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ABSTRACT. A deagglomerator system was developed, characterized by laboratory
tests, and � own under low-gravity (low-g) microgravity conditions. Requirements
for a dry powder deagglomeration system were generated by university and National
Aeronautics and Space Administration (NASA) scientists from diverse � elds of in-
terest including exobiology, planetary sciences, and atmospheric sciences. Existing
deagglomeration methods and devices are reviewed. An aerosol generation method
suitable for dry powders over a large range of particle sizes and types at high concen-
trations with consistent deagglomeration ef� ciency are evaluated. Development of a
pulsed-� ow laboratory device and experimental approaches to meet the requirements
without being g-dependent are described. Results of laboratory one-g quantitative
characterization on one type of dry powder particle generator is discussed. Data from
NASA low-g tests are summarized.

INTRODUCTION
Aerosol generation requirements often include
the resuspension of particles from powder sam-
ples, i.e., from previously subdivided, solid ma-
terial. Some currently-relevant examples of
experimental uses for deagglomerated powder
aerosols include coagulation studies involving
multimodal particles, calibration of light scat-
tering instruments, and evaluation of detection
methods for diseases carried by windblown dust.
Commercial devices, laboratory systems stud-
ies, and manufacturing processes resuspend and
disperse various powders in gravity-dependent

systems, generally using signi� cant amounts of
carrier gas during the dispersion process.

The motivation for the hardware develop-
ment work which we report here originated
with the stated requirements of several exper-
iments proposed for low-gravity (low-g) re-
search in the context of a multidisciplinary
NASA program, the Gas-Grain Simulation Fa-
cility (GGSF; Huntington et al. 1994). A de� -
nition study was conducted, and an aerosol gen-
eration breadboard was built and tested. These
efforts addressed a broad range of experimental
requirements pertaining to researchers’ interests
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from � elds including exobiology, planetary sci-
ences, atmospheric sciences, and astrophysics.
This development effort had the following
requirements:

1. develop a dry powder aerosol generation
technique that covers a range of particle sizes
and types;

2. obtain high concentrations, minimizing par-
ticulate carrier gas volume requirements;

3. avoid vacuum or high temperature
requirements;

4. produce a generator which is gravity and ori-
entation independent;

5. attain consistently high deagglomeration ef-
� ciency without fracturing or damaging the
particles.

Although there is extensive literature on deag-
glomeration, it appeared that no existing de-
vice and/or method could satisfy all of these
requirements for deagglomerated solid particle
aerosols. The objectivesof the research reported
in this paper are as follows:

1. survey existing methods, choose an ap-
proach, and build a laboratory “breadboard”
device that potentially meets experimenters’
requirements without g-dependence: parti-
cle sizes from < 1 to > 10 m m; concentra-
tions from < 1 to 108 cm 3;

2. identify critical operating parameters and de-
velop a test plan to vary them;

3. operate the system according to the test ma-
trix and quantify the results in terms of con-
centration and deagglomeration ef� ciencies;

4. construct a low-g test platform for the evalua-
tion of the deagglomerator and make this test
platform and breadboard device available to
the scienti� c community;

5. identify further parameters/issues to
investigate.

In the following sections we describe the de-
velopment effort’s quantitative characterization
of one type of dry powder deagglomeration par-
ticle generator. A summary of the physical fac-

tors which affect powder deagglomeration and
approaches to quantifying the output are given
in “Aspects of Generation.” The options for
deagglomeration techniques and hardware are
described in “Deagglomeration Technique Se-
lection and Hardware Development,” the evalu-
ation methodology is described in “Experimen-
tal Approach,” and the one-g results are given in
“Results of the One-g Deagglomerator Tests.”
The low-g platform and breadboard device test
results are described in “Low-g Tests.” The � nd-
ings are summarized in “Summary.”

ASPECTS OF GENERATION
Differing approaches to the generation of solid
particle aerosols from powders have been devel-
oped, including various aerodynamic schemes
and � uidized beds, coupled with a variety of
powder feed or injection methods. These ap-
proaches have been reviewed and compared by
several authors including Fuchs (1989), Hinds
(1980), Hidy (1984), and John (1993). It is not
always clear that the design goal of the different
methodologies has been the generation of singlet
particles, which requires total deagglomeration
of the powder samples, but that is the goal of the
present work.

Particle Cohesion and Adhesion

The underlying physical mechanisms and fac-
tors in powder deagglomeration are not per-
fectly understood. Particles are held together
by short range and surface, nonretarded and re-
tarded London-van der Waals and electrostatic
forces. The short range and surface forces are
strongly composition dependent, while the other
forces are less so. Over-riding composition de-
pendencies, however, is the fact that surface ir-
regularities and morphological variations make
it dif� cult to estimate the variations in separation
distance and surface area of contact, of agglom-
erated particles. Thus it is dif� cult to apply or
even verify theoretical estimates of the attrac-
tive forces which must be overcome in accom-
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plishing the deagglomeration of particles (Hidy
1984).

In general, existing devices apply two types of
forces to agglomerated particles in order to sep-
arate them: aerodynamic and vibrational (the
latter in � uidized beds). The common experi-
ence that small particles are harder to separate
than larger ones is supported by theory. This rel-
atively simple picture can, however, be greatly
modi� ed by the presence of electrostatic charge
and/or condensed � uids. Because of the dif� -
culties inherent in quantifying particle electric
charge before, during, and after deagglomera-
tion, published studies have not characterized
deagglomeration ef� ciencies as a function of
this parameter; the results published in this pa-
per are based on dry, nonconducting particles
and carrier gas for which electric charge ef-
fects are expected to be signi� cant. The pub-
lished literature on deagglomeration methods
can be viewed from two perspectives, which are
necessary in order to undertake any advance-
ment in the quantitative understanding of such
methods: � rst, what are the parameters and de-
sign factors which exert signi� cant effects on
the operation of deagglomerators; and second,
what are the quantities necessary to character-
ize the output particle distributions produced by
deagglomerators.

