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The propellant with the minimum viscosity required for a defect-free casting can
be obtained by proper selection of the size and fractions of solid components lead-
ing to maximum packing density. Furnas’ model was used to predict the particu-
late composition for the maximum packing density. Components with certain size
dispersions were combined to yield a size distribution that is closest to the opti-
mum one given by Furnas for maximum packing. The closeness of the calculated
size distribution to the optimum one was tested by using the least square tech-
nique. The results obtained were experimentally confirmed by viscosity measure-
ment of uncured propellants having HTPB binder and trimodal solid part accord-
ingly prepared by using aluminum {volumetric mean particle diameter of 10.4 um)
and ammonium perchlorate with four different sizes (volumetric mean particle
diameters: 9.22, 31.4, 171, and 323 um). The experimental measurements showed
that the compositions for the minimum viscosity are in good agreement with those
predicted by using the model for maximum packing. The propellant consisting of
particles with mean diameters of 10.4, 31.4, and 323 pm was found to yield the
minimum viscosity. This minimum viscosity was observed when the fraction of the

sizes with respect to total solids was 0.141, 0.300, and 0.559, respectively.

INTRODUCTION

omposite solid rocket propellant is a heteroge-

neous mixture of three major ingredients—a poly-
meric binder, a solid oxidizer, and a metallic fuel. In
manufacturing solid propellants, generally, hydroxyl
terminated polybutadiene (HTPB), ammonium perchlo-
rate (AP), and aluminum powder (A1) are used as bind-
er, oxidizer, and metallic fuel, respectively. Obtaining
high levels of specific impulse and density has been
the ultimate goal of propellant development, because
these are the major factors affecting the performance
of the rocket. As the solid content of the propellant is
increased, its density and specific impulse (I,,) in-
crease (1). The increase in the solid content causes
first the specific impulse to increase reaching a maxi-
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mum value at a particular level of loading. Beyond
this particular value, it shows a decreasing trend.
However, increasing the solid content causes varia-
tions in the rheological and mechanical properties of
the propellant, too. It is well known that an increase
in the solid content results in an increase in the vis-
cosity of the uncured propellant and a decrease in the
percent elongation at break of the cured propellant,
hence causing difficulties in the processing and fail-
ure in the absorption of the stresses in the rocket
motor, respectively (2). Thus the solid loading should
be increased to such a level that the propellant re-
mains processable while the other properties are still
satisfactory.

One way to increase the solid content with a mini-
mal change in the rheological and mechanical proper-
ties is to use the concept of packing density, the frac-
tion of voids in a bed that is occupied by solid particles
{3). Theory of particle packing is based on the selec-
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tion of proper sizes and proportions of particulate ma-
terial, so that the large voids are filled with particles of
matching size, and the new small voids created are in
turn filled with smaller particles, and so on. Packing
density is influenced by various parameters; the size
of particles, the size distribution, shape and surface
characteristics of particles, number of component
sizes (modality), proportions of components in the
mixture, mean diameter ratio of components, interac-
tions between particles, and interactions between par-
ticles and suspending fluid (4). There exist theoretical
and experimental works in the literature on the pack-
ing fraction and general particle dispersion character-
istics for arbitrary random packs of spherical particles
in suspensions (5-7). In studies on bimodal concen-
trated suspensions, for example, the fluidity has been
found to decrease with the increasing solid content,
but to increase with an increase in the packing den-
sity at a specified solid content (7). Although the parti-
cle size and fraction have been found to affect, and
used to control, the burning characteristics of the pro-
pellant (8) as well as the packing density, the chal-
lenge in this field is to pack as much ammonium per-
chlorate and aluminum particles as possible within a
unit volume of propellant.

Here we report on development of a model that gives
the composition of particulates leading to maximum
packing density in obtaining a propellant with mini-
muin viscosity at a certain level of solid loading. Based
on the assumption that Furnas’ theory (9} is applica-
ble for aluminum and ammonium perchlorate parti-
cles, the fraction of each solid component that yields a
size distribution closest to the optimum one was de-
termined. The deviation between the optimum size
distribution and the size distribution obtained by the
model was minimized. The developed model was tested
by rheological characterization of the uncured propel-
lants with the predetermined fractions of components.
Using the sizes available, trimodal propellant blends
were prepared according to results of the model and
tested together with the other compositions around
the model predictions to observe the effect of size frac-
tion of particles in each size on propellant rheology.
Based on the results obtained in this work, we also
studied the mechanical and burning rate properties of
propellants with various sizes, fine-coarse ratio, and
solid loading (10).

