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The size of the particulate effluent of rocket motors \vhich contain aluminum as a fuel
additive is required for the prediction of the thrust loss because of the particle lag, par-
ticulate radiant heat transfer, particulate acoustic attenuation, particle impingement, and
plume structure and its properties. A further study of the particle size of the Al^Os pro-
duced by a small rocket motor as determined by tank collection and by spectrophotometric
tests was performed to rationalize a discrepancy and to learn to use these methods in a mutu-
ally complementary fashion. Tank collection tests were performed with tank volume, alu-
minum loading in the propellant, and chamber pressure as the principal variables. The
particle size data from tank collection tests were analyzed in the form of various moment
ratios and the mass median diameter. Spectrophotometric tests were performed at three
wavelengths with motor chamber pressure and aluminum content as principal variables.
The tank collection tests gave internally consistent results only when the mean size was
denned in terms of the low moments of the distribution function. These mean diameters
show the same mild growth with chamber pressure as indicated by the optical measure-
ments. Evidence of particle growth resulting from velocity slip and collision in the nozzle
was not found.

Nomenclature

a = shape constant in size distribution function
cv — volume of particles per unit volume of gas
D = diameter of particle
Z)«, = diameter of largest particle present in a

given population or sample from a
population

DPQ = generalized mean diameter as defined by
Eq. 5

D53,etc. = special cases of the generalized mean
diameter

(Ki) — mean extinction coefficient for wavelength
\i as defined by Eq. 12

I = optical path length
m = refractive index
no = total number of particles in a given pop-

ulation or sample from a population.
N[Di < D < Dz] = number of particles in the size range Di

to D2
P[Di < D < D2] = probability of occurrence of size greater

than Di and less than D2
t\. •— spectral transmission for wavelength X;
d = shape constant in size distribution function
Xi = ith value of the wavelength of light
</>(£)) = particle size distribution denned by Eq. (1)
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I. Introduction

THE importance of the particle size of aluminum oxide
(A]203) produced in solid-propellant rocket motors has

been appreciated from the time that metallic aluminum was
first used as a fuel additive. A knowledge of particle size is
required in order to calculate the thrust as influenced by
two phase flow losses, particulate radiant heat transfer,
particulate acoustic damping in the motor cavity, impinge-
ment of particles on nozzle entrance surfaces, and the rocket
plume structure and its properties. Attempts to measure
the particle size have resulted in a series of reports that
describe observations differing sharply from one another and
presenting contradictory conclusions. The disagreement
seems to result from the normal difficulty of measuring
populations of particles of widely varying sizes, compounded
by the extreme environmental factors present in rocket
motor chamber and nozzle. This work is concerned with a
comparison of the results of two techniques of measuring
particle size with which the authors possess first-hand ex-
perience. Our aim in this work has been to gain an under-
standing of the marked discrepancy that was reported be-
tween the results of these two techniques. We believe the
present study has implications that impinge directly upon
studies conducted by others, and we will comment on these
implications at the conclusion of this report.

The background for the present work is provided by Fig. 6
of Ref. 1 where spectrophotometric tests indicate an increase
in particle size by a factor of about 1.3, while the tank tests
on essentially the same motor (described in Ref. 2) show a
ten-fold increase in particle size when the chamber operating
pressure increases from 70 to 700 psig. The hypothesis
that the growth of size with pressure indicated by the tank
tests might be caused by agglomeration of the particles in the
recovery tank was advanced to explain this discrepancy.
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Others later argued that agglomeration would occur in the
rocket nozzle, and the photometric tests were unexplainable
since they failed to indicate this growth. It was our belief
at the outset of this study that the occurrence of particle
growth in the nozzle because of the varying slip velocities
would indicate that the tank collection technique could prove
unsatisfactory, because of the shock waves and turbulent
mixing that would occur within the tank at high recovery
temperatures. Both shock waves and turbulence could
cause further growth that might mask particle growth
occurring within the nozzle. For these reasons, we planned a
series of tank collection tests in which tank volume was a
variable. A series of optical tests were also performed in
which spectrophotometric measurements were made at three
wavelengths of light rather than merely with two wave-
lengths as during the previous tests.

