of the fine mixture was approx1mately equal to the
largest additive particles, whereas for the coarse-oxidizer propellant \
the agglomerates were significantly larger. In the latter case, “the
photomicrographs indicated that only a small percentage . of the combustion
products were agglomerates or particles of large size. The majority of
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the products appeared to be of a size that was comparable with the orig-
inal additive size. Some of the larger particles were hollow spheres,
whereas others had solid centers. This observation was in accordance
with the observations reported in reference 9. It is postulated in ref-
erence 9 that the aluminum metal was enclosed within a porous oxide
coating through which oxygen diffused to burn the remaining aluminum.
Similar observations are presented in reference 10.,

X-ray analysis of the combustion products revealed the presence of
6-type aluminum oxide (Alo0z) as the major product species for both
coarse and fine propellants. The ratios of aluminum to alumina were 1/3
and 1 for the fine- and the coarse-oxidizer propellants, respectively.
These data showed that a large amount of the aluminum additive was not
burned in the case of the coarse-oxidizer propellant. This result was
in accordance with the proposed model, since the large interparticle
spacing of the coarse-oxidizer mixture yielded a high value of burning
time 7p, as indicated by equation (10). 1Increasing the value of g
leads to less complete burning of the aluminum additive, since the addi-
tive may agglomerate and form an oxide shell. The large amounts of alu-
minum present in the combustion products were probably contained within
porous oxide coatings. In the case of the fine-oxidizer propellant,
where the spacing was approximately equal to mean alumlnum—partlcle size,
more complete burning occurred.

Figure 8 shows the number size distribution of the combustion par-
ticles for both fine- and coarse-oxidizer propellants. The size distri-
bution for both propellants is represented by a single curve up to a
dismeter of approximately 8.5 microns. The agglomeration or growth of
aluminum additive particles causes an apparent break in the distribution
of the combustion products of the coarse propellant, whereas the distri-
bution of the products of the fine-oxidizer propellant does not appear
to change. Aluminum agglomeration, therefore, appears to occur only with
particles larger than 8.5 microns. This result is consistent with the
theoretical analysis in which the agglomeration, essentially a step
function, occurs only with particles larger than a critical size of 20
microns. This correspondence between experiment and theory lends cre-
dence to the theoretical model used herein. The number distribution
of the aluminum additive was determined from the weight distribution in
figure 2 and is also shown in figure 8. The crossover of the fine pro-
pellant and aluminum distributions is not considered significant. The
fact that the combustion product distributions below 8.5 microns are
represented by a single line, which falls below the initial aluminum-
additive distribution, is interpreted as meaning that most of the alu-
minum in the coarse-oxidizer propellant burned as completely as that in
the fine-oxidizer mixture, based on percent number.

In drawing the curve, the data outside the limits of 1 and 99 per-
cent were disregarded, and those data nearest the 50-percent level were
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given preference; this is in accordance with information presented in
reference 11. The data points were not weighted according to their
probability levels. A

Combustion-product samples collected from propellants 3 and 4, which
did not contain aluminum (table I), were also analyzed; the analysis re-
vealed the presence of ammonium chloride (NHécl) and ammonium bicarbonate
(NH4HCOS). This result reaffirmed the necessity of discriminating be-

tween additive and propellant products in plotting figure 8.

Radiation Studies

Aluminized propellant. - The principal radiation from both the
coarse- and the fine-oxidizer propellants (1 and 2, respectively), shown
in figure 9, consists of OH bands originating at 3064 A; NH at 3360 A;
CN at 3590, 3883, and 4216 A; CH at 3872 A; persistent lines of aluminum
at 3082, 3093, 3944, and 3962 A; Cu at 3248 and 3274 Aj; Na at 3302 A;
and numerous Fe lines as well as lines for Mn, K, Ga, Ni, and Cr. ' The
spectrum of the coarse-oxidizer propellant reveals, in addition, the
presence of a strong continuum beginning at approximately 3200 A. When-
1-F f£ilm (not shown) was used, the continuum extended far into the vis-
ible range and also revealed the sodium doublet at 5890 and 5893 A. The
numerous Fe lines appear because this element is contained within the
original aluminum additive. Similarly, the Cr, Cu, Ga, Mn, Ni, and some
Na lines were identified with the additive by making a spectrographic
analysis of the aluminum additive. In addition to the difference in the
characteristics of the continuum, the fine-oxidizer propellant spectrum
shows a greater number of lines throughout the entire wavelength regilon.
At a wavelength of 3580 A, the coarse-oxidizer propellant appears to
have a broad CN band, whereas the fine-oxidizer mixture exhibits the
atomic lines arising from the additive elements.