Operation of Deagglomerators

The parameters and variables which control the
operation of deagglomerators understandably
differ between the � uidized bed and aerody-
namic approaches. Parameters unique to � u-
idized beds include the size and composition of
the glass or metallic bed particles, the depth of
the bed, and the presence or absence of deliber-
ately induced mechanical vibrations in the bed
(Iinoya and Masuda 1980; John 1993). Aero-
dynamic methods rely on viscous and pres-
sure forces induced in velocity shear zones, and
hence unique to these methods are parameters
which determine the geometrys of the shear
zones, such as the widths of slits or the diam-

eters of passages through which the sample is
forced to � ow (Eadie and Payne 1954; Fuchs
1989; Fuchs and Selin 1964). Other controlling
parameters include the powder feed method and
the carrier gas � ow.

First, the method of feeding or injecting the
powder sample affects the performance of both
types of devices. Fluidized beds are operated
with mechanical feeders such as moving chains
(Hinds 1980) and occasionally without feeders
in a batch mode (John 1993). Apart from clog-
ging or failure of the chain feed, the main con-
cern with � uidized bed feeders appears to be
that of consistently and uniformly distributing
the powder at the bottom of the bed. Iinoya and
Masuda (1980) show some evidence for reduced
deagglomeration ef� ciency of a � uidized bed as
the powder feed rate is increased.

Hinds (1980) describes several of the feed
mechanisms developed for various aerodynamic
deagglomerators, for which the main criterion
seems to be providing constant mass � uxes at
a given setting, but which can be reset for best
results. These methods feed controlled amounts
of powder to carrier � ows or impinging gas jets
in a variety of aerodynamic devices.

Second, the ef� ciencies of both deagglomer-
ation approaches tend to depend on carrier gas
� ows. In � uidized beds, the carrier gas � ow
lifts the bed particles along with the sample par-
ticles and generates both motion and collisions
of the bed particles and aerodynamic forces on
the sample particles (Hinds 1980; Hidy 1984).
Increasing � uidization velocities enhance deag-
glomeration for most, but not all, powder types
in a � uidized bed (Iinoya and Masuda 1980).
In aerodynamic devices, the carrier � ow may
directly generate the velocity shear which sep-
arates the agglomerates or it may merge with
additional � ows before the � nal velocity distri-
bution is generated. Reducing carrier air � ows
in aerodynamic deagglomerators increases the
powder mass/carrier gas volume ratio, which ap-
pears to adversely affect deagglomeration ef� -
ciency (Iinoya and Masuda 1980).
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A heuristic explanation for the dependence of
deagglomeration performance on particle num-
ber concentration in a shear based device is as
follows. The shear in the deagglomerator slit
due to the gas velocity gradients is the funda-
mental mechanism for breaking apart the aggre-
gates. The particle velocity differences that re-
sult from the gas velocity gradients also cause
particles to come together, however, resulting in
agglomeration. Thus the deagglomeration per-
formance of the device is a balance between
deagglomeration and re-agglomeration. The
deagglomeration term is increased by increas-
ing the shear, which unfortunately also increases
the reagglomeration term. A similar situation
also exists with the particle residence time in
the deagglomerator. The deagglomeration term
is increased by increasing the residence time
since suf� cient time must be allowed for the lo-
cation and orientation of the aggregates in the
shear � eld to vary over their passage through
the slit such that they pass through a shear max-
imum. However, an increase in residence time
also allows more time for particles to “catch up”
with one another. The only variable which does
not increase both terms simultaneously is the
particle spacing, i.e., the particle number con-
centration. The farther apart the particles are
initially, the less likely they are to be brought
together. Thus, reducing the particle number
concentration does nothing to enhance the fun-
damental ability to deagglomerate particles, but
it does diminish the fraction of particles that are
reagglomerated.

Iinoya and Masuda (1980) showed, experi-
mentally and theoretically, that the deagglomer-
ation performance of a device based on shear is
approximately given by the expression

(Do/ D i)3 = (A / B )n i + e( A t), (1)

where

Do is the output mass median particle
diameter,

D i is the fully deagglomerated mass me-
dian diameter,

A is the dispersion (deagglomeration)
constant,

B is the agglomeration constant,

t is the mean residence time in the deag-
glomerator, and

n i is the initial particle number concentra-
tion,

which illustrates the points in the discussion
above. When the deagglomeration data are plot-
ted as (Do/ D i)3 versus n i , the intercept and an
estimate of the residence time can be used to de-
termine the deagglomeration constant “A .” The
slope then shows the relative relationship be-
tween deagglomeration and reagglomeration.

Deagglomerator Output Characterization

The deagglomeration “ef� ciencies” of � uidized
beds, aerodynamic deagglomerators, and other
methods have been evaluated both by using size
measuring instruments, such as optical particle
counters and impactors (e.g., Iinoya and Ma-
suda 1980), and by applying electron or light
microscopy (e.g., Fuchs and Selin 1964; Fuchs
and Murashkevich 1970). Reductions in over-
all size distribution parameters such as the mass
median diameter are interpreted as evidence that
agglomerates are being broken down into singlet
constituent particles. A problem with utilizing
optical counter data in this way is that doublets,
triplets, or low-order multiples may not be re-
solved from singlets for polydisperse powders.
In the approach of Fuchs and Selin (1964) and
Fuchs and Murashkevich (1974), manual mi-
croscopy is applied and particles are inventoried
according to the number of constituent particles
which are observed. The deagglomeration ef� -
ciency E is then de� ned as the ratio of the num-
ber of singlet particles to the total number of
particles:

E = N 1/ (N 1 + 2N 2 + 3N 3 + . . .), (2)

where N n is the number of agglomerates con-
taining n particles.
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In addition to the deagglomeration ef� ciency,
a critical measure of deagglomerator output is
the particle mass concentration, which is the ra-
tio of powder sample mass to carrier gas vol-
ume, evaluated at ambient pressure. The mass
concentration converts directly into the parti-
cle concentration delivered by the deagglom-
erator (prior to any dilution) if the distribution
of singlets, doublets, etc., is known. Hinds
(1980) summarizes the � ndings pertinent to sev-
eral deagglomeration methods and indicates that
the undiluted mass concentrations range up to
about 150 g/m3. As noted above, the mass con-
centration is also an input factor which seems to
affect the ef� ciency of aerodynamic deagglom-
erators.

