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1. Introduction
The dry powder inhaler (DPI) has in recent years become a com-
mon method of asthma treatment. In these devices a dose of fine
particles is fluidised by exposure to a stream of air inhaled by the
patient. The growing interest in using DPIs to deliver therapeutic
proteins and peptides (e.g. insulin) (Shoyele and Slowey, 2006), and
the increasing popularity of the technology among patient groups
as an asthma treatment (Borgstrom et al., 2002) indicates that DPIs
have an important future in respiratory drug delivery. However, at
present there are few reported experimental studies that exam-
ine the dynamics of the particle population within a DPI during its
operation. An understanding of this initial stage of powder evacu-
ation from the DPI is of critical importance in the prediction of the
powder agglomeration and velocity at the exit of the inhaler, which
defines device performance.

The physics governing the powder dose fluidisation within a DPI
are very complex but a number of parallels can be drawn with other
areas of research, specifically fluidised bed technology and pneu-
matic conveying. In a fluidised bed, air is blown vertically upwards
through a packed powder bed. The upward force of the flow on
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e widely used to deliver respiratory medication as a fine powder. This
mechanism of DPI operation, assessing the effects of geometry, inhalation
isation. Patient inhalation through an idealised DPI was simulated as a

op across three powder dose reservoir geometries permitting an analysis
dose evacuation. Pressure drop gradients of 3.3, 10 and 30 kPa s−1were

(glass, aluminium, and lactose 6 and 16% fines) and high speed video of
was recorded and quantitatively analysed. Two distinct mechanisms are
d ‘erosion’. ‘Fracture’ mode occurs when the initial evacuation occurs in

lst ‘erosion’ mode occurs gradually, with successive layers being evacuated
e bed/gas interface. The mechanism depends on the powder type, and is
ometries or pressure drop gradients tested. Both lactose powders exhibit
luminium and glass powders fluidise as an erosion. Further analysis of the
ar shear cell showed that the fluidisation mechanism cannot be predicted

© 2008 Elsevier B.V. All rights reserved.

the particles counterbalances their weight, and the powder bed
becomes ‘fluidised’ in that it flows like a liquid. Pneumatic con-
veying applies this principle to horizontal flows: powder can be
transported along a channel by using a flow that helps to push it in

the right direction. The process that occurs within a DPI is related to
both fields: the powder dose is pneumatically conveyed out of the
inhaler by an airflow, and the solid powder bed is usually fluidised
to achieve this.

Research into fluidised bed technology and pneumatic convey-
ing is extensive (Sundaresan, 2003; Molerus, 1996), and for both
fields a number of distinct behaviours have been identified. In each
case the dominate factor in determining the regime is the material
properties of the powder itself (Sanchez et al., 2003; Geldart, 1973).
The common problem is in adequately characterising a powder
using its material properties to predict its behaviour. The proper-
ties relevant to particle/air interaction include those such as particle
size distribution, density, shape and surface characteristics. How-
ever, traditional methods of particle characterisation (such as shear
testing) measure steady state bulk properties, that do not ade-
quately define these parameters.

For fluidised bed technology, Geldart classified powders into
four categories (A, B, C and D) based on the volumetric mean parti-
cle diameter, dp, and the difference between particle solid density
�s and gas density �g (Geldart, 1973). Each category exhibits differ-
ent trends in fluidisation behaviour. Although this grouping is an
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Nomenclature

dp mean particle diameter
DPI dry powder inhaler
ffc flowability
FPF fine particle fraction
FPS frames per second
RH relative humidity

Greek letters
ε porosity
�b bulk density
�g gas density
�s solid density
�c unconfined yield strength
�pre pre-shearing stress
�0 cohesion

empirical correlation based on a limited set of powder properties,
it is still widely used to predict powder fluidisation characteristics.
Dixon (1979) used Geldart’s work to create a similar four group
classification for pneumatic conveyance.

