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Abstract

The objectives of this work were to develop a robust procedure for assessing powder flow using a commercial avalanche
testing instrument and to define the limits of its performance. To achieve this a series of powdered pharmaceutical excipients
with a wide range of flow properties was characterized using such an instrument (Aeroflow, TSI Inc., St. Paul, MN, USA). The
experimental conditions (e.g., sample size, rotation speed) were rationally selected and systematically evaluated so that an optimal
standard-operating-procedure could be identified. To evaluate the inherent variability of the proposed methodology samples were
tested at multiple sites, using different instruments and operators. The ranking of the flow properties of the powders obtained was
also compared with that obtained using a conventional shear-cell test. As a result of these experiments a quick, simple, and rugged
procedure for determining the flow properties of pharmaceutical powders in their dilated state was developed. This procedure gave
comparable results when performed at four different testing sites and was able to reproducibly rank the flow properties of a series
of common pharmaceutical excipient powders. The limits of the test method to discriminate between different powder samples
were determined, and a positive correlation with the results of a benchmark method (the simplified shear cell) was obtained.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction culties in material blending and transfer operations
(e.g., rat-holing, bridging)1]. A relatively new tech-
Cohesiveness and poor flow of pharmaceutical nique called “powder avalanche testing” has the
powders is a common problem, and can cause diffi- potential for use as a routine cohesivity test for phar-
maceutical powder§2—-4], and it has recently been
reported that commercial avalanche testing instru-
ments can indeed distinguish between poorly and
fax: +1-860-441-7972.

E-mail address: brunac_hancock@groton.pfizer.com freely ﬂOW'”9 p_OWderS’ blends, and granulgtlor_ls
(B.C. Hancock). [5—7]. The principle of powder avalanche testing is
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Fig. 2. Detection system employed in rotating-drum type instru-

. . . . ment (image used with permission of TSI Inc.).
Fig. 1. Schematic of powder avalanche testing instrument (imag P )

(rotating-drum configuration) (image used with permission of TSI
Inc.).

2. Materials and methods

very simple. A simple stress (e.g., vibration, rotation) 2.1. Materials

is applied to the sample powder until the powder

shears and an avalanche occurs. Typically a known Five common powdered pharmaceutical excipi-
stress (e.g., fixed vibrational frequency or rotation €nts were selected for use as test materials in this
speed) is used and the frequency at which avalancheswork. They were selected based on their wide range
occur upon repetition of the stress is monitored. In Of physical properties (particle morphology, density,
some cases the mass or volume of the avalanchedparticle size distribution) and their flow properties
powder is also monitored. The most common exam- when characterized using a Slmp'lfled shear cell (See
ple of a commercial powder avalanche tester is the later). Single lots of each excipient were used for all
Aeroflow® device (TSI, St. Paul, MN) which consists the work reported and they were used as received.
of a S|0w|y rotating clear p|astic drum and an Opti- The excipients were: ascorbic acid USP (20—80 mesh
cal sensor system to detect the powder avalanchesgrade, JT Baker Inc., Phillipsburg, NJ), citric acid
as they occurFKig. 1). Avalanche events are charac- USP (fine granular grade, Spectrum Inc., Gardena,
terized by discrete decreases in the detector outputCA), croscarmellose sodium NF (Ac-Di-Sol grade,
as the powder cascades between the light beam and™MC, Philadelphia, PA), hydroxypropyl cellulose
the detector Kig. 2). Analysis of the raw data from  NF (Klucel EXF grade, Hercules Inc., Wilmington,
such an instrument (a powder avalanche frequency DE) and lactose anhydrous NF (200# grade, Quest
or mass distribution) can be achieved in a number of International, Hoffman Estates, IL).