Model for Obtaining the Fractions of Solids
for Maximum Packing

The first theoretical approach for the prediction of
optimum size distribution was proposed for mixtures
with continuous size distribution by Furnas (9) who
derived relations between the specific volume {defined
as the inverse of apparent density) and composition of
ideal binary mixtures. He used the partial specific vol-
ume of the coarse and fine components to elucidate
the concepts and to show a simple graphic procedure
for representing the relation. This graphic procedure
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has been improved and extended to the study of ideal-
ized packing of spheres of different sizes (11, 12).
Although Furnas’ theory was shown to have some dis-
crepancies when compared with experimental results
of dry mixtures (13), it can yield feasible results when
applied to a solid mixture wetted with a polymer ma-
trix. The following expression is given by Furnas for
the calculation of the ratio, r, {large to small} of the
amount of materials on two consecutive screens.
m-1
rn-l -1 or r=f~~i_—l (1)
ym-1

where n is the number of component sizes, m is the
number of screens with a successive size ratio of 1.21,
and V is the compositional average of the void frac-
tions of component sizes. The void fraction of each
component size must be known or experimentally de-
termined to predict the optimum size distribution for
maximum packing density by using the following pro-
cedure:

1. Select the size range to be used and obtain the
screen sizes differing by a ratio of 1.21

2. Decide on the number of component sizes, n, to
be used

3. Find the ratio of weight or volume in a continu-
ous series for particles having the same true den-
sity by using Eq 1.

4. Taking the amount of material for the finest size
as 1, determine the amount of succeeding size by
multiplying the previous amount by a factor of r.
This yields the optimum size distribution.

The procedure described is very helipful in determin-
ing the optimum distribution of particles for maxi-
mum packing and yields a cumulative distribution of
particle sizes.

Determination of Fractional Volumes of
Components With Different Sizes

Furnas’ method is a common way of approaching
the maximum packing value and optimum size distri-
bution, yet it does not explain how to prepare a mix-
ture that will yield maximum packing. It is all right if
one is planning to use m number of fractions and all
the fractions consist of monodispersed particles that
are uniform in size. If this were the case, one would
take the amounts of fractions determined by the ratio
r and mix them for a sufficient period of time to get
the maximum attainable packing. However, when the
number of component sizes is not equal to m, and
they are distributed over a range, preparation of a
mixture becomes somehow difficult. Furnas actually
gives a plot of the number of the fractions versus the
ratio of the diameter of the smallest particle to the
diameter of the largest particle. Using this plot, he de-
termines the number of component sizes to be com-
bined. However, one may desire to use as many frac-
tions as possible or the ratio of diameters may not fall
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in a reasonable range. For a trimodal mixture (n = 3)
used in this study, there is a corresponding cumula-
tive percent distribution, F (D), which can be obtained
from the cumulative size distribution of the compo-
nent n under particle size D, F, (D), and the fraction of
components, x, (n = 1, 2, 3), by using Eq 2.
3
F(D) = 3 x,F(D) @
n=1
Table 1 summarizes such a cumulative distribution in
a general system of n components. O(D) is the opti-
mum cumulative distribution under the particle size
D. Equation 2 gives the model cumulative percentage
of the particles under size D, corresponding to the
same screen number in the optimum case. For attain-
ing the maximum packing density, the model and
optimum particle size distribution, F(D), and O(D),
respectively, should be as close as possible to each
other. This can be tested by applying the common
least square method. The sum of the squares of the
differences between the optimum and the model
cumulative size distributions in each screen size m is
set to be minimum.
m
S = 2 [F(D,) - O(D,)I? @3
1

For the particular case of three components with

the fractional volumes x;, x,, and x;, this requires

3S 48 S

=0, —=0,—=0
ax,

, 4
ax, 0x3 “)

Fractional volumes of the components that will give
the maximum packing density can be obtained from
the simultaneous solution of these differential equa-
tions by using simple mathematical tools.