We consider the two methods of size measurement to be
potentially complementary to one another because of their
distinctive capabilities; the tank collection method gives a
measure of the detailed size distribution averaged over the
entire duration of firing, after a data reduction process
that is tedious and time consuming; the optical technique
measures a well-defined mean diameter of a large number of
particles leaving the rocket nozzle on a time-resolved basis
throughout the entire duration of the firing, and involves a
data reduction process that requires only seconds to per-
form. The difficult feature of the tank test is the sampling
and analysis of the collected sample. A drawback to the
optical test is its failure to yield any information about the
size distribution function and the small number of large
particles that are present. A major goal of our effort has
been to seek to realize the potential of using both methods in a
mutually complementary manner.

Limitations of space prevent a description of much essential
material on experimental procedures and certain other de-
tails. A technical report3 on the present study is available
in which the interested reader will find the important supple-
mental material.

II. Particle Size Statistics

A complete description of the "size" of poly dispersed
particles is provided if the particle size distribution function
is known. The size distribution function $(D), is defined
such that

Dt
<t>(D)dD =3 P(Dl < D (1)

It is apparent that when D\ is zero and Z)2 corresponds to the
largest size present, Dm, then

rJo
<f>(D)dD = I (2)

the actual number of particles in the size range DI to Z>2 will be

N(Dl <D<Dz) = n0 ff' <t>(D)dD (3)

Therefore,
(l/n0)dN(D)/dD (4)

Equation (4) in incremental form provides a convenient
expression to evaluate the size distribution function when
size frequency data are presented as a bar histogram.

Under certain circumstances a full description of the
particle size distribution function is unnecessary and only
certain mean diameters or ratios of moments of the distri-
bution function are required. The generalized mean di-
ameter is commonly defined as

DPQ ~ (5)

The particular mean diameter, or ratio of moments, that is
relevant is given by the detailed analysis of the partcular
effect of interest. For example, Rannie4 has analyzed the

Table 1 Mean diameters relevant to various physical
effects in gas-particle fluid mechanics and

rocket technology

Small Estimated Large
size usual size
limit case limit

Thrust loss due to particle
slip4

Optical scattering power,
optical measurement of
particle size5

Acoustic damping6

Agglomeration due to
particle lag7

£53

-D53

Ao

Ai

thrust loss because of the particle slip when the particle
velocity and thermal lags are small. If we examine his
analysis [in particular, Eqs. (72) and (80) of Ref. 4], we find
that under certain circumstances, the ratio of the fifth
moment to third moment of size distribution function,

(6)

can be used in the theory in the form appropriate for mono-
dispersed particles. In other words, the D53 is the appropriate
mean diameter to use in the theory for uniformly sized
particles, i.e., a monodispersion, to correctly allow for the
influence of the size distribution effects.

In Table 1, we display the various mean diameters or
moment ratios that are pertinent to various gas-particle
flow phenomena. In most such phenomena, the relevant
mean diameter will depend on how the particle sizes relate to a
particular parameter. For example, if all particles in a
distribution are small compared to the wavelength of light,
the scattering power is related to the D&. If all sizes in the
distribution are large compared to A, then D32 is the most
relevant mean diameter. In the middle column of Table 1
we give, where possible, our estimate of the mean diameter
that is relevant to rocket technology. In this study, the two
mean diameters that assume special importance are the D&,
because this size is measured by the optical technique, and
the D30, because this moment ratio enters into the theory
describing agglomeration due to slip.

Another method of characterizing mean particle size
involves the use of the median diameter defined as

(7)

We will use the volume median diameter, for which i = 3,
in order that our results may be related to other investiga-
tions. The median diameter has no theoretical usefulness
except insofar as it may correlate with a relevant mean di-
ameter.

