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Measured Particulate Behavior in a Subscale Solid Propellant
Rocket Motor

W. D. Brennan,* D. L. Hovland,t and D. W. Netzerf
Naval Postgraduate School, Monterey, California 93943

Particle size distributions were measured in the combustion chamber, exhaust nozzle, and exhaust plume of
a small, two-dimensional rocket motor that utilized aluminized propellants. Various nozzle contours and pres-
sures to 4.36 MPa were utilized. For pressures less than approximately 2.4 MPa, D32 of the multimodal size
distributions entering the nozzle decreased with increasing pressure. Above 2.4 MPa, the higher propellant
burning rates significantly reduced particle agglomeration and increased C* efficiency. At higher pressures,
D32 entering the nozzle was quite small (2-6 /u.) and monomodal, and did not vary appreciably with pressure.
During tailoff, D32 was significantly larger than during the steady burn, indicating another possible source for
plume signature variations. Exhaust particle D32 was 1.2-1.6 /* (with a <2, 8, 28 /* trimodal distribution),
independent of pressure, nozzle inlet contour, exit Mach number, degree of underexpansion, or location aft
of the exit plane. The existence of a small number of larger particles indicated that either particle collision
and/or surface effects occurred in the nozzle convergence, or that the larger particles at the nozzle entrance
were concentrated near the wall, out of the viewing volume in the center of the flow.

Nomenclature
C* = characteristic exhaust velocity
Cv = volume concentration of particles
D32 = Sauter mean diameter
d = particle diameter
7 = intensity of transmitted light
70 = intensity of incident light
/ = optical path length
M = Mach number
N(d) = number of particles with diameters between d and

d + M
P = pressure
Q = extinction coefficient
Q = average extinction coefficient for a distribution of

particle sizes
Tr = transmittance, 7//0
U = velocity
We = Weber number
a = mole fraction of oxidizing species
Ad = increment in particle diameter
p = density
cr - surface tension
T = particle burning time

Subscripts
c = chamber
e — nozzle exit
g - gas
p = particle

Introduction

A LUMINUM is added to solid propellants to increase
performance and to suppress high-freqency combustion

instabilities. Most of the metal combustion is thought to occur
in the gas phase, resulting in small1 (<2 JLI) metallic oxide
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particles. The burnout of larger aluminum agglomerates re-
sults in aluminum oxide particles typically > 5 ̂  in diam. The
two-phase flow losses and the exhaust plume signature can
be effected by the particle size distribution. Codes such as
the AFAL SPP2 and OD3P3 model the particulate behavior
through the exhaust nozzle and estimate the resulting losses
in performance. However, the particle sizes entering the noz-
zle are required as input data and the calculated behavior
within the nozzle is semiempirical. Most often the codes are
used with a value of £>43, which has been obtained from em-
pirical data taken of collected exhaust products.4 Very little
is known about the actual behavior of the aluminum/alumi-
num oxide as it passes along the motor port and through the
nozzle.5

A specific problem in the characterization of exhaust sig-
nature is the accurate prediction of particle breakup/agglom-
eration and particle trajectories within the exhaust nozzle and
plume. Analytical models for these processes have not been
validated adequately. Predictions of plume IR signature are
sensitive to the specified initial conditions entering the nozzle,
and the uncertainty in the size distributions and the degree
to which gas/particle equilibrium assumptions are met are
essentially unknown.6 Some data7 and the predictions of sev-
eral models8'9 indicate that the particle size distributions within
an exhaust plume vary radially across the plume, with the
larger particles concentrated along the plume center line. This
behavior could have a significant effect upon plume IR sig-
nature, depending upon the metal loading within the pro-
pellant.10 Because A12O3 particles act as scatterers, only small
amounts of gas phase radiation can escape the plume when
large amounts of particles are present. If there are a large
number of very small particles in the outer regions of the
plume, they may shield both gas-phase radiation and the ra-
diation from the larger, hot particles. However, with reduced-
smoke propellants that may have optically thin plumes, ra-
diation can increase with particle mole fraction.10 In this in-
stance, particle size distribution can be very important. Data
are needed on the effects of the cast powder size and com-
position, the initial particle size distribution entering the noz-
zle, the nozzle geometry, and the nozzle area ratio on the
particulate processes and the exhaust particle size distribu-
tion. Plume structure (shocks, mixing, etc.) may also influence
the particle size distribution.