EXPERIMENTAL

Materials: HTPB (R-45M, number average molecu-
lar weight of 2700 g/mol, functionality of 1.93, Arco
Chemical Company, Philadelphia); Isophoron diisocy-
anate, IPD], (Fluka AG, Leverkusen, Germany); crys-
talline ammonium perchlorate (AP, average particle
sizes of 31.4 pm, 171 pm, and 323 um SNPE, France),
aluminum powder (average particle size of 10.4 pm
Alcan Toyo) were used as purchased. Sizes of solid
particles were measured by using a Malvern Master-
sizer Model MSX. Packing the particles as dense as

possible is achieved by using a Heinz Janetzki K.-G.
T-5 Centrifuge having four cylindrical sample units.
The tubes are of 23 mm in inner diameter and 90 mm
in height. Ammonium perchlorate with the average
particle size of 9.22 um was produced by grinding the
coarse ammonium perchlorate of 171 um size in a
laboratory mill (Alpine, Type 160 Z).

Void Fraction Determination: The void fractions
of samples were determined by compressing the parti-
cles in the centrifuge. Solid particles to be analyzed
were first dried in the oven at 110°C before measure-
ments were taken. Eighty grams of dried sample from
one selected size was transferred into four tubes in
equal amounts, and the top surfaces of the samples
were smoothed for ease of leveling. The tubes were
then inserted into the cells of the centrifuge and ro-
tated at a speed of 5500 rpm for 15 minutes. After
this period of time, the tubes were taken out and the
level of the sample was marked. The apparent volume
of particles was then determined by filling the empty
tubes with distilled water, with the aid of a burette,
up to the marked level of particles.

Combinations of the Solid Component Sizes: Six
different sets were selected to obtain the size distri-
bution closest to the optimum distribution of the
model. These sets are trimodal combinations contain-
ing aluminum and two of four ammonium perchlo-
rates available in different sizes as given below:

Set 1: Al (10.4 pm), Fine AP (9.22 pm),
Coarse AP (31.4 pm)
Set 2: Al (10.4 pm), Fine AP (9.22 pm),
Coarse AP (171 pm)
Set 3: Al (10.4 pm), Fine AP (9.22 pm),
Coarse AP (323 pm)
Set 4: Al (10.4 pm), Fine AP (31.4 pm),
Coarse AP (171 pm)
Set 5: Al (10.4 pm), Fine AP (31.4 um),
Coarse AP (323 pm)
Set 6: Al (10.4 pm), Fine AP (171 um),

Coarse AP (323 pm)

Propellant Mixing Equipment and Procedure:
Propellant mixing was carried out in a 1 gallon Baker
Perkins vertical mixer. Control of temperature is criti-
cal during the process because reactions are taking

Table 1. Cumulative Distribution in a General System of n Components.

Particle Size Distribution of Components Optimum Size Model S!ze
Diameter (Cumulative Percent Undersize) Distribution Distribution
(D) Fi(D) F2(D) F4(D) Fq(D) O(D) F(D)

D F.(D F,(D,) F4(D,) F.(D;) o(D,) F(D,)

D, Fo) o) Fio) F1(D) o(D,) F(D)
Dn F1(Dp) F2(Dr) F3(Dm) Fo(Dp) Fr(Drm) O(Dy) F(Dp)
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place. Hot water was circulated through the jacket of
the mixer so that the suspension was kept at a tem-
perature of 65 = 1°C. All the liquid ingredients except
the curing agent were premixed thoroughly for about
10 min at 65°C. The mixing was then continued under
vacuum for about 3 hours upon addition of solid com-
ponents. Finally, the curing agent IPDI was added to
the slurry, the mixture was blended for another 15
min at 65°C.

Viscosity Measurements: The instrument used in
viscosity measurements was a rotational type digital
Brookfield Viscometer Model HBTDV-II. Viscosity meas-
urements were carried out according to ASTM Stand-
ard D 2196-81. For measuring the viscosity, a 500 ml
sample of uncured propellant slurry at 65°C was trans-
ferred into a beaker and put in the water bath, which
was at 65°C. The spindle, which was previously condi-
tioned at 65°C, was attached to the lower shaft of the
viscometer while it was in the propellant slurry. The
spindle was centered in the test fluid and immersed to
a marked level of the T-spindle. The rotational speed
was adjusted to the slowest value of 0.5 rpm. Viscosity
first increased up to a maximum value and then de-
creased. When the highest value appeared, the timer
was started and readings were recorded every 10 sec-
onds up to the end of four revolutions. This time is
480 seconds for 0.5 rpm. The same procedure was re-
peated for 1, 2.5, 5, 10, 20, and 100 rpm, and the vis-
cosity was recorded.