The field of DPI characterisation is less mature than either flu-
idised bed technology or pneumatic conveyance, and the majority
of studies to date focus on either powder formulation or perfor-
mance characterisation of specific devices for regulatory approval
(Chan, 2006). The powder formulation used for asthma treatment
commonly consists of a blend of coarse lactose ‘carrier’ particles
and fine active drug. The performance of a particular powder blend
in a DPI can be quantified using radionuclide imaging techniques
to measure the active drug deposition in the lungs (Newman and
Pitcairn, 2005). Good performance is usually associated with a
high fine particle fraction (FPF, the mass fraction of individual
or agglomerated particles less than approximately 5 �m in the
aerosol) exiting the inhaler, as smaller particles are more likely
to reach the lungs upon inhalation (Clark and Borgstrom, 2002).
Techniques such as Cascade–Impactor experiments (Dunbar and
Hickey, 2000) are used to evaluate the FPF emerging from a DPI
under the influence of patient inhalation. This FPF is known to be
strongly affected by factors such as the powder formulation size
distribution, cohesivity and other material properties in addition to
external factors such as ambient humidity (Chew and Chan, 2002).

In such experiments the measured FPF is obtained downstream of
the DPI exit, and thus does not provide any insight into the actual
operation of the device, or the mechanisms of powder bed break-up
that occur within it.

It is generally acknowledged that the design of the DPI does
have a significant effect on the FPF (Voss and Finlay, 2002) by
varying the turbulence levels and pattern of particle–particle and
particle–device collisions. However, few previous experimental
studies have addressed the physical mechanism of DPI operation,
and it remains poorly understood. At a fundamental level this is the
fluidisation of an initially stationary powder bed (a single patient
dose) into the inhaled airstream. The work of Wang et al. (2004)
and Versteeg et al. (2005) has begun to address this research area
for impinging jet inhaler designs (where the bed of powder is
aerosolised by a vertical jet of air). Wang et al. (2004) quantifies the
effect of various inhaler design changes by measuring the FPF out-
put of an idealised DPI. However, this work still does not address the
question of how the fluidisation process occurs within the inhaler.
Versteeg et al. (2005) use an optical technique to record high speed
video of the fluidisation process. They repeat this for a number
of different lactose powder grades and dose reservoir geometries
armaceutics 358 (2008) 238–247 239

for an impinging jet fluidisation. The study concludes that the ini-
tial mechanism of powder bed break-up is by shear fluidisation,
with the particles entrained into the flow layer-by-layer, producing
a slow particle source. Following this process, the jet flow pene-
trates the powder bed and aerates the entire bed from the centre,
producing a fast particle source. These qualitative results are use-
ful, but little quantitative data is extracted, and few differences
are observed over the range of dose reservoir geometries, applied
inhalation pressure profiles or powder types tested.

The aim of this study is twofold. Firstly to experimentally
examine the dose fluidisation within a DPI to identify different
types of behaviour, and secondly to assess whether this field also
experiences the problem of inadequate powder material property
characterisation using traditional bulk methods. A similar optical
technique to Versteeg et al. (2005) was used to record high speed
video of the powder dose fluidisation from various ‘inline’ (rather
than impinging jet) idealised DPI geometries. In addition to study-
ing a different type of inhaler design, a wider range of powder types
were tested, with distinct contrasts being observed in the fluidis-
ation of different powders. As well as qualitative observations of
the fluidisation, a quantitative measure of the extent of the dose
fluidisation over time was evaluated. This is presented to directly
compare dose fluidisations under different conditions. Bulk pow-
der properties are quantified using an annular shear tester to assess
whether such measurements can be used to predict the mechanism
of fluidisation within a DPI.

2. Materials and methods

2.1. Materials

Four different powder types were tested: spherical glass par-
ticles sized 0–50 �m (Jencons), aluminium particle flakes in the
range 0–44�m (‘−325 mesh’, VWR), lactose ‘6.0% fines’ , and lac-
tose ‘16% fines’. The ‘percentage fines’ of the lactose refers to the
mass fraction of particles smaller than 15 �m in the powder. Both
lactose powders were supplied by GlaxoSmithKline.