Many different algebraic functions have been used to
describe particle size distributions. We will be concerned
with the log-probability function

0(Z>) = {Ci exp - (S lne(D/ZUp}/.D4 (8)
and the upper limit function proposed by Mugele and Evans8

0(Z>) = {C2 exp - [d In/iD/CD. - D)]2}/
ZM(A, - D) (9)

The constants a and d control the shape of the size dis-
tribution functions represented by Eqs. (8) and (9). Since
Eq. (8) has a single shape constant and Eq. (9) has two, the
latter expression has greater flexibility and generality. The
constants Ci and C2 in Eqs. (8) and (9) are chosen so as to
normalize the integrals to unity per Eq. (2). From Eq.
(5), we see that it is unnecessary to evaluate the constants in
calculating the mean diameters.
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Fig. 1 Comparison of Z>53, #32, and Dm measured by two
subcontractors.

A wide variety of other distribution functions have been
proposed, and most all of them including Eq, (8) suffer
from the drawback that they fail to provide for a finite value
for Doo. The consequences of this failure were examined in
detail by Mugele and Evans8 who have demonstrated the
considerable merit to the function they have proposed.

III. Tank Collection Tests

Thirty small-motor firings were conducted in one series,
using a tank collection technique, to determine whether the
particle size distribution of the particulate effluent was
dependent upon the size of the receiver tank. The test
firings were conducted in five different recovery tank size
configurations, covering a tank volume interval of from 40 to
168 ft3. The test program consisted of two test firings carried
out at each of three motor chamber average pressures (100,
300, and 800 psi) for each of the five tank configurations.
The motor chamber pressures were adjusted by varying the
nozzle throat diameter (0.970, 0.705, and 0.480 in., respec-
tively). For each test, the particulate effluent deposited in
the tank was collected for particle size analysis. The details
of the test and data reduction procedures are given in Ref. 3.

Electron microscope size analyses of a majority of the test
samples were performed, J using essentially the same pro-
cedure as reported in Ref. 2. The raw photomicrographic
data were processed by means of a computer program which
calculated the distribution function of the parent population,
the various mean diameters Z)54, D&, Z>32, #21, Z)io, D5S, and Z)30
and also the volume median diameter Dm. The total mass
of the 2000-4000 particles counted was calculated and ex-
pressed as a fraction of the total amount of aluminum oxide
produced by the motor. The small magnitude of this
quantity, typically 10~12-10~14, emphasizes the critical
nature of the sampling procedure and the desirability of
duplication of tests.

The computer program also generated quantities fa =
m(10Z)/Doo) and fa = ln[10Z>/(Z>«> - D)] as a function of the
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Fig. 2 Comparison of D3o measured by two subcon-
tractors.
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Fig. 3 Variation of DSQ with recovery tank volume.

volume fraction of the parent population. The appropriate-
ness of the log probability and the upper limit distribution
functions, respectively, are revealed by plotting fa and fa
against volume fraction on probability graph paper. The
data usually resulted in a weakly S shaped curve on the log
probability presentation. The upper limit presentation was
roughly a straight line except at the smallest sizes, where the
slope of the line decreased. Many experimentally measured
distribution functions deviated from these general descrip-
tions. The upper limit distribution function was considered
more satisfactory because the data points more nearly formed
a straight line with this presentation. This trend supports
the more detailed discussion by Mugele and Evans8 on the
advantages of the upper limit function which they originated.

Additional electron microscopic analyses were performed
on five of the test samples by the commercial laboratory§
that did the analysis work for Ref. 2 in order to test the
statistical validity of the sampling and photo-micrographic
procedures. The data reduction of these analyses shows that
the high moments of the size distribution function show wide
scatter when the results of one subcontractor's tests were
compared with another. This is illustrated in Fig. 1, where
£53, D&, and Dm, in micrometers (/mi), are plotted against
chamber pressure. The high scatter is caused by the occur-
rence of a small number of large particles that are difficult to
sample properly and that totally dominate the size analysis.
Thus, an accurate measurement of the high moments of the
distribution function or the volume median diameter Dm
is very difficult to obtain. Lower moments of the distribution
function such as D3o, D%i, and Dio show reduced scatter
because they are less sensitive to the occurrence of one or two
large particles.