These spectra (fig. 9) were obtained using the image arrangement 1
of figure 5(b) and are indicative of the streamwise distribution of
emitters. The spectra show that the NH, CH, and Al emissions originate
at or near the burning propellant surface; however, since relatively
long exposures were required (150-micron spectrographic slit, 7 sec),
it was not possible to determine whether these emitters radiate above
the narrow surface region. A solution to this difficulty was to use
optical arrangement 2 shown in figure 5(b). The spectra obtained
(fig. 10) reveal that the CN and NH do, in fact, originate at the pro-
pellant surface. Similar observations indicated that NO, C5, and CH
originate near the propellant surface (ref. 3).

The strong continuum, present with the coarse-oxidizer propellant
(fig. 10(a)), corresponds to the approximate sample dimension and is
believed to be due to the presence of hot, incandescent, metallic
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particles on the burning surface, as revealed in figure 6. The decreased
intensity of the continuum with the fine-oxidizer mixture (fig. 10(c))
indicates that large, incandescent metallic particles were not present

on the burning propellant surface, which is in accordance with the high-
gpeed-film observations. This result is consistent with the model for
the agglomeration process, since a small value of ¢ and large values

of TA/TB should lead to nonagglomerative burning.

Comparison of figures 10(a) and (c) indicates that the burning of,
the additive with fine-oxidizer propellant was distributed throughout the
flame zone, whereas with the coarse propellant the additive burning was
highly localized on the burning surface. This manner of burning is in
agreement with the previously mentioned fact that a larger amount of the
aluminum undergoes combustion in the case of the fine-oxidizer propel-
lant. With the coarse-oxidizer propellant, the majority of the aluminum
agglomerates and is covered with an oxide coating that prevents the addi-
tive from burning freely.

Nonaluminized propellants. - Spectra of the nonaluminized propel-
lants (3 and 4), obtained under the same experimental conditions as the
spectra of the aluminized propellants, reveal the OH bands at 3064 A
(faint), NH at 3360 A, and CN at 3583 A (faint) and 3883 A. The CN and
NH emissions appear to be at or near the propellant surface, and the
line intensities are approximately equal.

The spectra of the nonaluminized samples do not reveal the presence
of a carbon continuum; this fact supports. the premise that the continuum
occurring with the metallized propellant is, in fact, due to the presence
of hot metal partlcles on the propellant surface. In reference 12,
flames containing aluminum particles are reported to have contlnuum ex-
tending from the visible far into the ultraviolet range, A10 bands, and
atomic lines of Na and Fe. The continuum was attributed to the hot in-
candescent particles.

The large difference in intensity between the aluminized and non-
aluminized propellants is attrlbutable to the additional energy available
because of the combustion of the aluminum. .

SUMMARY OF RESULTS

The effect of oxidizer particle size on additive agglomeration was
investigated. Propellant samples composed of ammonium perchlorate,
polybutadiene acrylic acid, and an aluminum additive were burned at at-
mospheric conditions. The percentages by weight of the oxidizer, binder,
and additive were 72, 19, and 9 percent, respectively. Agglomeration of
the aluminum additive on the burning propellant surface occurred when
about 70 percent of the bimodal mixture of oxidizer crystals was rela-
tively coarse and the remaining 30 percent was fine. The mean-weight
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diameter of the coarse and the fine oxidizer crystals was 89 and 11 mi-
crons, respectively. Samples having the same composition but made up of
70 percent fine and 30 percent coarse oxidizer crystals. showed no evi-
dence of agglomeration.

Particle-size distributions of the condensed-phase combustion prod-
ucts were obtained for both the predominantly coarse and the predomi-
nantly fine oxidizer propellants. The size distributions for both pro-
pellants were identical with the original additive distribution up to a
size of approximately 8.5 microns. The agglomeration caused an apparent
break in the combustion-product size distribution of the coarse-oxidizer
propellant; some particles had dismeters as high as 100 microns. The
combustion-product size distribution of the fine-oxidizer propellant did
not vary from the initial additive distribution. This behavior was in
quantitative agreement with the proposed theoretical model, for which it
was assumed that the agglomeration phencmenon is caused by the collision
of additive particles on the dry, burning propellant surface.

The time required for aéglameration was compared with the particle
regidence time on the surface and with the time required to burn the ad-
ditive particles. If the burning time was less than the agglomeration
time, which in turn was less than the residence time, then the molten
metal burned to its oxide. Since the melting temperature of the metallic
oxides generally exceeds propellant flame temperatures, agglomeration
could not occur. If, however, the burning time exceeded the agglomera-
tion time, then the molten additive had an opportunity to agglomerate
before it burned and an oxide shell was formed.