2.2. Annular shear testing

The bulk flow properties of each powder were measured using
a RST-XS annular ring shear tester controlled by RST-Control
95 software (both from Dietmar Schulze Schüttgutmesstechnik,
Wolfenbüttel, Germany). The powders were stored at 25 ± 1 ◦ C and
44% relative humidity (RH) for 48 h prior to the analysis, which was

carried out in an air conditioned laboratory maintained at 25 ± 1 ◦

C and 35 ± 3% RH. For each test, a 30 mL annular shear cell was
filled without applying force to the upper surface of the powder
bed. The sample was pre-sheared with a normal stress of 2500 Pa
(�pre) until steady-state flow was achieved. A �pre value of 2500 Pa
was chosen to reflect the consolidation stresses encountered by
pharmaceutical powders during small scale powder handling and
dosing operations (Schulze, 2005). A yield locus was constructed for
each powder by measuring the shear stress required to cause the
powder to fail under four normal stresses less than �pre (500, 1000,
1500 and 2000 Pa) and various flow properties were calculated
using the instrument software. The averages of these properties
over three repeated tests is presented in Table 1.

2.3. Optical DPI dose fluidisation

An experimental rig was built to assess the influence of three
factors on DPI operation: patient inhalation, geometry and powder
type. The central feature of the rig was a near 1:1 scale dose reser-
voir chamber machined from optically clear perspex. This reservoir
was filled with powder and attached to a pressure regulation device
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Table 1
Powder flow properties measured from the annular ring shear testing, alongside pa

Glass

Unconfined yield strength, �c (Pa) 503
Flowability, ffc 9.43
Cohesion, �0 (Pa) 143
Bulk density, �b (kg m−3) 1472
Solid density, �s (kg m−3) 2500
Porosity, ε 0.41
Mean particle diameter, dp (�m) 45

that simulated a patient inhalation. High speed digital video was
recorded of the reservoir during the inhalation to capture the pro-
cess of powder fluidisation. The details of inhalation simulation,
reservoir geometry, powder types and video recording are outlined
in the rest of this section.

A patient inhalation is usually modelled as a constant flow-rate
process, with a value of 60 L min−1 used as a typical value (United
States Pharmacopoeial Convention, 2000). However, this approach
introduces an unrealistic step-change in pressure and flow-rate
at the start of an inhalation that is not well controlled (Chavan
and Dalby, 2002). Such a step-change is not seen in real patient
inhalation pressure profiles. Some evidence exists to suggest this

step-change does not have a significant effect on the generated
exit FPF for some DPIs (Finlay and Gehmlich, 2000), but it will
affect the initiation of the dose fluidisation. An alternative approach
was used in this study: the inhalation was simulated by regulat-
ing the pressure drop applied across the dose reservoir over time.
The pressure drop produced by a typical patient increases approx-
imately linearly for the first 0.3 s of the inhalation with a gradient
of 30 kPa s−1(Palmer, 2004). Since the fluidisation of the powder in
the reservoir occurs in the first 0.2 s of the inhalation, the complete
inhalation was modelled as a linearly increasing pressure drop. Sig-
nificant variation in inhalation strength is seen between different
patient groups (Quanjer et al., 1993)(e.g. adults and children, smok-
ers and non-smokers) and a number of different gradients were
used to simulate different patient types: 3.3, 10 and 30 kPa s−1. The
pressure drop was dynamically regulated by using a pressure sen-
sor at the reservoir outlet to control a solenoid flow control valve
attached to a vacuum source (Fig. 1). In this way, the predeter-
mined pressure drop profile across the reservoir was maintained
regardless of inhaler geometry or particle type.