ways, however a method that is meaningful for the

characterization of pharmaceutical powders has not 2.2. Methods

yet been reported. For such an analytical approach to

reach widespread acceptance in the pharmaceutical2.2.1. Powder characterization

materials science community a robust experimental The particle morphology of each material was
testing procedure that provides reproducible results assessed by microscopy using either an Olympus
when performed at multiple sites by different oper- SZX12 optical microscope (Olympus Inc., Melville,
ators is required. The development of such a proce- NY, USA) or a Jeol JSM 5800 scanning electron
dure, based on a fundamental understanding of the microscope (Jeol USA Inc., MA, USA). The true den-
powder behavior during testing, is the subject of this sities of the samples were determined with a helium
article. pycnometer (Quantachrome Inc., FL, USA) operated
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at 20°C according to the instrument manufacturer's laboratories, using different instruments and different
recommended methods. The particle size distribution operators. The three new instruments used were from
of each powder was determined using a Sympatec the same vendor and of the same model, and the ma-
Helos/Rodos laser diffraction particle size analyzer terials used were from the same sources and lots. No
(Sympatec Inc., NJ, USA) with dry powder disper- attempt was made to control the environmental condi-
sion capability. The powder dispersion pressure was tions during the powder avalanche testing procedures
2.0 bar with direct feed into the dispersion funnel. and the prevailing temperature and relative humidity
The optical concentration was maintained in the range varied slightly from experiment to experiment. The

8-12%. ambient conditions for sample storage and testing at
each location were recorded so that the influences of
2.2.2. Avalanche testing normal fluctuations in these parameters could be eval-

A commercial powder avalanche tester (Aeroffgw  uated.
TSI Instruments, St. Paul, MN) was used for all
evaluations, and was operated according to the 2.2.3. Shear cell testing
manufacturer’'s instructions. The instrument con-  Shear cells are considered by many scientists to
sists of a plastic sample drum-125mm diameter, be the preferred instruments for measuring powder
~25 mm wide) mounted on a central horizontal drive flow and cohesivity[8]. However, such instruments
shaft, and a light source coupled to an optical detector have many features that make them unsuitable for the
for detecting the movement of the powder in the drum routine characterization of pharmaceutical powders.
as it rotatesKig. 1). These components are enclosed For example, their use can involve labor intensive
in a light proof enclosure to prevent external sources and time consuming test procedures. In this work a
of light from interfering with the avalanche detection simplified shear cell was used as the ‘gold standard’
system. The standard drum configuration was usedto determine the powder flow characteristics of the
for this work, with a coarse stainless-steel mesh insert test materials for direct comparison to the apparently
fixed to the inner surface of the drum. This provides faster and more robust powder avalanche testing pro-
a rough surface on the inner wall of the cylinder and cedures. It was hoped that such a comparison would
minimizes slippage of powder at the powder-wall in- help to establish if the ranking of the sample flow
terface. The drum assembly was cleaned before eachbehavior using the two testing techniques was equiv-
use with alcohol and an anti-static cleaning fluid. Af- alent. The shear cell used was of a simplified design
ter loading the powder the drum was rotated at a rate that has been described on several previous occasions
of either 100, 145 or 200 s per revolution (0.60, 0.41, [9,10]. It consisted of two flat parallel plates, one sta-
or 0.30rpm). These rotation times were chosen basedtionary and the other movable and connected to a load
on the capabilities of the instrument and on the basis sensor. The plates were roughened on their surfaces
of some simple geometric calculations (see later). As to minimize slippage at the plate-powder interface,
the drum rotated the time between successive pow- and the experiments were conducted a#t22°C and
der avalanches was recorded by the optical detector50+ 5% relative humidity. Sample powder beds were
and an avalanche frequency distribution was gener- prepared on the stationary plate by very carefully
ated. The time for data collection was at least 1200 s filling a cylindrical mould (8 mm thick, 82.5 mm di-
(20 min), and this duration was selected to ensure a ameter) with powder. After removal of the mould the
sufficient number of data points for analysis even for upper plate was positioned on the top surface of the
the poorest flowing powder being tested at the slow- powder bed and a static normal load applied using
est rotation rate. Details and rationale for the sample brass weights. A shear stress was gradually applied to
size and data analysis methods used are provided inthe upper plate until a steady state shearing condition
the discussion section of this paper. All tests were was reached. The procedure was conducted in dupli-
performed in duplicate and mean results are reported. cate using normal stresses of 75.6 and 104.9t%cm

The reproducibility and robustness of the powder and the effective angle of internal friction calculated
avalanche testing procedure results were assessed byrom the slope of the normal stress versus shear stress
repeating all of the experiments at three additional plot.
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Fig. 3. Regimes of powder flow (adapted frddn]).