In view of the generalized definition of the mean diameter
DPQ [Eq. (5)], we find

£>30 = (.D32Z)21D10)i/3 (10)

Thus, the D30 is a geometric average over one high moment
and two low moments of the size distribution function. For
this reason, and also because of the importance of this mo-
ment ratio in particle agglomeration theory, we will report
primarily the Z)30 and will relate other moments to the D30.
A graph of the D30 vs chamber pressure for the same size
analyses is shown in Fig. 2 and shows a substantial reduction
in the scatter between the results by the two subcontractors.
The D2i usually showed low scatter comparable to the Z)3o.
The DIO tended to show greater scatter, apparently because
of its sensitivity to the exact number of very fine particles
that were counted.

The results of the series of tests conducted to determine if
tank volume has an influence on the particle size is shown in
Fig. 3, where D30 is plotted against tank volume at a constant
pressure. No positive influence of tank volume on the D3o
mean diameter is observed. The results of analysis of the
data from tests in which tank size and pressure were sys-
tematically varied are depicted in Fig. 4, where Z)30 is plotted
for three different tank sizes^ at three rocket chamber

J Applied Space Technology Inc., Palo Alto, Calif.

§ Sloan Research Industries Inc., Santa Barbara, Calif.
^ Data obtained from the two smallest tank configurations

were not used because, in some instances, these earliest samples
were incorrectly handled.
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Table 2 Description of spectrophotometer channels

Channel Wave-
no, length, jum

1 0.365
2 1.01
3 2.35

Band-
pass, jum

0.005
0.020
0.040

Transducer

Type 1P21 photomultiplier
Type 7102 photomultiplier
Type N-2 lead sulphide cell

pressures. These tests show no systematic dependence of
particle size on tank volume and show a weak dependence on
chamber pressure.

The results of additional tests performed in the 168 ft3

tank are shown in Fig. 5. In the tests in which aluminum
fraction was varied from 2% (three tests) to 20% (one test),
shown along with the corresponding results with 12% alumi-
num, the scatter in the data is moderate, but no systematic
variations of particle size with the aluminum loading in the
propellant is noted. In the second series of additional tests,
the motor nozzle was removed and the motor pressure was
controlled by prepressurizing the tank motor assembly
with nitrogen. The results of these two single firings are
also plotted on Fig. 5. They show high scatter and are
considered inconclusive.

We conclude from the tank tests that particle size is not
sensitive to the volume of the collection tank, is not in-
fluenced by the aluminum loading in the propellant, and is
weakly influenced by chamber pressure.

A limited chemical and physical analysis was made of the
material recovered from the tank, which was a grey-green
powder. Electron diffraction measurements were per-
formed which indicated that the smallest particles were
mainly 7-Al203 and the largest particles were principally
a-Al203. These observations are in agreement with measure-
ments of refractive index (see below). The recovered ma-
terial was analyzed for carbon by oxidation and gas chroma-
tography. The average carbon content for several samples,
each from the effluent recovered from the rocket motor with
varying propellant fraction of aluminum was as follows:
20% Al, 0.11% C; 12% Al, 0.18% C; 2% Al, 0.57% C.
The discoloration of the material from the white appearance
displayed by pure powdered A1203 suggests that impurities
originating in the combustion process were present. Ex-
amination of the material by optical microscopy indicated
that many particles possess an orange cast and that a few of
the particles contained an opaque core—possibly composed
of metallic aluminum. These observations suggest to us
that the imaginary portion of the refractive index for the
particulate effluent from rocket motors may be substantially
different from the low values applicable to pure A1203.