Three idealised reservoir geometries were tested, labelled 0 ◦,
45◦ and 90◦ (inset, Fig. 1). The air-flow though each reservoir exerts

Fig. 1. A schematic (not to scale) of the pressure regulation system. The three dose
reservoir geometries are illustrated (inset), with hatching representing the powder
fill volume.
armaceutics 358 (2008) 238–247

density and diameter from Stevens et al. (2007)

ose 6% fines Aluminium Lactose 16% fines

1597 2174
.30 3.40 2.45

410 520
940 720

2700 1550
.49 0.65 0.52

– 70

a different combination of shear and normal forces on the powder
dose. A powder dose in the 0◦ reservoir is subject to primarily shear
loading, in the 90◦ reservoir to mainly normal loading, and in the
45◦ reservoir both shear and normal forces. The powder volume in
both 0 and 90◦ reservoirs is equal, measuring 6 mm ×2 mm ×2 mm.
The 45◦ reservoir encloses the same volume, but with the inlet
and exit edges inclined at 45◦. A channel of 2 mm ×2 mm square
cross-section enters and exits all reservoirs: the inlet channel is
open to the atmosphere and the outlet channel is connected to
the inhalation pressure regulator. The inlet channel is long enough
to ensure fully developed flow at the reservoir entry (a minimum
length of 140 mm). The reservoirs can be disassembled to refill
the powder chamber—a spatula is used to overfill the reservoir
then the excess skimmed to level the powder fill. The powder
is not otherwise compacted, and initial work confirmed that the
skim direction had no effect on the results obtained. Although the
reservoir filling process is not automated, the same tester always
filled the reservoir and as the test matrix encompassed over 500
individual tests, reservoir refilling became an accustomed and
consistent process by that tester.

A digital Kodak MX4540 camera (on loan from the EPSRC) was
used to record video of the dose reservoir during the simulated
inhalation. The camera recorded a series of 256 × 256 pixel images
at a frequency of 4500 frames per second (FPS). During recording,
the powder in the reservoir was back-lit using twin 1 kW halogen
lamps. Although it was not possible to regulate the local ambient
temperature, pressure and humidity conditions during this test-
ing, the temperature fluctuations produced by the halogen lighting
were reduced to a minimum by illuminating the reservoirs only
when necessary. Each fluidisation test was repeated three times.
Some tests were performed a further three times after a week
period, with the entire experimental rig disassembled, cleaned with
high pressure air, and reassembled in this interval. These results are

compared in Section 3.3 to assess the repeatability of the results.

3. Results and discussion

In a DPI the airstream passes through the powder dose, fluidis-
ing portions of the initially stationary bed into the flow. This flow
carries the fluidised particles out into the lungs of the patient. The
ability of the airflow to fluidise (i.e. separate) particles depends both
on the flow properties of the powder and the energy contained
within the flow. By evaluating the bulk powder flow properties
(shear test results in Section 3.1) separately from the combined
effect of powder properties and airflow (qualitative and quantita-
tive optical DPI results in Sections 3.2 and 3.3), this study assesses
whether this bulk method of particle characterisation can be used
to predict powder behaviour within a DPI.

3.1. Powder characterisation

Bulk powder flow properties were quantified by annular shear
testing, and various relevant measured properties are presented in
Table 1. Particle shape affects these properties, and typical shapes of
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ass spheres, (b) aluminium flakes, (c) lactose 6% fines and (d) lactose 16% fines.

The powders tested in this study are all members of Geldart’s
group A as illustrated by Fig. 3. Mean particle diameter data for
both glass and lactose powders has been taken from a previous
study (Stevens et al., 2007), and is included in Table 1. Although no
such data exists for the aluminium particles, the sieved diameter
range is 0–44 �m and it is speculated that the mean diameter will
be in the range from 30 to 44 �m.

3.2. Qualitative analysis

We observed two distinct methods of powder bed break-up:
a ‘fracture’ and an ‘erosion’ mechanism. Under the erosion mech-
Fig. 2. Light micrograph images of the four different powder types: (a) gl

each powder tested are illustrated by the light micrograph images
in Fig. 2.