RESULTS AND DISCUSSIONS
Calculation of Void Fractions

Determination of the void fractions of each compo-
nent is very critical, because the optimum size distri-
bution is highly affected by the average void fractions

of component sizes (Eq 1). The void fractions of the
components were calculated from the apparent vol-
umes of the component sizes measured by applying
centrifugation which provides ease of use and high re-
peatability of the results. To test the repeatability of
the method, four measurements were performed for
each component size of 20 g sample. Once apparent
volume is measured, the apparent density can be cal-
culated by dividing the mass of the sample by its ap-
parent volume. Void fraction can then be determined

by using Eq 5.

P
Void fraction = 1 ~ %
p

(5)

where p,,, and p, are apparent and particle densities,
respectively. The void fractions for all component sizes
are given in Table 2 together with the standard devia-
tions which are not remarkable. Inspection of the re-
sults shows that the average void fraction decreases
with increasing average particle diameter. The in-
crease in void fraction with decreasing particle diam-
eter may be attributed to the changes in particulate
interactions with size (14). Static electrical forces, fric-
tion, adhesion, and other surface forces become in-
creasingly important as particle size decreases, and
the surface area to volume ratio is markedly increased.
However, it is hard to find a relationship between the
mean particle diameter and the void fraction because
the particles are polydispersed in size and shape, dif-
ferent from the monodispersed glass beads that were
used for the model studies (14).

Calculation of the Fractions of the Solid
Component Sizes

The size distribution closest to the optimum distri-
bution can be obtained if the appropriate fractions of

Table 2. Void Fractions of Components Measured on 20 g Samples After Applying Centrifugation.

Average Diameter Vol. Apparent Density Particle Density Void Average Void Standard Deviation
(nm) (cm3) (g/cm3) (g/cm3) Fraction Fraction of Void Fractions

323 (AP) 15.8 1.266 1.95 0.3509 0.374 0.019
16.5 1.212 1.95 0.3784
16.3 1.227 1.95 0.3708
17.0 1.176 1.95 0.3967

171 (AP) 17.3 1.156 1.95 0.4071 0.409 0.004
17.5 1.143 1.95 0.4139
17.4 1.149 1.95 0.4106
17.2 1.163 1.95 0.4037

31.4 (AP) 17.8 1.124 1.95 0.4238 0.417 0.005
17.5 1.143 1.95 0.4139
17.5 1.143 1.95 0.4139
17.6 1.136 1.95 0.4172

9.22 (AP) 24.4 0.820 1.95 0.5797 0.587 0.007
25.0 0.800 1.95 0.5897
24.6 0.813 1.95 0.5831
25.3 0.791 1.95 0.5946

10.4 (A}) 13.9 1.439 27 0.4671 0.438 0.021
13.2 1.515 27 0.4388
12.7 1.575 2.7 0.4167
13.0 1.538 2.7 0.4302
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Fig. 1. Particle size distribution in
a trimodal mixture: Calculated by
using Eq 2 and experimentally
measured.

Percent Volume (%)

Material size(;ym) volume %
Al 1040  14.12

AP 3143 1000

AP 17112 7588

Particle Size (m)

the solid components are determined by some means.
In practice, this idea is applicable by means of Eq 2.
To check the validity of Eq 2, arbitrary values of x,
were selected and the distribution of the mixture was
determined for each screen size by using Eq 2. Then,
a mixture was prepared with the selected proportions
of solid components and its particle size distribution
was measured. As an example, a trimodal mixture of
ammonium perchlorate (10.00% of 31.4 pm, 75.88%
of 171 pm) and aluminum particles (14.12%) was pre-
pared and the size distribution of the mixture was
measured and calculated by using Eq 2. Both the
measured and calculated distributions are depicted in
Fig. 1. The closeness of these two distributions clearly
indicates that Eq 2 can be used to determine the size
distribution of a multimodal mixture if the size distri-
bution of its components are known.