Evaluation of the ratio of the residence time to the agglomeration
time yilelded the critical particle diameter of approximately 20 microns
that was necessary for agglomeration to occur with the propellants used.
Furthermore, the value of the agglomeration time for the coarse-oxidizer
propellant was less than the burning time, whereas for the fine-oxidizer
propellant, the agglomeration time exceeded the burning time. As men-~
tioned previously, the experimental results are in agreement with the
theoretical quantitative results. The critical particle diameter was
found by experiment to be 8.5 microns; the theoretical value is 20 mi-
crons.

The radiation characteristics of aluminized and nonaluminized pro-
pellants were obtained in emission by use of a grating spectroscope with
a first-order dispersion of 10.9 A per millimeter. The principal emit-
ters were identified and interpreted in terms of the agglomeration phe-
nomenon. The strong continuum, which was present with the coarse-
oxidizer propellant and which corresponded to the approximate sample
dimension, was assumed to be due to the presence of hot, incandescent,
metallic particles on the burning surface. The decreased intensity of
the continuum with the fine-oxidizer mixture indicated that large incan-
descent metallic particles were not present on the burning surface. The



16

spectra also indicated that the additive burning occurred on the propel-
lant surface with the coarse-oxidizer mixture, whereas the burning was
distributed throughout the flame zone with the fine-oxidlzer mixture.
These results are in agreement with the model for agglomeration, since
coarse-oxidlzer propellants lead to small values of the ratio of agglom-
eration time to burning time. Hence, particle growth occurred on the
propellant surface and impeded the aluminum from burning freely in the
gas stream.

A significant decrease in intensity between the aluminized and non-
aluminized propellants was observed. This variation was attributed to
the additional energy that resulted from the combustion of the aluminum.

Lewls Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, June 29, 1962
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APPENDIX -~ SYMBOLS
angstrom units
2

diffusion area, mm

concentrafion of oxidizer vapors at oxidizer crystal, g/mm3

concentration of oxidizer vapors at additive region, g/mm5

concentration, g;/mm2

diffusion coefficient of oxidizer vapors through fuel wvapors,
cm?/sec ’ ’ ”

diameter of additive particle, mm

diameter of oxidizer crystal, mm

mass-flow rate per unit area of oxidizer vapors, g/(sec)(mmZ)
proportionality constant

collision distance, mm

mass, g

mass of additive, g

burning or regression rate of propellant, mm/sec
number of additive particles per unit volume, mm ™2

number of oxidizer particles per unit volume, rm 2

flux rate, g/(sec)(mmz)

reaction rate of additive, g/(sec)(mmz)

radius of .additive particle, mm

radius of particle undergoing transverse motion, mm
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o

A

B

particle radius, mm

surface area of additive, m?

time, sec

transverse velocity, mm/sec

direction parallel to propellant surface, mm

direction normal to propellant surface, mm
Kn a0

constant, s —F—
24 gofco

interparticle oxidizer spacing, mm

density of additive particle, g/mm3

agglomeration time, sec
time required to burn additive, sec

residence time, time particle is exposed to surface, sec

fractional volume occupied by oxidizer or oxidizer loading‘factor
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TABLE I. - PROPELLANT COMPOSITIONS

Propellant | Binder, | Oxidizer, ammonium perchlorate,| Additive,
PBAA,Z weilght percent aluminum,
welght weight
percent Fine Coarse percent

1 19 16.5 55.5 9
2 19 55.5 16.5 9
3 19 18.5 62.5 -
4 19 62.5 18.5 -

8polybutadiene acrylic acid (epoxy crosslinked copolymer of
butadiene and a carboxylic monomer).
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Figure 2. - Aluminum particle-size distribution.
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Figure 3. - Oxidizer particle-size distribution.
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—Wadsworth Propellant
\ grating ) —~S81it and sample—
Mi \ spectrograph / shutter N
irror— \ = /

grooves
per in.

Film
plate—

(a) Schematic diagram of optical system.

—Burning
surface Burning g
surface—| 1 _}—Image setting
Image setting 1 using reverse
using reverse __ g optics
optics——" . 2
Arrangement 1 Arrangement 2

(b) Arrangements of propellant and slit.

Figure 5. - Optical arrangement for spectrographic observations and
positioning of image for streamwise distribution and lateral distri-
bution.
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Figure 6. - High-speed photographs of burning surface. Predominantly coarse oxidizer
propellant 1. £8.0, tri-X film, 3200 frames per second.



(b) Predominantly coarse oxidizer propellant.

Figure 7. - Photomicrographs of combustion products.
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Figure 8. - Combustion-product size distribution.
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a) Coarse-oxidizer propellant 1.
(6 idd Jdant 1
(b) Fine-oxidizer propellant 2.

Figure 9. - Spectra of burning propellant samples with optical arrangement 1 of figure 5(b).
Film type, Eastman I-0; exposure, 7 seconds; spectrographic slit, 150 microns. (Spectra

rotated 180° from position shown in fig. 5(b), arrangement 1.)
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