The bulk density, �b, should be distinguished from solid den-
sity, �s: solid density is that of individual particles, whereas bulk
density is that of an entire powder bed (including any void space).
The bulk density depends strongly on the powder bed consolida-
tion stress (i.e. the bed ‘compaction’). The porosity (ε) is the ratio of
the volume of all voids in a powder bed to the total volume, and is
calculated from the measured bulk and solid density. The porosity
provides a measure of the ease with which a flow can move through
a stationary bed of powder—the higher the porosity, the more void
space is available for the air to flow through.
The unconfined yield strength, �c, is the normal stress required
to break or fracture a consolidated powder bed. The flowability of
the bulk powder is numerically characterised by the steady state
flowability ratio, ffc, of consolidation stress to unconfined yield
strength. The larger this ratio, the better the bulk powder flows.
The tested powders in order of decreasing steady state flowability
are glass, lactose 6% fines, aluminium, lactose 16% fines. Note that
the bulk flowability ratio, in common with all the properties mea-
sured by the shear test, is a measured under steady state conditions.
In contrast, the process of fluidisation that occurs within the DPI is
inherently a transient one, and care must be taken attempting to
draw parallels between them.

The ability of particles to separate from one another depends on
the particle–particle bonding or cohesion. Highly cohesive pow-
ders may not fluidise easily, and can form large agglomerates of
many individual particles. Shear testing measures bulk particle
cohesion, �0, as the shear stress required to break or fracture a
consolidated powder bed with zero normal stress. Although this
value gives an indication of the steady state bulk cohesivity, it is
not clearly related to the transient fundamental particle–particle
bonding forces (Jones, 2003).
anism the particles do not form any large agglomerates, and are

Fig. 3. A logarithmic plot of the empirical Geldart powder group boundaries. The
position of the glass, lactose 6% fines, lactose 16% fines are plotted along with the
speculated position of the aluminium powder.
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Fig. 4. A sequence of frames illustrating the fluidisation of glass powder from the 90◦ d
hand leg is the entry and the left hand leg has the low pressure applied, inducing flow i
frames are included after every 0.011 s.

entrained into the airflow as individual particles or small agglom-
erates. For the 90◦ and 45◦ reservoir geometries (where the powder
bed blocks the airflow at the start of an inhalation) the flow creates
a small channel through the bed at the apex of the U-bend. This
channel gradually enlarges as the flow picks up particles from the
surrounding powder. This process continues until the reservoir is
empty.

Fig. 4 shows a sequence of video frames that illustrate a typical
erosion dose fluidisation. Note that since the reservoir is back-lit,
the powder is visible as darker areas, and the inhalation airflow
direction is from right to left through the U-shaped geometry.
The observed erosion fluidisations were very consistent within
repeated tests: Fig. 5 shows a single frame at identical times from
six repeated tests of an erosion glass powder fluidisation. The tests
were performed in two consecutive batches of 3 (arranged on the
figure in two rows), separated by a week period in which the optical
DPI was entirely dismantled and then reassembled.

Fig. 5. A single frame from six different glass particle fluidisation tests with a 30 kPa s−1 p
ose reservoir under the influence of a 30 kPa s−1 pressure drop gradient. The right
nto that leg. The initial frame is taken 0.022 s into the inhalation, and subsequent

Under a ‘fracture’ mechanism the packed powder bed separates
along lines of weakness, and these ‘cracks’ often form across the
entire height of the reservoir. This results in the entrainment of
large agglomerates into the main flow (pieces of the packed bed that
have been separated by these cracks). The complete fluidisation of
the dose typically occurs faster than under an erosion mechanism,
and large particle agglomerates can be clearly observed in the reser-
voir outlet channel. Fig. 6 shows a typical fracture fluidisation as a
sequence of video frames. In contrast to the erosion mechanism,
although repeated tests displayed the same pattern of fluidisation,
in each case the powder bed fractured in an irregular fashion which
was impossible to predict. Fig. 7 shows a single frame from six
repeated tests of a lactose 16% fines fluidisation. Again, these tests
were performed in two batches of three separated by a week period.