DEAGGLOMERATION TECHNIQUE
SELECTION AND HARDWARE
DEVELOPMENT
Experimenters interested in long-duration
aerosol studies (e.g., coagulation) may even-
tually be able to utilize low-g platforms such
as the Space Shuttle or Space Station. For this
reason, gravity-independent deagglomeration
techniques were sought, ruling out � uidized
beds or other approaches which rely on grav-
ity to con� ne the sample powder to a speci� ed
location. Aerodynamic deagglomeration ap-
proaches were reviewed, and a method which
had previously shown potential for ef� cient
deagglomeration at high mass concentrations
was chosen for further study. Fuchs and Selin
(1964) and Fuchs and Murashkevich (1970)
report work on the characterization of aerody-
namic powder deagglomerators of two designs:
� rst, a closely-matched male and female cone
pair which when assembled, provides a coni-
cal annular gap; second, a simple tubing coil.
In each device, lateral velocity gradients pro-
duce shear, which is hypothesized to provide the
forces needed for deagglomeration. The frac-
tions of singlet, doublet, triplet, etc., particles
were determined by microscopy as a function
of � ow velocity. Deagglomeration ef� ciencies
up to 1.00 (ratio of singlets to all particles, de-

termined as in Equation (2)) were obtained, but
the description of the operating parameters is
extremely brief. The matched cone idea appar-
ently originated with work of Eadie and Payne
(1954), who reported its application to a method
of determining dry powder size distributions
based on the fall velocities of the deagglomer-
ated powders in a sedimentation column. Be-
cause the matched cone method seemed better
suited to high mass concentration throughput, it
was selected for this investigation.

Rajathurai et al. (1990) report successful pow-
der deagglomeration and dispersion with a
shock and expansion wave-driven method; this
research was not known to us at the initiation of
the work reported here. These experiments in-
volved shock and expansion waves created when
pressurized gas ruptured a diaphragm. This ap-
proach worked well, with high deagglomeration
ef� ciencies, for submicron (0.2–0.5 m m count
median diameter) quartz and polystyrene latex
particles. The research reported by Rajathurai
et al. (1990) is quite bene� cial in terms of elu-
cidating sonic aerodynamic deagglomeration
mechanisms, which are also involved in our ap-
proach; however, the method we adopted seems
to have at least two signi� cant advantages when
compared to the Rajathurai et al. (1990) method:
� rst, the carrier gas is explicitly controlled and
minimized; second, the physical arrangement is
amenable to repeated rather than “single-shot”
experiments.

The experimental arrangement used in the
work reported here is based on the matching
cones arrangement of Eadie and Payne (1954)
and Fuchs and Selin (1964). In the earlier work
by these investigators, there was no attempt to
provide a controlled powder dilution system and
only a brief exploration of the effects of cone
gap width and air velocity on the deagglom-
eration ef� ciency was performed. The present
deagglomerator system (Figure 1) has evolved to
include a powder sample holder, concentration
control, deagglomerator, a test chamber, and in-
strumentation control circuits. This system min-
imizes carrier gas volume by using brief, pulsed
� ows.
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FIGURE 1. Deagglomerator drawing.

Sample Holder

The sample holder consists of a 3.6 cm long sec-
tion of aluminum tube with an inner diameter of
approximately 0.3 cm. This tube is terminated at
one end with a connection to a tee. There is a 400
mesh stainless steel screen sandwiched between
two 80 mesh screens at the junction between the
tube and the tee. These screens hold the powder

in the tube as the powder is poured into the op-
posite end of the tube to form a cylindrical plug
of loosely packed dust. Although the openings
in the 400 mesh screen are larger than the par-
ticle diameters, the powder cohesion allows the
powder to bridge the openings. The mass of dust
determines the height to which the dust plug � lls
the tube. The length of the powder holder tube
can accommodate up to 200 mg of powder sam-



Aerosol Science and Technology
30:6 June 1999

Particle Resuspension by Deagglomeration 515

ple; typically experiments have been conducted
with amounts of 85 mg. Once loaded into the
tube, powder can be lightly tamped. In this state
the powder will remain as a dust plug when the
tube is put into a horizontal position. The open
end of the sample holder mates to the dilution
section via a connecting � tting which can be dis-
connected and reconnected to allow the manual
powder loading procedure. The screened inlet
end of the sample holder connects to a solenoid
valve which controls the timing of the gas � ow
that dispenses the powder.

Dilution Flow

The concentration control system consists of
four pairs of opposed jets that inject dilution
gas into the main � ow. The jet tubes are con-
nected to a manifold carrying dilution gas from
the dilution � ow solenoid valve. Each pair
of opposed jets consists of a union with two
pieces of 0.16 cm tubing penetrating the oppo-
site walls at approximately 20 degrees. Thick
wall (0.05 cm) tubing was used to obtain a high
intrinsic pressure drop and to keep the velocity
in the tubes high. The ferrules on the 0.16 cm
tubing were purposely over-tightened to swage
down the tube inner diameter locally; this local
restriction was then able to be further constricted
to various degrees by inserting wires of different
diameters. The union containing each opposed
jet pair is followed by a 3.18 cm long section of
0.32 cm inner diameter aluminum tubing to pro-
mote mixing. There is an 80 mesh steel screen
across the tube at the exit of each union, again
to promote mixing.