In a recent effort,11 a Malvern 2600HSD particle sizer was
successfully used to measure the behavior of particulates within
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the motor and exhaust nozzle of a small axisymmetric motor
using a minimum smoke (ZrC) propellant. Difficulties with
high obscurations through the motor at higher pressures and
metal loadings resulted in the design and use of a small two-
dimensional motor for the present investigation. The two-
dimensional motor does introduce some undesirable condi-
tions: heat loss through the side walls and nozzle geometries,
which, without care, do not properly simulate axisymmetric
nozzle flow. However, much needed information can be ob-
tained under conditions that prevent collection of motor data.5

High obscurations can result in multiple scattering effects,
which present difficulties when attempting to measure particle
size distributions. Steering of the illuminating beam by density
gradients in the particle-laden flow can also affect the particle
measurements. Factors that may affect the particle size dis-
tribution inside the motor are many, including: percentage of
metal in the propellant, metallic particle sizes in the unburned
propellant, oxidizer particle size, combustion chamber pres-
sure, burning rate of the propellant, and the residence time
of the combustion products in the motor. It should be noted
that mean residence time can be misleading when discussing
expected particulate behavior. Particles entering the flow from
the head-end of the grain port have sufficient time to burn to
completion; whereas, particles leaving the aft end of the grain
probably enter the nozzle flow as unburned aluminum. Ex-
haust particle size distributions may depend upon the above
factors, as well as on the expansion process through the ex-
haust nozzle.

In an attempt to determine the impact of the expansion
process on particle size, efforts to size particulate matter in
the exhaust nozzle and exhaust plume were undertaken using
both converging and converging-diverging nozzles of varying
geometry in a small "two-dimensional" rocket motor. Particle
sizing was accomplished at various chamber pressures using
two different aluminum loadings (2 and 4.7%). Low metal
loadings were chosen to minimize obscuration of the illumi-
nating laser beam used for particle sizing. Although most
aluminized propellants use higher metal loadings (10-20%),
much can be learned about particulate behavior by observing
flows with lower number densities of particles.5

Particle size distributions were measured using a Malvern
2600HSD. This instrument is based upon Fraunhofer diffrac-
tion in the near-forward direction. Use of the Malvern in-
strument for obtaining particle size distributions must be done
with some care. In addition to beam steering, high obscura-
tions result in multiple scattering. Empirical corrections ex-
ist,12 or can be easily generated, for the mean properties like
D32 and Z)43, but the effect on the actual measured particle
size distribution (location of mode peaks, etc.) needs to be
determined. Another area that requires attention is the effect
of the presence of particles that are outside the measurement
range of the instrument on the "measured" particle size dis-
tribution.

Use of the Malvern 2600HSD for Measurements
Within Rocket Motors

Motor Considerations
To prevent significant vignetting of the scattered light due

to the required width of the motor, a 100-mm focal length
Fourier transfer (focusing) lens was used, with a particle size
range from 1.9-188 JJL. The instrument also estimates the
amount of particulate matter present between 0.5-1.9 /x. The
instrument was operated in the model independent mode,
which enables sizing of multimodal distributions. A 31-ele-
ment, semicircular diode array is swept in 10 [JLS. However,
processing time increases the "time/sweep" to approximately
7 ms. The number of sweeps taken in any experiment is a
trade-off between statistical significance and the required time
for data acquisition.

The 9-mm-diam He-Ne laser beam used in the Malvern
presented some difficulties when used to measure the nozzle

exit particle size distribution. The beam had to be placed
upstream of the first Mach disk, but far enough downstream
to prohibit the scattered light from striking the aft surface of
the nozzle. Data at the exit plane where, therefore, taken
with the beam positioned between 1.5 and 10.5 mm behind
the motor.

Beam steering was observed within the exhaust plume of
motor firings. This results in light impinging on the first few
diode rings of the detector and prohibits the measurement of
forward scattered light by the affected diodes. Approximately
84% of the diffracted energy from a particle lies within the
first minimum of the Airy diffraction pattern. Eliminating the
use of the inner eight diode rings of the array13 that could be
affected by beam steering would affect the above energy only
for particles significantly larger than 30 JJL in diam. Such large
particles are not often observed in exhaust plumes.