This fracture fluidisation behaviour is typical of Geldart group C
powders (Wang et al., 1998). Such powders are difficult to fluidise
and tend to form large agglomerates and powder ‘slugs’ as the fluid

ressure drop gradient. All frames were captured at an identical time of 0.08 s.
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Fig. 6. A sequence of frames depicting the fluidisation of lactose 16% fines powder from the 90◦ dose reservoir under the influence of a 30 kPa s−1 pressure drop gradient. The
initial frame is taken 0.033 s into the inhalation, and subsequent frames are included after every 0.003 s.
Fig. 7. A single frame from six different lactose 16% fines particle fluidisation tests with a
0.05 s.

pressure builds up until the whole powder bed moves at once. Fig. 8
shows a close-up (in the centre of a 90◦ reservoir) of the formation
of such a powder slug that spans the entire reservoir height.

The mechanism of dose fluidisation was observed to be con-
sistent for each powder tested whatever the reservoir geometry

Fig. 8. A sequence of frames from the fluidisation of lactose 16% powder showing a full ch
0.050, 0.051 and 0.052s) is the centre of the reservoir, highlighted in the full reservoir imag
clarity.
30 kPa s−1 pressure drop gradient. All frames were captured at an identical time of

or applied pressure drop gradient. Glass and aluminium powder
fluidisations were visually indistinguishable, occurring with an ero-
sion mechanism. The fluidisation of lactose 16% fines occurred
under a fracture mechanism. The lactose 6% fines powder exhibits a
milder fracture mechanism than the 16% fines powder: cracks still

annel-width powder bed fracture. The area shown in the 4 frames (at times 0.049,
e on the left. The images have been converted to binary black and white to improve
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Fig. 9. A diagram illustrating the typical flow in the 0◦ dose reservoir. Note the
recirculation zone at the trailing edge of the reservoir that lifts the powder up into
the main airflow.

form in the powder bed and large agglomerates were entrained
into the airflow, but the agglomerate size was typically smaller than
those observed in the fluidisation of the 16% fines powder.

The rate of fluidisation increased with a larger pressure drop
gradient (i.e. stronger inhalation) for all powders and reservoir
geometries tested. This effect is discussed further in the presen-
tation of the quantitative results (Section 3.3). Other than a change
in the fluidisation rate, no other differences induced by varying the
applied pressure drop gradient were observed. For example, the
mechanism of fluidisation remained independent of the applied
pressure drop gradient for the range tested.

The reservoir geometry had a significant effect on the dose flu-
idisation process, although the bed break-up mechanism (erosion
or fracture) remains consistent for each powder type. Fluidisation
in the 90◦ and 45◦ reservoirs have similar traits: in both cases the
powder dose initially blocks the airflow and the visually observable
differences in powder fluidisation are minimal. Fluidisation from
the 45◦ reservoir occurs at a slightly lower pressure drop across the
reservoir and in a shorter time than the 90◦ reservoir. In addition,

there are less fluid flow artifacts (such as the small recirculation
zone that forms at the square corners of the 90◦ reservoir).

The powder bed in the 0◦ reservoir does not block the airflow,
and this prompts a different dose fluidisation process to that seen in
either the 90◦ or 45◦ reservoirs. Although the overall process is dif-
ferent, the bed break-up mechanism (erosion or fracture) remains
consistent with the other geometries for each particle type. A recir-
culation zone forms at the downstream edge of the 0◦ reservoir
and pushes the particles up into the main channel where they are
entrained into the flow out of the reservoir. Fig. 9 shows a schematic
of the process, and Fig. 10 contains a sequence of images illustrating
the process for both glass and lactose 16% fines powder.

3.3. Quantitative analysis

The fluidisation videos from the 90◦ reservoir were post-
processed to quantitatively compare the effect of different powder
types and pressure drop gradients. We used the mean pixel inten-
sity of the reservoir as a measure of the amount of powder in this
area. The intensity was measured as a normalised value between
0 and 1. Black has an intensity of 0, and pure white an intensity of

Fig. 10. Two video frame sequences depicting the fluidisation of lactose 16% fines (botto
−30 kPa s−1. The initial frame is taken after 0.26s for glass, and 0.18s for the lactose 16% fi
Fig. 11. 90◦ reservoir intensity plotted against time under the influence of a
−30kPa s−1 pressure drop gradient. Note that each plotted fluidisation (i.e. a single
data line) is the mean average of three repeated tests.