Deagglomerator

The deagglomerator section (Figure 1) consists
of a pair of concentric cones with an adjustable
gap, or slit width, between the cones. The di-
mensions of the cones are approximately the
same as reported by Eadie and Payne (1954).
Insert rings of different thicknesses are used to
set the deagglomerator slit widths; 39, 79, 118,

and 145 m m slit widths are used in the tests re-
ported here. The pressure drops obtained with
this system using 0.025 cm diameter wires and
a 79 m m slit width are shown in Figure 2.

The operating range of the dilution � ow can
be read from this � gure for a given desired deag-
glomeration pressure. The range of dilution
pressure settings that can be used for a 4.1 ´
105 Pa, 60 psig, deagglomerator setting are il-
lustrated in Figure 2 by the arrows. Dilution gas
� ows are limited on the low end since the dilu-
tion � ow manifold pressure must be greater than
the required deagglomeration pressure. High
dilution gas � ows are limited by the mixing
plenum chamber pressure which must be lower
than the deagglomeration pressure. A differ-
ent set of dilution � ow pressure setting ranges
will result from the different back pressures pro-
duced at different slit widths and with different
inserts in the dilution jets. The operating ranges
for slit widths of 40 and 118 m m were similarly
derived. Figure 3 shows the steady-state gas
� ow rates as a function of the upstream pressure
for the four deagglomerator slit widths. For ex-
ample, a typical experiment involving a 1-s gas
pressure pulse at 4.1 ´ 105 Pa (60 psig) would
result in about 2 L (at standard conditions) of
gas in addition to the particles injected into the
chamber.

The control circuit provides the timing for the
opening of the two solenoid valves on the deag-
glomerator, and it provides a signal for timing
reference or for triggering a data acquisition sys-
tem. The delay and duration of the opening of
each solenoid valve can be independently set.

The deagglomerator diagnostic instrumenta-
tion consists of two pressure transducers for
monitoring the pressures in the deagglomer-
ator and dilution control sections and three
laser/detector pairs for monitoring particle con-
centration at the exit plane of the deagglomer-
ator. The pressure transducers are miniature
� ush-mount strain gauge-type pressure trans-
ducerswith submillisecond response and a range
of 0–1.73 ´ 106 Pa (0–250 psig). The pressure
transducers are mounted into the bodies of each
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FIGURE 2. Dilution � ow pressure settings.

solenoid valve on the downstream side of the
valve.

The lasers are InGaAlP laser diodes, which
provide approximately 3 mW at 670 nm. The
lasers have been mounted in aluminum stand-
offs such that the three laser/detector pairs form
a plane approximately 7.5 cm downstream of
the deagglomerator exit. The detectors are large
area silicon photodiodes.

EXPERIMENTAL APPROACH
The experiments were conducted according to
a test matrix which prescribed measurements
of the deagglomeration ef� ciencies at three slit
widths, three gas pressures, and three particle
concentrations using dry 5–10 m m size clas-
si� ed Arizona Test Dust (Powder Technology
Inc., Burnsville, MN). Nearly monodispersed
particles were used in all tests in order to vary

one parameter at a time. More limited tests were
also conducted with dry monodisperse 10 m m
and 2 m m glass microspheres (Duke Scienti� c
Corp., Palo Alto, CA) at the optimum slit width,
pressure, and exit plane concentration as deter-
mined by the results with the Arizona Test Dust.

There are many other parameters which
potentially effect the deagglomeration perfor-
mance of the system but which were not explic-
itly de� ned during the discussions that lead to
the test matrix. A short summary of the most
relevant of these follows.

1. The Arizona Test Dust was prepared in an
oven at 150°F to insure a completely dry
state, or at least a uniform moisture content
during the course of testing.

2. The gas used was nitrogen produced from
the boil-off of liquid nitrogen and repressur-
ized. The relative humidity of this gas was
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FIGURE 3. Deagglomeration � owrate versus pressure.

not measured but it was assumed to be essen-
tially zero.

3. All tests were done with the deagglomerator
discharging into a test chamber � lled with
ambient laboratory air, i.e., a chamber pres-
sure of 1 atm.

4. No attempts at charge neutralization were
made either to the gas entering the system or
to the dusty gas exiting the deagglomerator.

5. The deagglomerator materials (brass, steel,
aluminum, etc.) were held constant through-
out the testing. No attempts were made to
choose materials which minimize triboelec-
tric effects nor was any attempt made to esti-
mate triboelectric effects. The deagglomer-
ation ef� ciencies are conservative as regards
charge effects; if conducting powders were
utilized, it is expected that the deagglomera-
tion ef� ciencies would increase.

The laboratory setup utilized a 170 L cylindri-
cal chamber 60 cm in diameter and 60 cm in

length. The deagglomerator wasmounted above
the chamber, discharging downwards. A parti-
cle sampling � lter was located at the center of
the bottom of the chamber. The dispersed dust
jet passed through laser beams which were used
to determine the deagglomerator exit-plane con-
centration history.

Pressure Settings

The pressure history data for each test were ob-
tained from the pressure transducers described
earlier. The data were recorded on a computer-
based data acquisition system for subsequent
display and analysis. The timing of the gas � ows
was controlled by the deagglomerator solenoid
valves described earlier. The � ow to the dilution
manifold was initiated � rst to allow the mani-
fold to come up to full pressure. Approximately
100–200 ms later the powder sample transport
� ow solenoid valve was opened. Both valves
were left open for approximately 1 s. The trans-
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port � ow solenoid was shut off � rst, followed
by the dilution jet � ow. This order was chosen
so that there was no chance of driving dust into
the dilution � ow manifold. A typical pressure
trace is shown in Figure 4, along with the re-
sulting laser transmission trace. The total gas
� ow duration was purposely set to be far longer
than was required to dispense the dust in order
to thoroughly � ush the deagglomerator system.