IV. Spectrophotometric Tests

During the present investigation, we have performed
additional Spectrophotometric tests using the emission-
scattering photometer. The theory and operation of this
device have been described in Ref. 1 and the references
therein. This photometer was modified by the inclusion of an
additional monochromator in place of the unit previously
noted as a filter and IR detector (Fig. 2 of Ref. 1). The
signal from this detector was amplified and recorded in the
same manner as the other two signals. Table 2 summarizes
the information on wavelengths and bandpass width for the
three channels of the spectrophotometer.

The refractive index of the particulate effluent of the rocket
motor is required in order to allow an interpretation of the
Spectrophotometric tests. For this reason the refractive
index of the effluent material was measured by the immersion
method9 using a 400 X optical microscope. The refractive
index at X = 0.59 jLtrn varied systematically over the range
from 1.744 to 1.665 as particle size decreased. This result
is in agreement with the observations by electron diffraction

TANK VOLUME
O112 ft3

A 130 ft3

D 168 ft3

2
, 9

PROPELLANT ALUMINUM
CONCENTRATION = 12%

s 1-
1 1

50 100 300

CHAMBER PRESSURE, psig

Fig. 4 Variation of D30 with chamber pressure and collec-
tion tank volume.

patterns that indicate a large fraction of 7-Al203 as particle
size decreases. We consider that a mean value of m = 1.71
at X = 0.59 jam for the cold particulate effluent is a reasonable
value. We estimate the refractive index at the various
wavelengths as follows. The refractive index of pure sap-
phire10 at X = 0.59 fj,m is 1.76, or 0.05 greater than that of the
particulate effluent. We arbitrarily apply the —0.05
correction to the refractive index of pure sapphire. Gryvnak
and Burch11 have estimated, from experimental observa-
tions, the change in refractive index of sapphire to be + 0.05
when temperature is increased from 25° to 1700°C. This
temperature is reasonably representative of the temperature
of the particles at the rocket nozzle exit plane where the
observations of size are made. Thus, our estimate is that
values for the real part of the refractive index of sapphire
are, fortuitously, the values applicable to the particulate
effluent at the nozzle exit plane and in the near plume.

The estimates of absorption coefficient of pure aluminum
oxide given by Gryvnak and Burch indicate that the im-
aginary portion of the refractive index is on the order of
10 ~6. However, our expectation is that the refractive
index of the particulate effluent is dominated by the impurity
content that is responsible for its strong coloration. Cal-
culations of (Ki) for values of the imaginary portion of re-
fractive index as large as 10 ~2 are cited in Ref. 3, and they
indicate that spectral opacity is not significantly affected.

The data on optical transmission of the rocket plume are
analyzed by the following procedure. The spectral trans-
mission for polydispersed particles can be expressed1 as

InJx--1 = KX^J/Dgz (11)

and the mean extinction coefficient, (Ki) is given by

K — , <!>(D)D*dD

(12)
where m is the (complex) refractive index and is in general a
function of Xt-, the wavelength of light. The values of (Ki)
are calculated using the upper limit size distribution function
given by Eq. (9). If we divide the transmission equations
for two different wavelengths, X; and X;, by one another we
find

(Ki)/(Kj) = lidi^/lntr1 (13)

From calculations of mean extinction coefficients, we find the
ratio (Ki)/(Kj) is, under certain circumstances, uniquely
related to DS2 for given X» and \3- and corresponding values of
m. Thus, optical transmission conducted simultaneously at
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Fig. 5 Variation of D.SQ with aluminum loading and cham-
ber pressure.
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Fig. 6 Comparison of D& measured by tank collection and
optical transmission tests.

two suitable chosen wavelengths of light can be related to the
£32.