Calibration/Validation Experiments
Polystyrene microspheres were obtained from the Duke

Scientific Corporation. The particle distributions were of two
types. The first was monomodal, with particle diameters vary-
ing several microns from the mode. These particles were doc-
umented with a histogram indicating the relative number of
particles in each of approximately twenty size bands. These
histograms were verified for several distributions by scanning
electron microscope (SEM) photography. The second distri-
bution type contained particles of a much more uniform size.
These distributions were documented with a mean diameter
and a standard deviation. The particles used in validation
experiments were of both types and ranged in size from 0.109
to 20.0 fi.

Figure 1 show a plot of Malvern-measured D32 vs actual
D32 for polystyrene spheres using the 100-mm lens. The results
were excellent for D32 larger than 1 JJL. For smaller particles,
a D32 value of 0.9 /t is assigned.

With the prevalence of bimodal and trimodal distributions
in past sizing experiments,11 it was decided to evaluate the
Malvern capability to handle such distributions using particles
in liquid. SEM microscopy was also used to validate results
further. Trimodal distribution experiments were conducted
by first creating a trimodal mix from three known monomodal
distributions of measured concentrations. D32 measured using
the Malvern was compared to the value based upon the mea-
sured obscuration (1 — 7>), manufacturer-provided size dis-
tributions, and a calculated average extinction coefficient for
the particles. For this purpose, Beer's law for a poly dispersion14

was utilized:

7//o = exp -3<2CVA
2/>32 /

(1)

For each monomodal distribution of polystyrene spheres,
all values in the above expression except Cv were known or
calculable. The manufacturer-provided size distribution, the
mixture volume, and the measured volume concentration of
particles were then sufficient to describe the distribution. The
trimodal size distribution was then calculated by combining
the three monomodal distributions.
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Fig. 1 Measured (Malvern) vs actual values of D32 for monomodal
distributions.



956 BRENNAN, HOVLAND, AND NETZER: PARTICULATE BEHAVIOR IN ROCKET MOTOR

<2 for a given particle size was calculated from Mie theory,
given the wavelength of the incident light and the complex
refractive index of the particle (relative to the refractive index
of the medium in which the particles were suspended). Q can
then be calculated using15

Q = (2)

The Miescat16 code was modified to allow calculation of Q
as a function of particle size and Q for a user-defined particle
size distribution.

The trimodal mixture shown in Fig. 2 was created without
violating either the dynamic range of the lens or the recom-
mended obscuration limits. The Malvern-calculated D32 was
less than the actual value. Multimodal distributions tended to
reduce the calculated values of Z)32, and did so in a repeatable
fashion. Improper mixing of the particles could have affected
the values of D32, but would not have moved the mode peaks.
The systematic underestimation of the diameters at mode
peaks by 1-2 IJL in trimodal distributions was consistently
repeated, and resulted in underestimation of D32 for multi-
modal distributions. Nevertheless, the correct identification
of the trimodal distribution type was most significant. In ad-
dition, for particles larger than approximately 3 /A, the mea-
sured accuracy of the mode peaks was better than the accuracy
of D43 used in the SPP code.4

In similar experiments, Gulder12 showed that for bimodal
distributions, increased obscuration values tended to shift the
calculated volume percentage of particles from the larger mode
to the smaller mode. He showed that the Malvern measure-
ments were correct for transmittance greater than 50% and
presents an empirical correction for D32 values greater than
10 IJL and transmittance between 2 and 50%.

Table 1 shows the effects of reducing the smallest mode
size below the minimum measurable particle size. This models
actual conditions in the two-dimensional motor. Mixture (a)
contained a 0.624-IJL mode. While below the minimum mea-
surable particle size for the lens, the submicron particles clearly
affected the measured D32. These small particles were within
the Malvern subclass of particles. The D32 values were close
enough to be the result of experimental error, but the fact
that the Malvern D32 was higher than the calculated value
was significant. Had the Malvern been able to measure the
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Fig. 2 Comparison of measured (Malvern) monomodal and trimodal
volume distributions; all particles within instrument range and single
particle scattering conditions.