Using the void fractions of solid components given
in Table 2, the optimum size distributions were ob-
tained by using the aforementioned procedure. The
smallest screen size is 0.48 pm and the succeeding
screens have sizes 1.21 times that of the preceding
screen size. The largest screen size is 683 u, and the
total number of screens is 39. All the mixtures pre-
pared are trimodal, having one aluminum and two dif-
ferent ammonium perchlorate solid component sizes.
Table 3 illustrates an example of the calculation of
optimum size distribution in a trimodal mixture con-
taining one aluminum and two ammonium perchlo-
rate solid components (9.22 pm and 171 pm) by follow-
ing the procedure given before. The calculated optimum
cumulative percent undersize distributions are given
in Table 4 for all the trimodal mixtures containing one
aluminum and two ammonium perchlorate solid com-
ponents. Please recall that the optimum distributions
in Table 4 provide the maximum packing densities of
the mixtures.

The size distribution obtained by using the model
should be closest to the optimum size distribution. In
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Table 3. Calculation of Optimum Cumulative Size
Distribution in a Trimodal Mixture Containing
One Aluminum and Two Ammonium Perchlorate

Components (9.22 um and 171 pm)
by Following the Procedure.

Diameter Amount Volume Cumulative
(pm) (volumetric) % Distribution (%)
0.48 1.00 1.04 1.04
0.59 1.04 1.08 212
0.71 1.09 1.13 3.24
0.86 1.13 1.17 442
1.04 1.18 1.22 5.64
1.26 1.23 1.28 6.92
1.52 1.29 1.33 8.25
1.84 1.34 1.39 9.64
2.23 1.34 1.45 1141
2.7 1.46 1.51 12.6
3.27 1.52 1.58 14.2
3.95 1.59 1.64 15.8
4.79 1.66 1.71 175
5.79 1.73 1.79 19.3
7.01 1.80 1.86 21.2
8.48 1.88 1.94 23.1
10.3 1.96 2.03 252
124 2.04 2.11 27.3
151 2.13 2.20 29.5
18.2 2.22 2.30 317
22.0 2.32 2.40 34.2
26.7 242 2.50 36.7
32.3 2.52 2.61 39.3
39.1 2.62 2.72 42.0
47.3 2.74 2.84 448
57.3 2.86 2.30 47.8
69.3 2.98 3.08 50.9
83.9 3.1 3.22 541
101 3.24 3.35 574
122 3.38 3.50 60.9
148 3.52 3.65 64.6
180 3.68 3.81 68.4
218 3.83 3.97 724
264 4.00 414 76.5
319 4.17 4.32 80.8
386 4.35 4.50 85.3
467 4.53 4.69 90.0
565 4.73 4.89 94.9
683 4.93 5.10 100.0
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Table 4. Optimum Cumulative Size Distribution in a Trimodal Mixture Containing One Aluminum and
Two Ammonium Perchlorate Components Calculated by Following the Procedure.

Al 10.4 pm Al110.4 pm Al 104 pm Al 10.4 pm Al 10.4 pm Al 104 pm
AP 9.22 um AP 9.22 um AP 9.22 um AP 31.4 pm AP 31.4 pm AP 171 pm
AP 31.4 pm AP 323 um AP 171 pm AP 171 pm AP 323 pm AP 323 pm
Diameter (um) Cumulative Percent Undersize Distribution
0.48 1.15 1.04 1.04 0.93 0.89 0.93
0.59 2.37 2.13 212 1.91 1.82 1.90
0.71 3.66 3.26 3.24 293 2.80 2.91
0.86 5.02 4.44 4.42 4.00 3.82 3.98
1.04 6.46 5.68 5.64 512 4.90 5.10
1.26 7.99 6.96 6.92 6.29 6.03 6.26
1.52 9.60 8.28 8.25 7.52 7.21 7.49
1.84 11.3 9.69 9.64 8.81 8.45 8.77
2.23 13.1 11.2 114 10.1 9.76 10.1
27 15.0 12.7 12.6 11.6 1141 11.5
3.27 17.0 14.3 14.2 13.1 12.6 13.0
3.95 19.2 15.9 15.8 14.6 14.1 14.5
4.79 21.4 176 175 16.2 15.7 16.2
5.79 23.8 19.4 19.3 17.9 17.3 17.9
7.01 26.3 213 21.2 19.7 19.1 19.6
8.48 29.0 233 23.1 216 20.9 215
10.3 318 253 252 23.5 22.8 23.4
124 34.8 27.4 27.3 25.6 248 255
15.1 37.9 29.6 29.5 27.7 27.0 276
18.2 41.3 31.9 31.7 30.0 29.2 29.9
22.0 44.8 34.3 342 323 31.5 322
26.7 48.6 36.8 36.7 348 34.0 34.7
323 52.5 394 39.3 374 36.5 373
39.1 56.7 421 42.0 4041 39.2 40.0
47.3 61.1 449 448 429 42.0 428
57.3 65.8 47.9 478 459 45.0 458
69.3 70.7 51.0 509 49.0 48.1 48.9
83.9 759 54.2 54.1 52.2 514 52.1
101 814 576 5§74 55.6 54.8 55.6
122 87.3 61.1 60.9 59.2 58.4 59.1
148 935 64.7 64.6 62.9 62.2 62.9
180 100 68.5 68.4 66.9 66.2 66.8
218 100 72.5 724 71.0 70.3 70.9
264 100 76.6 765 753 74.7 75.2
319 100 80.9 80.8 798 79.3 79.7
386 100 854 85.3 845 841 844
467 100 90.0 90.0 89.4 89.1 89.4
565 100 949 94.9 94.4 94.4 94.6
683 100 100 100 100 100 100