3. Results and discussion

3.1. Identification of the optimal test conditions

B.C. Hancock et al. / Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 979-990

imize wall effects and any test-to-test differences due
to sampling. The resulting sample size50ml) is
reasonable for most pharmaceutical applications (e.qg.,
prototype formulation characterization, quality con-
trol testing of a blend), especially since the test is
non-destructive and samples can be recovered for ad-
ditional analysis (e.g., potency testing) if required.
Careful consideration of the operating principles of
the instrument was required to determine the appro-
priate range of rotational speeds and test durations for
use in this work. Since the raw data is an avalanche
frequency distribution a sufficient number of discrete
avalanche events needs to be detected for a meaningful
distribution to be constructed. It was considered that
fifty individual data points (discrete avalanches) was
the minimum number that was acceptable for mean-
ingful statistical analyses to be performed. For a very
poorly flowing powder there might only be three or
four avalanche events per revolution of the sample
drum, and thus at least 17 revolutions would be re-
quired to obtain the required number of data points.

Several authors have described the different regimes Thus, the ratio of the time for one revolution and the

of powder flow when mixed in cylindrical blenders
and dryersFig. 3) [11,12] Ideally the flow of pharma-

test duration ideally needs to have a value of greater
than seventeen. This can be readily achieved either

ceutical powders needs to be tested under conditionsby running long experiments or by using a fast speed

that correspond to the “rolling” or “cascading” state
in order for meaningful data to be obtained with the
type of instrument used in this wofK]. It is also well
known from the literature on powder blending that the
fill volume of rotating cylindrical blender can have a
significant impact upon the type and rate of powder
motion within that devic§l3—15] Likewise the speed
of rotation can markedly alter the dynamics of pow-
der motion in the blenddi6,17] These variables (fill

of drum rotation, however, there are disadvantages to
both of these approaches. Increasing the speed of drum
rotation may cause the powder avalanches to begin to
merge together and not be discernable by the detec-
tion system (the instrument sampling rate is fixed at
one data point every 0.2s). This approach may also
shift the predominant powder flow behavior away from
the desired rolling and cascading regimé&sg( 3.
Minimally such an approach will shorten all of the

volume and rotation speed) were thus given close con- avalanche times and compress the avalanche time dis-
sideration when designing the test procedures to be tribution into a very narrow range, making it more

used in the current work.

A review of the relevant blending literature revealed
that too large a fill volume can result in “dead” (un-
mixed) regions in the powder bed contained within a
cylindrical mixer[15,18]. Obviously too small a fill
volume would prevent the current instrument from
working correctly because insufficient material would
be available to block the light beam from the detector.

difficult to distinguish the responses of similarly flow-
ing materials. Long experiments are not desirable be-
cause of the time it would take to test multiple samples
and because some powders could sorb water vapor or
otherwise change over the course of a lengthy experi-
ments. Thus, it is clear that there is an optimal exper-
iment duration as well as an optimal speed of drum
rotation. For the experiments described in this work

Based on these observations, and the recent reportghree speeds of drum rotation were used (100, 145 and

of Metcalfe et al.[13], a fill volume of ~15% was
selected to provide maximal turn-over of the powder

bed, as well as a sufficiently large sample size to min-

200 s per rotation), in combination with a fixed experi-
ment duration (1200 s). Assuming a worst case of four
avalanches per rotation for the poorest flowing mate-
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rials then these conditions would result in avalanche the data was adopted for this work, based loosely on
time distributions with between 24 and 48 data points. the work of lacocca and Germ§h9].