Table 1 Measured and calculated values of D32 (M)

Calculated
D32 for

monomodal
mixtures

(a) 0.624a'c
10.38
19.66

(b) 0.511a

5.33
9.83

(c) 0.110b

5.33
9.83

Malvern-
measured D32
for trimodal

mixture
2.4

6.2

6.6

Calculated
D32 for

trimodal
mixture

1.9

2.6

0.16

submicron particles accurately, the Malvern generated D32
would have been lower than the actual value (due to the
multimodal effects discussed above). Ignoring the submicron
particles, the theoretical value of D32 for the remaining bi-
modal distribution was 15.5 IJL. Thus, while the Malvern did
not measure the "subclass" particles accurately, the results
approximated the true distribution much more closely than
an approximate distribution containing only the larger par-
ticles.

Mixtures (b) and (c) in Table 1 show results obtained using
particles of approximately 0.5 /x and smaller. Such small part-
icales were undetected by the Malvern in multimodal distri-
butions. The effect was more pronounced when using the
0.109 IJL particles in (c). The malvern D32 of 6.6 IJL was what
would have been expected for a multimodal mix if the smaller
particles had not been present (calculated D32 = 7A IJL). The
Malvern value was slightly lower than 7.4 jit, as expected due
to the multimodal effects on calculated D32 discussed above.
Figure 3 shows the Malvern-generated volume distribution,
that seems to be a bimodal distribution of the larger particles,
with the largest mode located correctly and the center mode
shifted to a smaller value. The Malvern did not detect the
smaller particles. For such small particles, much of the scat-
tered light misses the range lens, making a slightly higher
obscuration the only discernable contribution to the light-
scattering signature. Repeated experiments showed that if the
smallest mode were comprised of 0.5 /i particles or smaller,
it did not affect the measurements of the larger particles in a
multimodal distribution. Table 2 shows the results for re-
peated measurements of a trimodal mixture consisting of 20.0,
9.6, and 4.8 /x particles, and reconfirmed the previously noted
mode-dependent decrease in D32.

Mix B in Table 2 was dehydrated and sized using a SEM.
Comparison of SEM with calculated and Malvern measure-
ments further validated the calibration method and confirmed
that the Malvern locations for mode peaks were consistently
small for trimodal distributions. It should be noted that, sub-
sequent to this investigation, the latest Malvern software seems
to have corrected this shift to smaller mode peaks.

Two-Dimensional Motor
The two-dimensional motor was designed by Pruitt17 and

Walker.18 The internal dimensions were 5.8-cm-high x 0.64-
cm-wide x 26.7-cm-long. Opposed slabs were burned with
dimensions 0.64-cm-thick (optical axis) x 1.9-cm web (slabs
were burned radially and on the nozzle end) x 7.6-21-cm
length. The motor residence time was quite short, between
2-6 ms. This residence time is typical of small motors,19 but
results in significant amounts of unburned aluminum entering
the exhaust nozzle together with the aluminum oxide. Nitro-
gen-purged windows were located within the motor port and
at the nozzle inlet. The Malvern unit could be placed to mea-
sure through either window set or at the nozzle exit.
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Measured volume distribution for trimodal mix, Table l(c).

Table 2 Results from monomodal and trimodal mixes

aBelow instrument measurement range but within subclass size.
Significantly below instrument measurement range.
cHigh obscuration.

Particle
distribution

Monomodal 4.8 (JL
Monomodal 9.6 IJL
Monomodal 20.0 ju,
Trimodal mix A
Trimodal mix B
Trimodal mix C

Malvern

4.3
10.0
21.8
11.9
12.3
12.1

Calculated
£>32,^

4.73
9.83

21.91
13.77
13.77
13.77

SEM D32, fi,
814 particle count

—
—
—
—

13.53
—
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Several nozzle designs were utilized. Figure 4 shows one
nozzle used to provide the same converging dA/dX as a 30
deg conical nozzle.17 The throat size was 0.34 x 0.64 cm.
Constant angle converging sections (Fig. 5) were also utilized.
These nozzles had a throat area of 0.26 cm2 and a 0.13-cm
flat at the throat to minimize effects of throat erosion.

A simplified analysis was used to estimate the maximum
expected particle sizes within the nozzle. Gas velocities were
calculated using equilibrium gas properties from the propel-
lant combustion, without particle drag effects. Particle veloc-
ities through the nozzles (as a function of size) were then
calculated using the work of Caveny and Gany.5 Weber num-
ber defined by

We = dpPg(ug - Upy/<r (3)

was then calculated. It was found that significant particle and
gas accelerations were restricted to the throat region. Caveny
and Gany5 observed particle breakup for a critical Weber
number of 28. However, Salita3 reports an average value of
approximately six is more appropriate. With this lower critical
value, particles larger than approximately 8 ^ were not ex-
pected at the throat.