The purpose of adding the third channel to the spectro-
photometer was to determine if the various combinations of
transmission data indicated a consistent particle size. The
optical tests were conducted with the same propellant
composition, configuration, and rocket motor as was used in
the tank firings. Good data were obtained in all but two of
the 28 test firings. The tests included a repetition of some
of the previous tests1 and also a series in which the aluminum
loading in the propellant was varied. Further details are
discussed in Ref. 3.

Data reduction of the firings of propellants with 12%
aluminum in the propellant indicated the following points:
1) when the mean extinction coefficients [Eq. (12)] were
calculated with the shape parameters for the upper limit
distribution function [Eq. (9)] equal to the values used
previously,1 namely a = 1.13 and 6 = 1.26, the value of D32
indicated by tests at X2 and X3 was about 2-2.5 times greater
than the size indicated by tests at Xi and X2, and 2) the Z)32
indicated by tests at Xi and X2 was about one-third the value
of Z>32 indicated by the tank collection tests.

This comparison is shown in Fig. 6. (The reduction of the
spectrophotometric data presented in Fig. 6 was accomplished
with shape parameters of a = 1.0 and S2 = 0.50. This data
reduction gives virtually the same result for the case when
a = 1.13 and 5 = 1.26 because the mean size is weakly de-
pendent upon the shape of the size distribution function.
This is the basic principle upon which the spectrophotometric
method rests, and it is discussed in detail in Ref. 12.)

These discrepancies were believed to be caused by a radical
departure of the distribution function from its assumed form.
For the shape parameters a = 1.13, d = 1.26, the distribution
function is a skewed monomodal curve, depicted in Fig. 3 of
Ref. 12. The size distributions obtained from reduction of
tank collection data showed substantially more skewness
and often decreased monotonically from the smallest size
increment.

New values of the shape parameters were found by matching
approximately the various ratios of mean diameters such as
DZI/DW and Z>2i/Dio. Ratios of low moments were preferred
because these quantities were considered most accurately

1 ' ' ' 0 2% Al '
A 1 2% Al

a
A O °A Or V i i i i i i

a 20% AI ' i i i i i
A 20% Al, NO NOZZLE

0 ^ 0 0^ ̂
1 1 1 1 1 1 I

50 100 300

CHAMBER PRESSURE, psig

Fig. 7 Measurement of particle size (D&) from trans-
mission tests at AI and \2.

measured by the tank collection tests. In the first column
of Table 3, we show the values of six different mean or median
diameter ratios as determined by averaging the values of
these numbers over ten individual tests at three pressures
and three collection tank sizes. We did not observe any
systematic variation of these ratios with either chamber
pressure or tank size. The same ratios can be calculated for
the upper limit function using expressions given by Mugele
and Evans8 for the quantities D^/D^, Dsi/Dm, Dw/Dm', by
noting that Dm/Dm = 1/(1 + a) and by using Eq. 5 to
develop a relation for D%i/Dm. The ratio D^/Dm was evalu-
ated by a numerical integration procedure using Simpson's
Rule. Values of a = 0.85 and d = 0.62 were found by trial
and error to match D2i/£>3o and Dzi/Dw with good accuracy,
although some other ratios do not match well, as is apparent
by examining columns 1 and 2 of Table 3.

One interesting trend revealed by the data analysis was a
good correlation between the median diameter Dm and the
jD53. The ratio of D^/Dm = 1.11 for the average of the ten
data points. Thus, we find that the shape of the distribution
function is, fortuitously, such that the Dm and D53 nearly
coincide. The Dm, which has been used in past studies of the
size of A1203 from rocket motors, is an appropriate diameter
to use to calculate thrust penalty due to gas particle flow
losses. This conclusion rests on the fulfillment of the
various assumptions of Rannie's theory4 for the calculation of
two-phase thrust penalty.