Whilst this is probably not sufficient for meaningful Initially, all samples were observed during testing

statistical analyses to be performed in all cases, it was to determine the type of powder flow that occurred

considered to be sufficient to enable the ranking of the during the testing procedure. Typically materials ex-

flow performance of all the powders relative to one hibited either rolling or cascading behavior, but the

another. worst flowing powders did exhibit some tendency to
slip and slump at the slowest rotation rate. The data

3.2. ldentification of the preferred method of data sets were analyzed to determine if the avalanche be-

analysis havior for each powder was consistent over the dura-

tion of the testing procedure. This was achieved by

The raw data produced by the commercial avalanche plotting a cumulative count of the avalanche events
testing instrument is the detector response (in milli- versus the testing time (e.dzjg. 5. In all cases the
volts) as a function of the experiment duration (in powder performed consistently throughout the course
seconds). A plot of these data can be readily ana- of the experiment, and no indication of changing pow-
lyzed to identify the large changes in detector output der properties (e.g., agglomeration of primary parti-
that correspond to individual avalanche events (e.g., cles) was detected by this method or by visual obser-
Fig. 4), and the time between successive avalanche vation. Based on these observations it was concluded
events can then be determined. The software that isthat the raw avalanche data for the different materi-
provided with the commercial instrument permits an als and test sites was suitable for further analysis and
avalanche time frequency distribution to be displayed comparison.
from this data and the mean, maximum, and standard The avalanche frequency distributions were ob-
deviation (“scatter”) of the distribution to be calcu- served to be quite varied in their form and included
lated. It also allows the data to be displayed in the narrow and broad distributions, unimodal and bi-
form of so-called “strangeattractor” plots[3]. The modal functions, and symmetrical and skewed data
relevance of these plots to the powder flow problems sets Fig. 6). Typically the form of the distribution
encountered by pharmaceutical powder technologists was reproducible from run-to-run, and it was charac-
is not obvious, so an alternate approach to analyzing teristic of the material being tested. It was noted that
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Fig. 4. Typical raw data from avalanche testing instrument.
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Fig. 5. Time-course of avalanche events for two powder samples.

the avalanche time frequency distributions were very conducted using an Analysis of Variance (ANOVA)
similar to powder particle size distributions that are approach and it was determined that the major influ-
commonly encountered by pharmaceutical scientists. ences on the avalanche time resulted from differences
Therefore, similar statistical approaches were adoptedin the material type +57% of total variance) and
for their analysis. The mean avalanche time and its changes in the testing speed32% of total variance),
coefficient of variation (standard deviation normalized whereas the testing location and interaction effects
by the mean, expressed as a percentage) were selectedere relatively small (accounting for less than 10% of
as pragmatic overall measures of the average andthe total variance). When the data generated at each
range of performance of the materials being studied testing speed were considered separately it was deter-
and were calculated for use in further analyses. Ob- mined that the differences in material type accounted
viously, this simplistic approach results in some loss for nearly all the observed variation (>85%) and the
in the discriminatory power of the data, but it does three testing speeds were comparable in terms of their
enable the flow performance of a very diverse range overall variability. The ability to discriminate between
of pharmaceutical powders to be directly compared. different materials appeared to be very slightly bet-
ter at the intermediate testing speed when assessed
3.3. Consistency and reproducibility of data by comparing F-values. For some material-speed
combinations it was possible to distinguish between
The mean and coefficient of variation of the the different testing sites using Tukey’s Studentized
avalanche data sets for the four different testing Range Test, however, overall the results from the dif-
sites and the five different powders are presented ferent sites were not significantly different from one
in Fig. 7a—e Each plot is on identical axes so that another ¢ < 0.01).
the comparisons between different materials can be A possible source of error between testing sites is
readily made. The most noticeable result is that the the lack of control of the ambient temperature and
results for each material and testing condition are humidity conditions for this work. The range of con-
largely reproduced at each of the four testing sites, ditions that were encountered for each testing site is
with site-to-site differences typically of the order of summarized iable 1, and itis clear that the variation
+(1-2) s for the mean avalanche time apd.0-20)% both within and between sites was quite small. The
for the coefficient of variation. A more detailed sta- conditions were typical of those encountered in many
tistical analysis of the mean avalanche times was pharmaceutical manufacturing facilities and in most
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Fig. 6. Representative avalanche frequency distributions.