1. At the beginning of a test the reservoir is completely filled with
powder and little light passes through to the camera which results
in a low mean intensity (typically 0.2). As the powder is entrained
into the airflow and leaves the reservoir, there is less powder to
block the passage of the back-lighting to the camera, and the inten-
sity increases. It reaches a maximum value of about 0.5 when the
reservoir is completely emptied. The intensity over the duration of
a test can be plotted against either the pressure drop across the
reservoir or the time to quantitatively characterise a fluidisation.
Fig. 11 illustrates the 90◦ reservoir intensity plotted against time
under the influence of a −30 kPa s−1 pressure drop gradient. The fig-
ure confirms that the fluidisation of lactose 16 and 6% fines occurred
at a faster rate than either aluminium or glass. The glass and alu-
minium powder fluidised via a gradual erosion mechanism, whilst
the lactose blends fluidised through fracture. The plot shows that
the fracture process produces a quicker emptying of the reservoir
than an erosion mechanism under the same applied pressure drop
gradient. Although the figure illustrates data from just one pressure
drop gradient, similar patterns held true for the other gradients
tested. Fig. 12 plots the same intensity data against the pressure
drop across the reservoir instead of time. It shows that the lactose
powders fluidise at a lower pressure difference across the powder
bed than either aluminium or glass. In addition, both Figs. 11 and 12
show that aluminium and glass have very similar fluidisation pat-
terns. This confirms the qualitative observation that the fluidisation
of the two powders was visually indistinguishable.

Note that each fluidisation line plotted in these diagrams is the
mean of three repeated tests performed consecutively. This pro-
duces consistent results and smoothes out any test-to-test variation
in the fracture mechanism fluidisations. For example, Fig. 13 illus-

m) and glass powder (top) from the 0◦ reservoir with a pressure drop gradient of
nes. Subsequent frames for both powders are shown at 0.06 s intervals.
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Fig. 14. 90◦ reservoir intensity plotted against time for lactose 16% fines powder.
Fig. 12. This plot illustrates the same data as Fig. 11, but plots the intensity against
the pressure drop across the reservoir instead of time.

trates two batches of lactose 16% fines data plotted on the same

diagram. Each ‘batch’ consisted of three tests performed consecu-
tively, and the two sets were separated by a week period in which
the optical DPI was dismantled and reassembled.

Figs. 14 and 15 show the 90◦ reservoir intensity data for lac-
tose 16% fines powder under a number of different pressure drop
gradients. Fig. 14 shows that a larger pressure gradient produces
a proportionally faster fluidisation. Fig. 15 shows that for all gradi-
ents, the extent of the reservoir emptying process is dependent only
on the pressure, and is independent of the pressure gradient. It is
speculated that this independence can be attributed to the fracture
mechanism of fluidisation that lactose 16% fines undergoes. As the
pressure increases, the force exerted on the powder bed increases,
and parts of the bed will fracture and become entrained in the flow
when this force reaches a critical value. The rate at which this force
changes, or the time taken to reach the critical force does not affect
the powder bed. We observed a similar pattern for the lactose 6%
fines powder, but glass and aluminium powders appear to exhibit
quite different behaviour.

Fig. 16 shows intensity data for the glass powder. In this case,
the amount of powder remaining in the reservoir at a particular

Fig. 13. 90◦ reservoir intensity plotted against pressure under the influence of a
−30 kPa s−1 pressure drop gradient for lactose 16% powder. Data from two different
batches of repeated tests are plotted. These test batches were separated by a week
period in which the optical DPI was dismantled and reassembled.
Fig. 15. 90◦ reservoir intensity plotted against pressure drop for lactose 16% fines
powder.

pressure is dependent on the pressure drop gradient. The intensity
data for the aluminium powder exhibits a similar pattern. There
are a number of possible explanations for this observed effect. The
number of particles entrained may be dependent on the length
of time that the powder bed has been exposed to the flow. New