other words, the deviation between the two distribu-
tions should be minimum (Eq 3). When the differenti-
ations of the sum S with respect to x, are set to be
equal to zero for the minimum value of S (Eq 4), the
fractions of the solid component sizes can be deter-
mined. Equation 3 is composed of 39 terms, each con-
taining a second order polynomial. This equation was

differentiated and solved by using the Mathcad Pack-
age. The fractions of the solid components calculated
for the maximum packing of six different trimodal
mixtures by integration of Eq 4 are given in Table 5.
The volume fractions of the solid components calcu-
lated for maximum packing density in this way were
used in Eq 2 to obtain the model size distribution for

Table 5. The Fractions of the Solid Components Calculated for the Maximum Packing of Trimodal Mixtures by integration of Eq 4.

Volume Fractions of Component Sizes

Set No. Al, 104 pm AP, 9.22 um AP,31.4 pm AP, 171 pm AP, 323 um
1 0.14 0.01 0.85 —_ —_
2 0.14 0.22 — 0.64 —
3 0.14 0.32 — — 0.54
4 0.14 0.27 0.59 —
5 0.14 —_ 0.38 0.48
6 0.14 — — 0.86 0.00
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Fig. 2. Comparison of the optimum size distributions with those predicted by modeling for trimodal mixtures of sets 1-6.

each set. The deviation of the model size distribution
from the optimum size distribution can be easily visu-
alized from the graphs obtained (Fig. 2). For set 1,
there exists a gap for the particle diameters between
25 um and 150 pm, indicating that some particles of
sizes in this range should be removed to increase the
packing density of the mixture. Similar gaps also exist
in the other sets. For sets 2 and 4, some of the parti-
cles having sizes between 200 um and 550 pm should
be taken out of the mixture, while sets 3 and 6 require
the addition of particles in certain range for maximum
packing. The least deviation from the optimum size
distribution is observed for set 5. From the inspection
of the plots of the size distributions for all the tri-
modal mixtures, set 5 is found to have the most suit-
able size distribution for the maximum packing den-
sity. The packing densities for the remaining sets can
be ranked in the decreasing order 3 >2>4>1 > 6.
The largest deviation is observed for sets 1 and 6. For
this reason, these combinations were not prepared for

POLYMER COMPOSITES, AUGUST 1998, Vol. 18, No. 4

rheological characterization, since they would exhibit
high viscosity.