Two converging-diverging nozzles with the medium length
converging section and a 15 deg half-angle expansion were

M| =Q04
M2O.08
M3"0j7 5.84 CM.
M4=I.O WINDOW
M5= 1.9

Fig. 4 Schematic of two-dimensional motor with measurement win-
dow location, simulated 30 deg conical converging nozzle section.

Fig. 5 Converging nozzle geometries.

also used, producing ideal expansion for a combustion cham-
ber pressure of either 1.03 MPa (exit M ^ 2.1) or 3.45 MPa
(exit M ^ 2.8). Two GAP-AP propellants were utilized (Ta-
ble 3).

Malvern and SEM analyses of the aluminum powder in
these propellants resulted in a D32 of approximately 25 /x,
with none larger than 60 /A.

Results and Discussion

Particles at the Nozzle Entrance
The data obtained either upstream of, or within, the con-

verging nozzle are presented in Table 4 and Fig. 6. Data taken
using the short converging nozzle were measured upstream
of the nozzle. This data was used for the entrance conditions
to the other nozzles since the throat areas and entering Mach
numbers were the same. The converging-diverging nozzle used
the medium length converging nozzle entrance, but it was
offset from the windows. Thus, the data in the medium length
converging nozzle could be displayed from multiple tests as
shown in Fig. 7.

In Fig. 6 it is observed that the propellant with the lower
aluminum content (2%) actually produced larger particles in
the entrance section of the simulated conical nozzle at low
pressures. This may have resulted from the 10% lower burning
rate of the DD1 propellant compared to the DD5 propellant
(1.14 vs 1.25 cm/s at 1.72 MPa). Measured values of D32 for
the aluminum powder contained in the propellants varied
between 24-29 ^. SEM analysis indicated that the largest
particles were approximately 60 IJL in diam. At motor pressures
>2.4 MPa, most of the particles entering the nozzle were
quite small (<5 (JL). Figure 6 shows that, as expected,20 the
higher burning rates at higher pressures significantly reduced
surface agglomeration. In addition, because D32 of the par-
ticles was significantly smaller than most of the particles cast
into the propellant, the aluminum was apparently rapidly ox-
idized. The burning time of an aluminum agglomerate can be

Table 3 DD1 and DD5 propellant ingredients (wt%)

Ingredient
GAP
TEGDN
Aluminum
Tepanol
AP (200 n)
AP (25 M)
N-100
HDI

DD1
14.67
8.49
2.00
0.15

47.45
25.55
0.845
0.845

DD5
14.67
8.49
4.69
0.15

45.70
24.61
0.845
0.845

Table 4 Summary of nozzle entrance data

Propellant
DD1

DD5

DD5

DD5

DD5
DD5

Nozzle type
30 deg conical simulation

30 deg conical simulation

Short converging

Medium converging

Medium converging-diverging
Long converging

Chamber
pressure, MPa

1.35
1.38
1.65
2.17
1.14
1.60
1.83a

2.40
2.83a

2.47
2.73
2.81
2.41
4.32
2.77
3.54

£>32,

M

41
35
33
24
22
11
13
1.8

10
3.7
3.3
3.3
2.8
0.9
1.5
0.9

Peaks of the volume
distribution, JJL

35, 48
35, 48, 65
25, 45, 65, 130 (weak)
2.5, 35 (broad), 130 (weak)
3.2, 68 (broad)
<2, 35, 70
2.2 (weak), 30, 50, 68, 130 (weak)
2.8
2.8 (strong), 25, 130 (strong)
<2, 15, 30
3.3
3.3
<2, 15, 30
<2
2.5
<2

aData acquisition into tailoff.
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Fig. 6 Measured D32 at nozzle entrance.