The Arizona Test Dust mass loaded into the
sample holder was measured using an analytic
balance with a resolution of 0.1 mg. The empty
sample holder was tared, then � lled with dust un-
til the desired dust weight was obtained. After
the desired weight of powder had been loaded,
the sample holder was held in a vertical posi-
tion and the sample was lightly tamped to in-
sure that the powder was present in the form
of a plug. Some posttest weights of the sam-
ple holder were obtained and compared to the
pretest empty sample holder weight to deter-

mine the mass of dust remaining in the sample
holder, but this was discontinued when no sig-
ni� cant masses were measured (< 1% of the
initial stored powder mass).

Laser Transmission Data

The peak exit plane concentration was inferred
from the laser transmission signals measured
7.5 cm downstream of the deagglomerator slit
exit. Three laser beams formed a plane perpen-
dicular to the � ow exiting the deagglomerator.
The multiple beams allowed the uniformity of
the dust concentration around the annulus to be
estimated so that an average spatial concentra-
tion could be determined.

In the ideal case, the dust concentration could
be found directly from the laser transmission
signal using Beer’s Law in the following form:

Cm = (2 r D 32/ 3Q eL )ln(I / I0), (3)

FIGURE 4. Time history of laser transmission and pressure signals.
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where

Cm is the mass concentration (g/cm3),

r is the particle density (g/cm3),

D32 is the Sauter (or Surface Weighted)
Mean Diameter (cm),

L is the optical path length (cm),

Q e is the extinction ef� ciency (= 2 for
this diameter and wavelength),

I / Io is the transmitted divided by incident
intensity;

since all the terms in the grouped term
(2 r D32/ 3 Q e L ) on the right side of the equa-
tion would be known. In the present case
though, all the terms can be estimated accurately
except the path length. The laser beams cross an
annular jet in which the concentration is proba-
bly not nearly uniform along the beam path, so
it is not clear what equivalent path length to use
(or how to integrate along the beam path).

An order-of-magnitude estimate for the path
length can be obtained by assuming that the dust
uniformly � lls in the cone de� ned by the exten-
sion of the 15 degree half-angle deagglomerator
cone out from the end of the cone (where the di-
ameter is approximately 2 cm) to the laser beam
location (7.5 cm beyond the end of the pintle),
where the diameter is approximately 5 cm. In
that case, assuming fully deagglomerated PTI
dust, the values

r = 2.5 gram/cm3,

D32 = 7 ´ 10 4 cm (determined
independently),

L = 5 cm,

Q e = 2 for these diameters and wave-
length

yield a conversion equation of

Cm = (1.2 ´ 10 4)ln(I / I0) g/ cm3. (4)

A potentially more accurate estimate was ob-
tained by integrating the laser transmission sig-
nals in the form ln(I / Io) over the duration of

the � ow (Figure 3). Using an analogy in which
the dust/gas mixture is treated as a very dense
pseudogas, a mass balance shows that the to-
tal mass passing a point is obtained by integrat-
ing the product of the pseudogas “density” and
volumetric � ow rate over time. The pseudo-
gas volumetric � ow rate can be assumed to be
equal to the clean gas volumetric � ow rate and
constant over the test duration. The pseudogas
“density” due to the dust is given by the ex-
pression K ln(I / Io), as shown above. Since
the lasers only respond to the dust phase of this
pseudogas, the coef� cient K can be obtained
by equating the integration equal to the total
dust mass stored and ignoring the density of the
gas. This procedure was carried out for a vari-
ety of test conditions, yielding values of K from
7.4 ´ 10 4 to 3.6 ´ 10 4 with an average value
of 5.0 ´ 10 4 g/cm3 , or

Cm = (5.0 ´ 10 4)ln(I / I0) g/ cm3. (5)

This result is higher than the order of magni-
tude estimate, as would be expected if the effec-
tive path length was shorter than the full diam-
eter of the jet due to its annular geometry. The
factor of 4 increase corresponds to an effective
path length of 1.25 cm. This can be interpreted
as meaning that the dusty jet at the laser beam
location is 100 times its width at the deagglom-
erator cone exit (approximately 2 ´ 80 m m or
1.6 ´ 10 2 cm), but has not quite expanded to
� ll the inner and outer portions of the apparent
conical jet. The value obtained by the integra-
tion technique is considered to be more accurate
than the order of magnitude estimate and was
used to provide a conversion from relative con-
centration to absolute concentration in the data
presentation and analysis.