Table 1
Environmental conditions recorded during the powder avalanche
testing conducting at the different testing sites

Site Temperature mean Relative humidity
and range qC) mean and range (%)

1 20 (18-21) 42 (29-47)

2 24 (19-25) 33 (30-41)

3 20 (19-20) 36 (34-38)

4 23 (22-24) 49 (45-53)

between testing sites include differences in the skill
level of the operators, differences in the condition of
the instruments, and differences in the performance of
the materials following shipping. Each of these influ-
ences can be considered to be normal sources of error
for this type of analytical procedure and thus the vari-
ation in the data between sites in this study is proba-
bly typical of that which would be expected over the
normal long-term application of this test procedure at
any given location(s).

3.4. Effect of rotational speed

The effect of the drum rotation time on the
avalanche frequency is as might be expected intu-
itively. That is, as the time for one rotation decreases
the mean number of avalanches per second increases
(Fig. 7a—¢. For a halving of the time for one drum
rotation the mean avalanche time is also reduced by
approximately 50% indicating that the number of
avalanches per revolution does not change signif-
icantly, and the type of avalanching behavior that
is occurring Fig. J) is likely to be similar at each
rotation rate for the materials studied in this work.
This confirms what was reported qualitatively by
the individual operators at each site. At the fastest
rotation speed (100s per revolution) there is only
about 4 s separating the mean avalanche time of the
extreme materials (ascorbic acid and hydroxypropyl
cellulose), whereas this difference is nearer to 8s at
the slowest rotation speediy. 8). Clearly a slower
speed of rotation provides a larger ‘window’ in which
to discriminate similarly performing materials (e.g.,

pharmaceutical research laboratories so any variationanhydrous lactose and citric acid), although exper-
in the data that is due to differences in the ambient iments performed under these conditions will take
conditions at the four sites is probably representative proportionally longer to perform.

of the effects of normal day-to-day fluctuations in con-

Perhaps most importantly for this work the rank-

ditions at a single site. Other possible sources of error ings that were provided for the five different materials
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at each of the three rotational durations were found to these materials based on the mean avalanche time
be similar, and thus data collected at a single speedwas ascorbic acid& citric acid < anhydrous lactose
could be selected for more detailed analysis. The data < croscarmellose sodiura hydroxypropyl cellulose.
collected at a drum rotation duration of 145s per rev- This ranking was the same for all the individual sites
olution was chosen for this purpose because it repre- except one (site #3), where the performance of the
sented a practical balance between the length of theanhydrous lactose and croscarmellose sodium was ef-

experiment and number of data points collected. fectively indistinguishable. A shorter mean avalanche
time is taken to indicate that the powder flows more
3.5. Comparison and discrimination of materials readily under the conditions of the test (i.e., low shear

agitation in a dilated state). Thus, one might expect
The mean avalanche times and the coefficients of powders displaying a small mean avalanche time to
variation (measured at the intermediate drum rotation be the easiest to blend in low shear mixers, such as in
duration) for the different materials are compared a twin-shell or 'V’ blenders. Intriguingly the rank or-
in Figs. 9 and 10The ranking of the cohesivity of  dering of the powders’ flow performance was different
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Fig. 10. Comparison of the coefficient of variation (‘variability’) for five different materials (145s per revolution) (columns from left to
right: site 1; site 2; site 3; site 4).
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Table 2
Comparison of avalanche time and shear cell parameters for the five standard test materials
Material Effective angle of internal Mean avalanche Coefficient of

friction? (degrees) time? (s) variatior? (%)

Value Rank Value Rank Value Rank
Ascorbic acid 24.9 1st 2.2 1st 56.6 5th
Citric acid 29.6 2nd 3.8 2nd 294 1st
Croscarmellose sodium 38.0 4th 7.1 4th 44.4 3rd
Hydroxypropyl cellulose 44.7 5th 8.3 5th 53.3 5th
Lactose anhydrous 34.4 3rd 49 3rd 43.1 3rd

a A larger effective angle of internal friction (EAIF) is associated with poorer powder flow.
b Determined at 145s per revolution for 1200s.