Fig. 7 Particle size volume distributions for 4.7% aluminized pro-
pellant (% in band vs diameter in jn), D32 in microns, Pc in MPa.

estimated from20

= 7.3 x W~6dl
p

75/a (4)

For the present investigation this time was approximately 2
ms for a 25-/A particle; roughly the same as the residence time
of the motor. However, it should be cautioned that burning
time does not associate directly with particle diameter due to
the oxide shell formation process. D32 decreased with increas-
ing pressure to pressures of approximately 2.4 MPa. Accurate
calculations of C* efficiencies were not possible due to the
variations in propellant thickness. Small variations in the nar-
row thickness of the propellant resulted in inaccurate knowl-
edge of the burning surface area. However, for the DD5
propellant at pressures less than 2.4 MPa, the C* efficiency
averaged approximately 10% less than for higher pressures.
Thus, the larger mean particle sizes at lower pressures cor-
related with the combustor performance. Figure 7 shows that
for a pressure near 2.7 MPa, some particle size reduction
occurred in the converging section of the nozzle (3.3 -» 2.8
—> 1.5 IJL). These particles are much smaller than would be

expected to break up due to exceeding a critical Weber num-
ber of even six.

Another interesting result is seen in Fig. 6. When the data
sampling time included some of the tailoff pressure, D32 was
significantly increased. During tailoff pressure drop, when the
total number density of particles is decreasing, the quantity
of larger particles may actually increase. This could result in
significant changes in plume radiation during tailoff, in ad-
dition to the expected increase in soot radiation that results
from liner and inhibitor charring.

The data in Table 4 for the DD5 propellant indicated that,
not only did D32 change with pressure, but also the shape of
the particle size distribution. Except for very low pressures
(1.14 MPa) the particles were typically trimodal to 2.4 MPa
and monomodal for higher pressures. As pressure was in-
creased, fewer of the larger agglomerates were present and
more of the smaller (<2 JJL) particles were present.

Particles in the Exhaust Plume
The data obtained in the exhausts from the nozzles are

presented in Table 5 and Fig. 8. The DD1 propellant (2%
Al) had larger particles in the exhaust than the DD5 (4.7%
Al) propellant for pressures less than approximately 3.8 MPa.
This followed the behavior observed for the nozzle inlet con-
ditions. One plausible explanation for this behavior is that
when larger particles break up, they do so to yield particles
smaller than would be calculated from a critical Weber num-
ber; the smaller the initial size, the smaller the resulting size.
Once the particles are smaller than the critical size for the
nozzle throat, they would not change further in size except
for agglomeration and/or condensation effects. The above
result was obtained for the simulated conical entrance ge-
ometry with an exit Mach number of 1.9; all data with Pc >
0.69 MPa were for underexpanded nozzle flow conditions.
For this nozzle, with the DD1 propellant, the exhaust distri-
butions were quadramodal with peaks in the distribution at
approximately <2, 5,15, and 25 JJL. Most of the particles were
<2 ju, in size, but a significant amount of the mass (volume
distribution) was contained in the small number of larger
particles. The existence of these larger particles can be im-
portant for plume radiation and as ignition sources for after-
burning.

Considering the DD5 propellant (where most of the par-
ticles entering the nozzles were typically <20 JJL in size), the
particle D32 was typically 1.2-1.6 /i, independent of nozzle
inlet contour, exit Mach number, degree of underexpansion,
or location aft of the exit plane. Shocks in the plume appar-
ently had no effect on the particles, indicating that the very
small particles probably were in a solid state due possibly in
part to high gas cooling rates to the two-dimensional motor
walls. Most of the distributions were quadramodal or tri-
modal, with a few particles greater than 20 ;u, passing through
the throat region into the plume.

At higher pressures, the particles entering the nozzle were
small (<4 IJL) and monomodal; whereas, downstream of the
throat they were trimodal, with small numbers of particles
having mean diameters of approximately 8 and 28 IJL. This
indicated that particle collisions and/or surface impingement-
shedding occurred, or that the larger particles were concen-
trated near the walls of the converging nozzle out of view of
the centrally located windows.

Probe Data
The AFAL particle collection probe21 was also used with

the DD1 propellant in an initial attempt to compare collected
particulate data with the nonintrusive optical data. A low-
pressure (0.83 MPa) test was conducted in order to provide
near-ideal expansion condition for the simulated conical noz-
zle. Laser sheet and video recordings were used on earlier
tests to ensure that no shocks would be present in the plume.
In addition, the probe was placed 4.17-cm aft of the exhaust
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Table 5 Summary of nozzle exit data