Filter Sampling

The deagglomeration performance was deter-
mined using microscopic examination of par-
ticles sampled from the chamber. An open face
47 mm Nuclepore (Costar, Inc., Cambridge,
MA) � lter mounted in a holder at the bot-
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tom of the chamber sampled the partially di-
luted (“far� eld”) particle cloud produced by the
solid particle generator. Flow � eld visualization
showed that the dust/gas cloud impinges on the
far wall of the chamber within approximately 1 s
and at that time has expanded to approximately
10 times its initial diameter. Thus, the dispersed
dust has had little time to agglomerate and has
been diluted by entrainment. The Nuclepore
� lters did not have air drawn through them, since
this was found to produce an undesirably high
concentration of particles on the � lter, leading
to potential coincidence errors. The natural
impingement and sedimentation that resulted
from the solid particle generator jet were found
to produce � lter exposures with 5–20 diameters
between closest particles. This method of
collecting particle samples follows closely the
technique used by Fuchs and Selin (1964). The
Nuclepore � lters were covered after approxi-
mately 15–30 seconds in order to prevent reag-
glomerated particles from the dust cloud still
circulating in the chamber from settling on the
� lter. The � lters were then removed and ex-
amined under an optical stereo microscope to
determine the degree of deagglomeration. The
microscope used for these tests was a Lietz
LaborLux 12HL with 10x/18 eyepieces and
20x/0.30 Dark-Field (DF) objective. DF light-
ing with random polarization was found to be
optimum. A custom grid was made for the � eld
stop of the ocular which divided the � eld of view
into 6 horizontal strips, making it easier to keep
track of which particles had been counted. The
particles were counted and classi� ed according
to the number of individual particles (with a min-
imum of one) within each “aggregate.” Particle
counting and classi� cation was done using the
numeric keypad of a computer to enter the data
into a program that recorded the data. Typically,
1000 or more aggregates were counted for each
test from randomly selected locations on the � l-
ter (with a step-wise progression to prevent the
possibility of repeating a location) in order to
get a statistically signi� cant estimate of the dis-
tribution tails.

RESULTS OF THE ONE-G
DEAGGLOMERATOR TESTS
Deagglomeration ef� ciencies were evaluated in
36 tests using the 5–10 m m Arizona dust, two
tests using the monodisperse 10.2 m m glass mi-
crospheres, two tests using 2.1 m m glass micro-
spheres, and are summarized in Table 1. Deag-
glomeration data were obtained for the test dust
at 2.1, 4.1, and 8.3 ´ 105 Pa (30, 60, and
120 psig) pressure using 39, 79, and 118 m m
slit widths and varying the concentration from
approximately 1 ´ 10 4 gram/cm3 to approxi-
mately 15 ´ 10 4 grams/cm3 with at least three
concentrations for each pressure and slit width.
Additional data was obtained at 7.6 ´ 104 Pa
(11 psig) and 79 m m to investigate the effect
of unchoked � ow. Two tests were explicit re-
peats of one of the test conditions. The glass
microsphere tests were done at 8.3 ´ 105 Pa
and a slit width of 79 m m, based on results with
the test dust. The deagglomeration ef� ciencies
were calculated according to Equation (2).

Example Arizona dust deagglomeration data
are presented graphically in Figures 5–8 as deag-
glomeration versus concentration for each slit
width setting and pressures of 4.1 and 8.3 ´
105 Pa. Additional data were obtained for a
range of concentrations, all slit widths, and
the remaining pressure settings to complete
the test matrix. There are two reasons for
presenting the data this way, which is sim-
ilar to the approach of Iinoya and Masuda
(1980). First, the pressure and slit width set-
tings were easy to preset and hold constant,
whereas the concentration was not able to be
preset. Curve � tting of the data in this form,
however, allows this data to be cross plotted
along lines of constant concentration. A lin-
ear regression curve � t was used for this pur-
pose, and the best � t line is shown on each
plot. Second, this allows the data to be extrapo-
lated to zero concentration. The extrapolation
to zero concentration indicates the maximum
performance available for a given slit width,
pressure setting, and dust type, as previously
discussed.
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TABLE 1. Deagglomerator performance summary for one-g laboratory tests.

Average Dilution Push
Peak Extinction Pressure Pressure Dilution Total

Test Deagglomerator Pressure Peak Setting Setting Insert Particle Deagglomeration
ID Slit Width (um) (Pa) (-ln(I/I0)) (Pa) (Pa) (mils) Count Ef� ciency

ggs2 79 7.58E+04 0.751 1.03E+05 8.27E+04 na 1624 0.41
ggs3 79 8.27E+04 0.229 1.38E+05 8.27E+04 na 1424 0.50
gg12 79 2.07E+05 0.715 4.14E+05 2.07E+05 na 1341 0.68
gg13 79 2.07E+05 0.445 5.10E+05 2.07E+05 na 1153 0.78
gg14 79 2.07E+05 0.157 5.38E+05 2.07E+05 na 1081 0.80
gg15 79 2.07E+05 0.309 5.24E+05 2.07E+05 na 1222 0.74
ggs8 79 3.65E+05 0.836 4.14E+05 4.14E+05 na 1012 0.79
ggs1 79 4.00E+05 0.452 6.21E+05 4.14E+05 na 1023 0.83
84mgb 79 3.72E+05 0.357 6.21E+05 4.14E+05 na 888 0.80
ggs4 79 4.27E+05 0.141 6.55E+05 4.14E+05 na 1022 0.92
gg11 79 4.14E+05 0.901 6.55E+05 4.14E+05 10 1186 0.75
gg10 79 4.14E+05 0.211 1.03E+06 4.14E+05 10 1106 0.86
gg09 79 4.14E+05 2.625 9.65E+05 4.96E+05 na 757 0.51
ggs5 79 8.41E+05 0.252 1.38E+06 8.27E+05 10 1157 0.94
ggs6 79 7.93E+05 0.423 1.17E+06 8.27E+05 10 657 0.91
ggs7 79 7.58E+05 1.206 8.27E+05 8.27E+05 10 1154 0.78
gg16 39 4.14E+05 0.779 8.27E+05 4.14E+05 17 1371 0.83
gg17 39 4.14E+05 1.173 5.17E+05 4.69E+05 17 1427 0.65
gg18 39 4.14E+05 0.671 6.90E+05 4.27E+05 17 1299 0.73
gg19 39 4.14E+05 0.091 1.24E+06 4.14E+05 17 1051 0.92
gg20 39 2.07E+05 0.927 2.76E+05 2.21E+05 17 1247 0.69
gg21 39 2.07E+05 0.423 3.79E+05 2.21E+05 17 1190 0.78
gg22 39 2.07E+05 0.229 4.69E+05 2.07E+05 17 1046 0.81
gg24 39 8.27E+05 1.007 1.65E+06 9.10E+05 17 1184 0.78
gg25 39 8.27E+05 0.195 1.10E+06 8.41E+05 10 1135 0.84
gg26 39 8.27E+05 1.196 9.65E+05 8.41E+05 10 1263 0.77
gg27 118 4.14E+05 1.176 7.58E+05 5.17E+05 10 1578 0.78
gg28 118 4.14E+05 0.648 1.03E+06 4.34E+05 10 1790 0.79
gg29 118 4.14E+05 0.574 1.24E+06 4.14E+05 10 1176 0.85
gg30 118 4.14E+05 0.33 1.31E+06 4.14E+05 10 1173 0.85
gg31 118 2.07E+05 0.767 6.14E+05 2.07E+05 10 1311 0.74
gg32 118 2.07E+05 0.387 6.90E+05 2.07E+05 10 1131 0.80
gg33 118 2.07E+05 1.393 3.79E+05 2.21E+05 10 1395 0.65
gg34 118 8.27E+05 0.943 1.52E+06 8.62E+05 na 1722 0.72
gg35 118 8.27E+05 0.794 1.52E+06 8.62E+05 na 1324 0.72
gg36 118 8.27E+05 0.319 1.93E+06 8.27E+05 na 1807 0.76
gg37 118 8.27E+05 0.227 2.21E+06 8.27E+05 na 1380 0.77
gg38 79 8.27E+05 0.465 1.45E+06 8.27E+05 na 1510 0.87
gg39 79 8.27E+05 0.454 1.45E+06 8.27E+05 na 1503 0.89