Results of Rheological Measurements

The propellant slurries containing 75% (87% by
weight) one of the sets 2, 3, 4, and 5 as solid loading
were prepared and characterized rheologically. The
viscosity of the propellant shurry shows variations
with time. To illustrate the thixotropic behavior of the
propellant slurries, the time-dependent viscosity at
0.5 rpm for the slurry containing 75% (by volume) the
trimodal mixture of the set 2 is depicted in Fig. 3.
Muthiah et al. (15) observed a similar oscillatory be-
havior for the viscosity of the hydroxyl terminated poly-
butadiene propellant shurry in the time range between
160 and 200 min. However, the overall effect was an
increase in viscosity of the propellant slurry with time,
owing to the curing reaction. The oscillatory behavior
of the slurry viscosity in Fig. 3 is not attributed to the
build-up of the network by curing since the duration
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Fig. 3. Time-dependent viscosity at 0.5 rpm for the slurry containing 75% (by volume) a trimodal mixture of set 2.

of our experiments (less than 8 min) is much smaller
than that reported by Muthiah et al. (15). Instead, the
oscillatory nature of the slurry viscosity is due to the
formation of the agglomerates, followed by breakdown,
which is caused by the effect of shear. An overall shear
thinning effect was dominant in the time range in
which the measurements were taken. The period of
the oscillations also increases with the time. In the
experiments, recording of data was ceased after four
revolutions of the spindle. The number of revolutions
was kept constant at all spindle speeds to avoid the
incorporation of any additional experimental param-
eter. Although the use of Brookfield viscometer is not
the best technique to measure the viscosity of the pro-
pellant slurries, the data collected could be used to
compare the viscosity of uncured propellants with vari-

ous compositions, not to determine their rheological
characteristics.

Table 6 gives the slurry viscosity of the propellants
containing the trimodal solid mixtures of sets 2-5 de-
pending on the volume fraction of fine AP in the solid
loading and on the shear rate. The viscosity values in
Table 6 represent the last reading at each rpm value,
i.e., reading taken after four revolutions of the spin-
dle. Figure 4 shows the variation in the slurry viscos-
ity of the propellant with the shear rate. The results
given in Fig. 4 are in agreement with the results re-
ported by Osgood (16}, who observed a pseudoplastic
flow behavior of the propellant. Because of the com-
plexity of the flow behavior of the uncured propellants,
it is very difficult to make a comparison between the
results of different propellants. The flow behavior is

Table 6. The Slurry Viscosities of the Propellants Containing the Trimodal Solid Mixtures of Sets 2-5
Depending on the Volume Fraction of Fine AP in the Solid Loading and on the Shear Rate.

Viscosity (Pa-s)
Set Volume Fraction
No. of Fine AP 0.5 rpm 1 rpm 2.5rpm 5 rpm 10 rpm
2 0.10 268 216 181 166 159
0.24 86 80 78 77 78
0.40 138 126 123 129 141
3 0.04 125 101 82 72 69
0.15 70 64 56 54 52
0.33 70 66 65 67 69
0.50 147 138 135 143 154
4 0.10 352 259 176 126 83
0.27 118 109 100 97 93
0.40 106 99 96 95 94
0.52 122 117 115 116 117
5 0.15 61 51 47 45 43
0.30 54 48 45 44 44
0.40 54 53 50 51 51
0.55 83 82 82 83 85
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Fig. 4. Variation in the slury viscosity of the propellant with
the shear rate.

usually characterized by using the viscosity values
measured at low shear rates. Among the results given
in Table 6, the viscosity values recorded at a shear
rate of 2.5 rpm were selected for comparison. Another
reason for this selection is the requirement of the ap-
plied percent torque that is proportional to the applied
shear stress, which is around 10% of the maximum
range for the Brookfield Viscometer to be used effi-
ciently. This requirement could be fulfilled by viscosity
measurements at 2.5 rpm for all the propellants.

The concept of packing fraction can be used to un-
derstand the changes in the slurry viscosity of propel-
lants with the fractions of the components in the solid
part. For this purpose, the following relation between
the viscosity and packing fraction has been proposed
by Maron and Pierce (17).