Propellant
DD1

DD5

DD5

DD5

DD5

DD5

Nozzle type
30 deg conical simulation, Me = 1.9,

Pe = pa @ pc = 0.69 MPa

30 deg conical simulation, Me = 1.9,
Pe = pa @ pc = 0.69 MPa

Medium length converging, Pe = Pcriticai

Long length converging, Pe = Pcritical

Medium length converging-diverging,
Me = 2.1, Pe = Pa @ Pc = 1.03
MPa

Medium length converging-diverging,
Me = 2.8, Pe = Pa@ Pc = 3.45
MPa

Chamber pressure,
MPa
0.83b

0.90
1.43
2.32
3.70
0.99
1.60
2.44
3.92
1.99
2.10
2.28a

2.34
1.43
1.63
1.69
1.97
2.18
2.69a

3.30a

4.16
2.94
3.38a

3.61a

#32,

V

3.7
3.3
2.7
2.8
2.0
1.8
1.5
1.7
1.7
1.3
1.2
0.9
1.4
1.4
1.4
1.5
1.3
1.4
1.3
1.2
1.3
1.6
1..6
1.5

Peaks of the volume
distribution, JUL

<2, 5.5 (weak), 12,
<2, 15, 25
<2, 5.5, 11, 25
<2, 5.5 (weak), 17,
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Fig. 8 Measured D32 in exhaust plume.

plane in order to meet the probe design requirement for swal-
lowing approximtely 1 gm/s. No attempt was made to elimi-
nate ignition or tailoff particles. The entire burn time was
3.2s. SEM analysis of the particles caught on the filter paper
showed spherical particles between <0.5 IJL and 9 fji in diam.
773 particles were counted with a D32 of 3.7 (JL. This was in
good agreement with the optical measurements made at 0.90
MPa, where D32 was 3.3 fju.

Summary and Conclusions
The Malvern 2600HSD particle sizer used in the model

independent mode was found to be reasonably accurate for
use in the solid propellant rocket motor environment. High
obscurations in the motor and nozzle entrance regions can
limit its application to determination of qualitative particulate
behavior. In the exhaust plume, beam steering of the laser
occurred, but was not a significant problem due to the small
(<30 IJL) particles that were present.

Investigations utilizing polystyrene spheres showed that the
Malvern instrument was quite accurate for characterizing
monomodal distributions. It also correctly indicated the pres-
ence of multimodal distributions, but underestimated the di-
ameters of the peaks of the smaller modes—in the 2-10 JJL
range. No corrections for multiple scattering were found nec-
essary for obscurations less than 50%. Particles smaller than

0.5 IJL were found not to influence the measured distributions
of larger particles.

For pressures less than approximately 2.4 MPa, D32 of the
multimodal size distributions entering the nozzle decreased
with increasing pressure. Above 2.4 MPa, the higher pro-
pellant burning rates significantly reduced particle agglom-
eration. This was also evident from higher C* efficiency for
pressures above 2.4 MPa. Above 2.4 MPa, the mean particle
size entering the nozzle was quite small (on the order of
2-6 IJL) and did not vary appreciably with pressure. This in-
dicated that rapid aluminum oxidation occurred within the
motor. At higher pressures (>2.76 MPa) the distributions
became monomodal in the center of the flow at the nozzle
entrance.

The mean particle size D32 entering the nozzle during motor
tailoff was significantly larger than during the steady burn,
indicating an additional source for plume signature variations
during tailoff.

For a 2% aluminized propellant, larger particles entering
the nozzle were found to result in larger plume particles for
pressures less than approximately 3.8 MPa. Exhaust particle
size distributions were generally quadramodal for this pro-
pellant, with most of the particles less than 2 JJL in diam, but
with significant mass (volume) contained in a small number
of larger (6-30 ju) particles.

Exhaust particle D32 for a 4.7% aluminum propellant was
1.2-1.6 IJL (with a <2, 8, and 28 IJL trimodal distribution),
independent of entering particle size, pressure, nozzle inlet
contour, exit Mach number, degree of underexpansion, or
location aft of the exit plane. In contrast, the particles entering
the nozzle at higher pressures were typically monomodal, with
none of the larger particles present. This indicated that par-
ticle collision and/or surface impingement-shedding occurred,
or that the larger particles were concentrated near the walls
of the converging nozzle, out of view of the centrally located
windows.

To pressures of 4.14 MPa, particles larger than expected
from a critical Weber number behavior were measured in the
exhaust plume.

An initial use of the AFAL particle collection probe at low
motor pressure showed particle sizes in good agreement with
the optical data.
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