Mean extinction coefficients were calculated for the upper
limit function with other combinations of shape parameters
a and d. The mean size D32 yielded by both combinations of
a and 5 listed in Table 3 gives essentially the same results.
The use of either of these combinations of shape parameters
failed to eliminate a factor of about 2 in the discrepancy be-
tween the sizes indicated by the wavelength combinations
AI — X2 and X2 — X3, respectively. Throughout this work
the data reduction was accomplished using the shape param-
eters a = 1.0, §2 = 0.50. Values of (Ki) for the Xi values
for this combination of parameters are given in Ref. 3 for
various values of D32.

A study of possible reasons for the discrepancy between the
sizes predicted by the two different combinations of wave-
lengths is given in Ref. 3. The results may be summarized
as follows: Since no continuous monomodal distribution was
found that rendered a consistent indication of size, it is
concluded that the true size distribution is bimodal.

The transmission tests at wavelengths Xi and X2 are found
to be of a proper selection to allow the small-size distribution
to be measured. The transmission test at X3 is sensitive to
the large sizes, which in small samples appear as discrete
spectra, but would require a transmission test at a fourth
suitably selected wavelength in order to permit quantitative
interpretation in terms of the mean size of the large size
spectrum. The transmission test data at X3 are not useful
except as a nonquantitative, positive indication of the
bimodal character of the size distribution function.

Table 3 Values of various ratios of mean diameters

Experi-
mental0

Ratio values

Dtf/Dso 5. 17
Dw/Dso 4.66
DZI/D& 1 . 13
Dm /DM 1.55
Ai/Ao 3.13
ZWAo 3.00

Upper
limit

functions
a = 0.85,
5 = 0.62

3.47
3.40
1.18
1.42
3.34
2.39

Upper
limit

function
a = 1,

S2 = 0.5

3.81
2.454
1.11
1.32
2.29
1.85

a Average values for ten tests at three different pressures and three
tank sizes: ratios were not observed to vary systematically with tank
size or pressure.
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A number of optical tests were conducted with the alumi-
num loading in the propellant varied. We interpret this
series of tests within the context of the above model. The
results are shown in Fig. 7, where we find particle size is
weakly influenced by aluminum loading. This is in agree-
ment with results of the tank collection tests (Fig. 5).

Y. Comparison of Experimental Results
with Theory for Particle Agglomeration due

to Slip and Collision

The experimental results can be interpreted using the theory
for agglomeration of particles due to slip and collision by
Marble.7 The details of this calculation are given in Ref. 3,
and we summarize the results here. For the experimental
data given in Fig. 4, we find the increase in DW for a motor
pressure range of 100-800 psig to be by a factor of about 1.72
for a propellant aluminum concentration of 12% (22.7%
A1203 in exhaust gases). If we attribute this increase in
particle size to growth by particle slip and collision in the
nozzle, then an experimental value of the agglomeration
constant can be calculated. The experimental value of the
agglomeration constant was found to be about 6.4% of the
theoretical value.

A possible explanation for the large difference between the
theoretical and experimental growth factors may be due to
the high drag coefficients found in gas-particle flows.13'14

High particle drag reduces slip velocities and agglomeration
rates. An alternative explanation for the small observed
agglomeration factor is the possibility that coalescence of the
particles on contact may not occur.

The slight increase of particle size with motor pressure
and the lack of dependency of particle size on propellant
aluminum concentration (Fig. 7) are evidence that the slip
and collision agglomeration mechanism of particle growth
within the rocket nozzle is absent. Our results thus suggest
that the mild particle growth with increased pressure results
from mechanisms that influence the size of the particles before
they reach the nozzle entrance.

In the previous discussion, we are comparing the low-
moment ratios with a linearized theory that requires that the
particles be such that slip velocities are small compared to
gas velocity. It is possible that significant growth because of
the particle lag can occur in sizes that are too large to be
described by the linearized theory. We therefore examined
the D53, which is very nearly equal to the Dm, to see if evidence
of more extreme growth was present in the high-moment
ratios (Fig. 8). Here we found a growth factor of about 1.6
over an eight-fold pressure ratio. No systematic variation
of Z)53 with aluminum loading was noted. The scatter of the
data is very great, however, and we draw no conclusions on
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Fig. 8 Variation of DM with collection tank volume,
aluminum loading, and motor chamber pressure.