where 7, is the relative viscosity defined as the ratio of
the suspension viscosity to the suspending medium
viscosity, ¢ is the total volume fraction of solids in the
slurry, and ¢, is the maximum packing fraction of the
system at a specified total solid content. Equation 6
shows that viscosity is a function of the total volume
fraction of the solids and the maximum packing frac-
tion at this loading level. The relative viscosity is ex-
pected to decrease with the increasing maximum pack-
ing fraction of the system at constant loading (18).
Figure 5 shows the effect of compositional variation
on the relative viscosity of the propellant slurry. The
relative viscosities in Fig. 5 were determined by divid-
ing the viscosity of the slurry by the viscosity of the
unfilled polymer matrix (6.4 Pa-s at 2.5 rpm). It is
seen that the relative viscosity of propellant slurries
first decreases with the increasing volume fraction of
fine AP and then increases after passing through a
minimum. A second order polynomial trend line was
fitted to the experimental data points for an accurate
determination of the fraction giving this minimum vis-
cosity. For set 2, for instance, the volume fraction of
fine AP giving minimum viscosity is 0.28. The packing
fraction (¢,) of the solids mixture increases until the
volume fraction of the fine AP (9.22 um) reaches the
value of 0.28. The viscosity of the slurry containing
these particles decreases because (¢/¢,) decreases (Eq
6). At the point where the fraction of the fines is 0.28,
the packing fraction of the system reaches its maxi-
mum attainable value and (¢ /(pp) becomes minimum.
At this point, ¢, is equal to ¢p,,. After this point, ¢,
begins to decrease with further increase in the frac-
tion of fines. The relative viscosity at maximum pack-

-2
m, = (1——‘2) 6) ing condition is equal to 12 for the propellant slurry
% containing the trimodal solid mixture of set 2. In this
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Fig. 5. Effect of fraction of the fine AP in the total solids on the relative viscosity of the propellant slurry measured at 2.5 rpm.
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Table 7. Volume Fractions of Component Sizes of a Trimodal Solid Mixture Containing One Alum!num and
Two Ammonium Perchlorate Components, Calculated by Modeling for Maximum Packing Density and
Determined by Rheological Measurements for Minimum Viscosity.

Volume Fractions of Component Sizes

Set 9.22 pm 10.4 pm 31.4 um 171 pm 323 pm Percent
No. Model Exp Model Exp Model Exp Model Exp Model Exp Deviation
2 0.22 0.28 0.14 0.14 0.64 0.58 10
3 0.32 0.20 0.14 0.14 0.54 0.66 18
4 0.14 0.14 0.27 0.36 0.59 0.50 18
5 0.14 0.14 0.38 0.30 0.48 0.56 14

way, the volume fractions of the solid components giv-
ing the minimum viscosity and the corresponding
minimum viscosity can be determined for all the pro-
pellant slurries containing trimodal solid mixtures of
sets 2-5 at maximum packing conditions.

CONCLUSION

The volume fractions of the solid components exper-
imentally determined by viscosity measurements are
given in Table 7 together with the values estimated by
modeling for maximum packing density. The results
resemble the prediction of the Farris method for the
fine:medium:coarse ratio of ~20:30:50 in highly con-
centrated suspensions (6) if one remembers that in
most of our blends the medium and fine particles (alu-
minum and fine ammonium perchlorate} are not very
different in size, but in the origin. Indeed, the mini-
mum viscosity was yielded by the propellant consisting
of particles with mean diameters of 10.4 um, 31.4 pm,
and 323 pm, whereby the particle sizes are the mostly
separated ones among the used materials. This mini-
mum viscosity was observed when the fraction of the
sizes with respect to total solids was 0.141, 0.300,
and 0.559, respectively.

The last column in Table 7 shows the deviation of
the model from the experimental values. The deviation
was calculated with respect to the fractions of the
coarse AP particles of the minimum viscosity propel-
lant. A maximum of 18% deviation from the experi-
mental results was observed. Although this is accept-
able for engineering applications, the reasons causing
the deviation are to be explained from a scientific point
of view. The latter requires further investigation in
more detail. However, some error sources can be men-
tioned here.

The main reason for the deviation may be the shapes
of the particles. The solid particles used in propellant
manufacturing have irregular shapes except for the
aluminum powder, while the Furnas’ method that gives
the optimum particle size distribution was developed
for spherical particles. The void fractions used as in-
puts for the optimum size distribution were determined
by dry mixing of the particulates, which may yield in-
accuracy in the measurements, for the solid particles
cannot be perfectly mixed in dry conditions.
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Similar studies for maximum packing have been
performed using particles with very large diameters
compared with the particles used in this study.
Furnas’ method has been tested only for particles
with large diameters (in the order of millimeters)}, such
as sand, aggregates, etc. On the other hand, the maxi-
mum particle diameter in this study is less than 600
pm. Although no restriction was given by Furnas in
terms of particle diameter, the deviation of the model
may also be due to the small particle sizes.
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