Notes: 1. Dust sample masses were 85 + / 1 milligram for all tests.

The vertical axis shows percent deagglom-
eration (Equation (2)) as determined using the
optical microscope. An accuracy of + / 5%
has been assigned to these measurements, based
on the spread in the data obtained with simi-
lar conditions. The horizontal axis shows the
relative dust concentration at the exit plane as
measured by the three laser beams. The data

obtained from each of the laser beams is shown,
and the deagglomeration performance is plot-
ted at the location of the average of the three
beam’s data. The approximate absolute parti-
cle mass concentration for a relative concentra-
tion value of ln(I / Io) = 1 is also indicated on
the horizontal axes so that approximate absolute
concentrations can be obtained for all the data.
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FIGURE 5. Deagglomeration ef� ciencies for 39 micron slit at 4.1 ´ 105 Pa peak pressure.

FIGURE 6. Deagglomeration ef� ciencies for 79 micron slit at 4.1 ´ 105 Pa peak pressure.
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FIGURE 7. Deagglomeration ef� ciencies for 79 micron slit at 8.3 ´ 105 Pa peak pressure.

FIGURE 8. Deagglomeration ef� ciencies for 118 micron slit at 4.1 ´ 105 Pa peak pressure.
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Cross plots of the data as deagglomeration
versus pressure at constant slit width and con-
stant concentration are shown in Figures 9–10.
The exit plane concentrations that were chosen
were the extrapolation to zero g/cm3 and the in-
terpolation to 2.5 ´ 10 4 g/cm3 ( ln(I / I o) =
0.5). The choice for the interpolated concentra-
tion value to use for the cross plots was simply
to illustrate the pressure and slit width trends at
a convenient low-concentration operating point.
Similar cross plots could be constructed at any
other concentration in the range tested.

On these cross plots, a comparison of the
data obtained at the different pressures with the
79 m m gap shows that there is a signi� cant dif-
ference between the choked (2.1, 4.1, and 8.3 ´
105 Pa) and the unchoked conditions (7.6 ´ 104

Pa). This would be expected since in the choked
cases the � ow goes supersonic in the converging
section. There is a much less pronounced dif-
ference among the choked condition cases that
were tested. The data obtained at the different

pressures with the 39 and 118 m m gaps indicate
that the deagglomeration performance increases
as the pressure is raised from 2.1 to 4.1 ´ 105 Pa,
as would be consistent with the increase in shear,
but then levels off or even decreases slightly as
the pressure is raised from 4.1 to 8.3 ´ 105 Pa.
There was very little difference in deagglomer-
ation performance between the three slit widths
that were chosen. The difference between the
slit widths typically falls within the data scatter
of the individual data points used to make the
cross plots.

Two tests (test #gg38 and #gg39) were per-
formed as explicit repeats of an existing test
dust data point (test #gg06) to characterize the
device’s repeatability. Both the concentration
achieved and the degree of deagglomeration
achieved fall within the uncertainty of the exist-
ing data point. The three data points lie within
a 5% spread in deagglomeration and within a
15% spread in exit-plane concentration. Two
additional tests were performed using 10.2 m m

FIGURE 9. Deagglomeration ef� ciency versus pressure for three slit widths and L n(I / I 0) = 0.



Aerosol Science and Technology
30:6 June 1999

Particle Resuspension by Deagglomeration 525

FIGURE 10. Deagglomeration ef� ciency versus pressure for three slit widths and L n(I / I 0) = 5.

diameter glass beads at the settings used for the
repeated tests with the Arizona dust described
above. Both the concentration achieved and the
degree of deagglomeration achieved with the
glass microspheres fall within the scatter and
uncertainty of the dust data points.

Scanning Electron Microscope (SEM) pho-
tographs of example deagglomerated test dust
samples are shown in Figure 11.