when judged according to the range of their avalanche random re-arrangement of its particles from a previ-
behavior (“coefficient of variation”). In this case the ous avalanche event. In both cases powder dilation is
differences between replicate runs were slightly more expected to be a prerequisite for flow, but the condi-
pronounced (larger error) and it was more difficult to tions under which the powder beds have been formed
distinguish between the behaviors of the different ma- in each case are very different.

terials. Using this parameter the samples were ranked: Comparison of the results of the two powder flow
citric acid < croscarmellose sodium: anhydrous test methods was achieved by comparing the mean
lactose~ hydroxypropy! cellulose< ascorbic acid. time to avalanche and the coefficient of variation with
The breadth of the avalanche distribution indicates the effective angle of internal friction recorded for
the range of powder flow behavior that is encountered each material Table 2. Despite the somewhat dif-
with any particular sample. Intuitively it might be ferent shear conditions being applied to the powders
expected that a material with a narrow distribution of during the two test procedures there was an identical
avalanche times would flow more uniformly and be ranking of the flow performance of the excipient pow-
less likely to ‘stop-and-start’ during bulk powder con- ders by the effective angle of internal friction and the
veying operations (such as discharge from a hopper mean time to avalanche parameters. The coefficient
or blender) than a material with a broad distribution of variability of the powder avalanche times did not
of avalanche times. Thus, it is preferable to work with appear to have any correlation to the data generated
powders that not only have a short mean avalanche using the simplified shear cell. These results demon-
time, but also a relatively narrow distribution of strate that the ‘average’ ability of common pharma-
avalanche times (“coefficient of variation”). Based on ceutical powders to flow under the conditions of the
this conclusion the citric acid sample would be classi- two tests is probably similar and either test method
fied as having the best overall flow performance (low could be used for the purposes of determining the typ-
mean avalanche time and low coefficient of variation) ical flow properties of such materials. This is an im-

of the five materials evaluated in this work. portant first step toward demonstrating the validity of
powder avalanche test methods for the routine charac-

3.6. Comparison with physical property and shear terization of powdered pharmaceutical raw materials,

cell data in-process intermediates (e.g., granulations), and for-

mulated drug products.

To provide additional insight into the information The results obtained in this work can also be con-
provided by the powder avalanche testing procedure sidered in light of the known physical properties of
a comparison with results from a simplified shear the material testedTéble 3. Typically, powders that
cell was performed. It should be recalled that the are comprised of large and dense regular particles
shear cell forces the powder to flow whilst under an will flow more readily that those with particles that
externally applied compressive stress, whereas theare small, irregular, or of low densif20]. Based on
avalanche tester causes the powder to flow after thethese general principles it would be expected that the
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Table 3
Physical properties of the five standard test materials

B.C. Hancock et al. / Journal of Pharmaceutical and Biomedical Analysis 35 (2004) 979-990

Particle morphology

True density

Median particle 10th percentile 90th percentile

(gml~1) size (@m) size (@m) size (@m)
Ascorbic acid Equant crystals 1.66 249 33 479
Citric acid Equant crystals 1.60 388 196 585
Croscarmellose sodium Elongated twisted fibres 1.55 a 42 18 114
Hydroxypropyl cellulose Fragmented fibres 1.21 85 12 247
Lactose anhydrous Equant crystals 1.50 136 12 324

2 Particle size parameters for this material are only approximate because of the elongated nature of the particles.

ascorbic acid and citric acid samples would be the
most free flowing of the materials studied, and the
croscarmellose sodium and hydroxypropy! cellulose
powders would be the poorest flowing materials. This
general trend is confirmed by the results of both the
powder avalanche and the shear cell testifaple 9

and provides additional confidence in the utility of

powder avalanche testing for assessing the flow perfor-

mance of common pharmaceutical powder samples.

4. Conclusions

A quick, simple, and rugged procedure for deter-
mining the flow properties of pharmaceutical powders
using a commercial powder avalanche testing instru-
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