Fig. 16. 90◦ reservoir intensity plotted against pressure drop for the glass powder.
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The fracture mechanism results in large agglomerates breaking
Fig. 17. Speculated reservoir cross-sections under an erosion fluidisation, alongside
the observed 2D images. Note frame 2 in particular—although there is airflow pass-
ing through the reservoir (and powder entrained into the outlet flow), the powder
at the side of the reservoir obscures the 2D view of the channel.

particles are entrained only once the layer of particles on top
of them have been removed, and this layer-by-layer stripping
of the bed is likely to be time dependent. Alternatively, it
should be noted that the experiment we conducted measures
a three-dimensional (3D) process with a 2D methodology: by
using back-lighting to view the reservoir, any variation across
the width of the reservoir is obscured. For example, the spec-
ulated 3D process of an erosion fluidisation is illustrated in
Fig. 17 alongside the 2D images recorded. This 2D approxima-
tion may introduce inaccuracies in the presented quantitative
results.
armaceutics 358 (2008) 238–247

3.4. Characterising the fluidisation method

The experimental results presented and discussed in Sections
3.2 and 3.3 clearly demonstrate two distinctly different pow-
der bed break-up mechanisms in the dose reservoir, erosion and
fracture. In our results the mechanism depended solely on the
powder type, and remained consistent for all reservoir geome-
tries and pressure drop gradients. This is similar to both fluidised
bed technology and pneumatic conveyance, in that the powder
properties are the dominate factor in determining the system
behaviour. Thus it should be possible to predict the mechanism
that occurs within a DPI for any powder based on its material prop-
erties. The tested powders can be grouped by break-up mechanism
(lactose 16 and 6% fines fracture, glass and aluminium particles
erode), to search for a matching pattern in their bulk properties
(Table 1).

Ranking the tested powders by the bulk parameters measured
by a shear tester (e.g. flowability, unconfined yield strength, cohe-
sion, porosity) produces the list: glass, lactose 6% fines, aluminium
and then lactose 16% fines. Clearly none of these bulk parameters
provide a possible indication of the fluidisation mechanism. How-
ever, the same grouping as that by mechanism occurs in the Geldart
classification (Fig. 3), based on the solid density and average particle
size. Indeed, we speculate that the lactose blends have been mis-
classified in this instance and behave as group C powders. This may
be due to the insensitivity of the Geldart classification to the propor-
tion of fines within a lactose blend, as it is based on a volumetrically
averaged particle diameter. However, the limited number of pow-
ders tested make the formation of any mechanism prediction
rules impossible at present, and further work is required in this
area.

4. Conclusion

We have identified two distinct mechanisms of dose fluidisa-
tion from inline DPIs, labelled ‘erosion’ and ‘fracture’ in this paper.
Similar to fluidised beds and pneumatic conveyance, the domi-
nate factor determining this mechanism is the powder material
properties. In the range tested the mechanism is independent of
dose reservoir geometry or pressure drop gradient (i.e. inhalation
type). Of the powders tested, both lactose powders (6 and 16% fines)
exhibited a fracture fluidisation, and aluminium and glass fluidised
through an erosion mechanism.
off from the powder bed as it cracks along lines of weakness. The
alternative erosion mechanism is slower: a small channel forms
through the powder bed which gradually enlarges until all the
powder is entrained into the inhalation flow. The fracture mech-
anism occurs faster and initiates at a lower pressure drop across
the dose reservoir than the erosion mechanism for the powders
tested.

Quantitative analysis of the lactose fracture mechanism has
shown that the fraction of the DPI dose fluidised depends on the
instantaneous inhalation pressure only, and is independent of the
pressure profile history. This is not true for the erosion mechanism
of aluminium or glass powder, which exhibits a dependence on the
previous pressure profile history of the inhalation.

In common with fluidised bed technology and pneumatic con-
veying behaviour, the mechanism of dose fluidisation cannot be
predicted using bulk powder properties (such as flowability or
unconfined yield stress measured by a shear tester). Although
some similarity exists with the fluidised bed Geldart powder
classification, further work is required in this area before any con-
clusions extending beyond the currently examined powders can be
reached.
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