LOW-G TESTS
NASA facilities offer both suborbital (drop tow-
ers), aircraft (KC-135), and orbital (space shut-
tle) vehicles as platforms for low-g experimenta-
tion. Fundamental aerosol physics experiments
would in some cases bene� t from reduced grav-
ity, which would allow the study of particle-
particle and particle-gas interactions in the ab-
sence of sedimentation (Huntington et al. 1994).
One example of a process which would so ben-
e� t is the coagulation of micrometer-sized or

larger particles; such coagulation processes are
widely relevant to disciplines including earth’s
atmospheric aerosol studies, planetary forma-
tion and atmospheres, and the accumulation of
carbonaceous material in space. Since low-g
experimentation in principle allows the elimina-
tion of both particle sedimentation and differen-
tial velocities, there is continued interest in low-
g coagulation experiments. Proof-testing of the
deagglomerator in brief low-g � ights was con-
ducted as a means of verifying that the method
is truly gravity independent.

NASA’s KC-135 research aircraft, based at
Johnson Space Center (Ellington Field) near
Houston, TX, is often � own in a series of 30–
40 ascending and descending parabolic trajec-
tories, which provide about 15–20 s of “low-
g” during each parabola. During this time, the
g-level is reduced to about 10 2 of the stan-
dard value. These experiment times were gen-
erally insuf� cient for the study of coagulation
processes, but they did allow thorough perfor-
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FIGURE 11

mance checks of the deagglomerator system
and its ef� ciency. The deagglomerator and ex-
periment chamber were repackaged in an ex-
periment testbed which met the structural and
safety requirements of the KC-135 platform

(Figure 12). The deagglomerator was mounted
onto one sidearm of a “T”-shaped chamber of
approximately 51 L in volume. Deagglomer-
ated and dispersed particles were sampled on 13-
mm Nuclepore (Costar, Inc., Cambridge, MA)
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FIGURE 12. Particle dispersion module.

� lter media inserted into the center section of
the tee using a 1 cm3/s � ow rate. The system
was operated under microprocessor control, in-
cluding the deagglomerator and � lter sampling
operations; however, the powder sample hold-
ers required manual changing between parabo-
las. Future experiments will utilize two deag-
glomerators, one operating from each end of this
chamber, allowing the use of two different par-
ticle types or doubling of the concentrations of
a single type. This testbed is available for use
by interested scientists.

During three � ight sequences in October,
1994, repeated deagglomerator tests were per-
formed on the KC-135 utilizing nearly monodis-
persed 5–10 m m Arizona test dust identical to
the one-g lab tests. Dust masses of 40, 80, and
zero (blank) milligrams were used. The dilu-
tion and push pressure settings covered the same
range as the choked-� ow laboratory tests, 4.1 to
8.3 ´ 105 Pa. The 13 mm � lters were recovered
and examined by SEM. Table 2 shows deag-
glomeration ef� ciencies based on the SEM data
from several example experiments computed
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TABLE 2. KC-135 Test deagglomeration ef� ciencies: Combined day 2 results based on SEM photos.

Dust Slit Dilution Push Singlet Doublet Triplet
Filter Mass Width Pressure Pressure Count Count Count Ef� ciency

ID (mg) ( m m) (Pa) (Pa) (N1) (N2) (N3) (Equation 2)

21,23 40 80 8.3 ´ 105 8.3 ´ 105 116 4 1 0.871

28,30,32 80 80 6.6 ´ 105 4.1 ´ 105 165 8 1 0.90

1One seven-member agglomerate was found in one view on one � lter in this series. No other agglomerates with
more than three members were found on any of the other � lters in these experiments.

according to Equation (2). These results consti-
tute performance checks of the deagglomerator
in low-g and are equal, within uncertainties,
to the ef� ciencies shown in Table 1 for one-g
operation.

SUMMARY
The deagglomerator system was characterized
by one-g and low-g tests using 5–10 m m dry
mineral dust particles. In addition, one-g tests
were conducted using 10.2 and 2.1 m m glass mi-
crospheres. One-g deagglomeration data were
obtained for the dust particles at 2.1, 4.1, and 8.3
´ 105 Pa (30, 60, and 120 psig) operating pres-
sures, and with 39, 79, and 118 m m slit widths.
Concentrations were varied over the range from
about 1 ´ 10 4 g/cm3 to about 1.5 ´ 10 3 g/cm3.
Additional data were obtained at 7.6 ´ 104 Pa
(11 psig) to investigate the effect of using un-
choked � ow. Replicate tests were included.

Deagglomeration ef� ciencies fall in the range
from 40 to 94% for the one-g tests with mineral
dusts; ef� ciencies exceed 90% when the dilu-
tion � ow and dust mass are optimal (Table 1).
Low-g test ef� ciencies, using mineral dust, are
estimated to fall in the range from about 80 to
90%. The repeatability of the deagglomeration
ef� ciencies is approximately ± 10%. The crit-
ical controlling parameter in this aerodynamic
deagglomerator con� guration (apart from par-
ticle size) is the peak concentration (particle
mass/carrier gasvolume) of the material injected
into the deagglomerator. The addition of a di-

lution � ow allows control of the particle con-
centration. The main developments and � nd-
ingsof this investigation are that deagglomerator
performance enhancement and dilution control
have been added to a previously existing con-
centric cone design; a quantitative deagglom-
eration ef� ciency evaluation methodology has
been developed, based on systematic applica-
tion of a test parameter matrix; deagglomera-
tion ef� ciencies (singlet particles, Equation (2))
of > 90% are attainable with careful control of
powder concentrations; the deagglomerator sys-
tem performance is gravity independent; and the
low-g test facility is available for use by the sci-
enti� c community.

The authors would like to acknowledge additional guidance
and important contributions from the following key individu-
als in contributing to the successful NASA KC-135 � ight and
post � ight data analysis. Combined efforts from individuals
included Michael Meyer (Space Sciences NASA Headquar-
ters), Linda Billica (Ellington Field Texas), Jim Zamel (TRW
Space and Technology Electronic Group), Tony Briceno, Jeff
Jenner, David Blake, and Bruce Borchers (NASA Ames Re-
search Center), John Marshall, Kathy Kato, and Maureen
Savage (SETI Institute).
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