Fig. 9 Photograph of nozzle entrance surface showing
erosion of the deposited layer of aluminum oxide.

the presence or absence of growth in the high-moment
ratios from our tests. The scatter is attributed to the ex-
treme difficulty in sampling the large-size tail of the size-
distribution function.

VI. Comparison with Results of Other
Investigators

The results of this study can be compared with other tank
collection studies by Crowe and Willoughby.15 They
conducted an extensive series of firings into a tank using
rocket motors and propellants comparable to those used in
this program. One difference in the test procedures should
be noted. In this program, motor chamber pressure was
controlled by varying nozzle throat area; in the study by
Crowe and Willoughby the nozzle throat area was fixed and
the propellant surface area was varied.

Their experimental results, reported as mass median par-
ticle sizes, indicate a marked growth of particle size with
rocket chamber pressure and a lesser amount of growth when
the same rocket motors were fired, with nozzle removed, into a
prepressurized tank. These results wrere interpreted to
indicate that particle growth because of the collision and
agglomeration occurred in the rocket nozzle. This conclusion
is in conflict with the conclusions of this investigation.
Another possible explanation is that the presence of the rocket
nozzle provides a surface for the deposition of a liquid layer of
A1208 which is subsequently shed to form large particles by
the viscous shear forces of the boundary layer. Figure 9 is a
photograph of the interior surface of a rocket motor end
closure. Small crevices formed by aerodynamic erosion of
this layer are apparent. At high aluminum loadings and
small nozzle throat diameters the thickness of this layer was
sufficient to cause loss of control of chamber pressure.

We advance the hypothesis that the particle size observed
by Crowe and Willoughby in their tests on motors equipped
with nozzles increased because the nozzle served as a surface
on which deposition and erosion occurred and that the
erosion of this deposited layer was the source of the large
particles. This hypothesis provides an explanation for
many of the results of the present study and that of Crowe
and Willoughby.

VII. Summary and Conclusions

Tank collection tests of A1203 particles produced by a small
rocket motor indicate that particle size is 1) independent of
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receiver tank capacity, 2) independent of aluminum con-
centration within the propellant, and 3) weakly dependent
on rocket motor chamber pressure, i.e., size increases by a
factor 1.7 with a ten-fold increase in pressure.

Spectrophotometric tests were conducted using trans-
mission measurements at three wavelengths of light. The
tests yielded internally inconsistent results in that the mag-
nitude of mean size D^ differed by a factor of about 2 de-
pending on which combination of wavelengths were used.
(To explain this discrepancy, it is necessary to postulate a
bimodal size distribution function.) The influence of
aluminum loading and chamber pressure on the size of the
particulate effluent was found to be identical in both tank
collection and Spectrophotometric tests.

Based on the previous results, we conclude that the low-
moment ratios of the A^Os particles show no evidence of
growth by velocity slip and collision during their passage
through the rocket nozzle. Such a mechanism would be
sensitive to both changes in chamber pressure and aluminum
loading. We draw no conclusions on the possibility of
growth of the high-moment ratios because the data on these
ratios display very high scatter. The scatter is attributed
to the extreme difficulty in sampling the large-size tail of the
particle-size distribution function.

The only point of disagreement between this study and the
results of Crowe and Willoughby is the mechanism for the
production of the large particles. Evidence is presented
indicating that this mechanism is the aerodynamic shedding
of A1203 deposited on the nozzle entrance and lateral surfaces.

The impurities present in the primarily A^Os particulate
effluent from the rocket motor control the coloration of the
material. These impurities probably exert a dominate
effect on the imaginary portion of the refractive index at high
temperatures. The use of the imaginary portion of the
refractive index measured for pure A^Os as representative of
rocket motor particulate effluent in particulate radiant heat-
transfer calculations appears unjustifiable to the authors.
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