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Scale-up of agitated drying processes to minimize particle size changes in active pharmaceutical ingredients (API) can
be challenging. Particle agglomeration or attrition problems due to agitated drying are often discovered on the initial
scale-up from the lab to the plant. Traditional laboratory drying equipment has not successfully reproduced the degree
of agglomeration or attrition observed at scale. This discrepancy may be attributed to the ability of particulate solids,
such as crystalline API’s to transfer stresses from the normal direction into the shearing direction. As batch size
increases during scale-up, the compressive and shearing forces experienced by the API increase. To overcome this limi-
tation, a modified laboratory setup was constructed which reproduces the range of hydrostatic pressures observed dur-
ing scale-up. This work highlights the use of the modified setup to characterize the propensity for particle attrition to
occur at different stages of the drying process by measuring impeller torque. Torque measurements of the API powder
at different hydrostatic pressures revealed a behavior consistent with Coulomb’s law of friction. The torque data
obtained from these measurements were used to determine the bulk friction coefficient for API powder beds at different
liquid content. Additionally, the amount of work done by the impeller blades was correlated to the degree of particle
attrition observed. A workflow for assessing risk of API attrition at scale is described. VC 2014 American Institute of

Chemical Engineers AIChE J, 61: 407–418, 2015

Keywords: active pharmaceutical ingredient, agitated drying scale-up, powder rheology, particle attrition

Introduction

A large portion of commercial pharmaceutical products
involve oral dose formulations. The physical properties of
the active pharmaceutical ingredient (API) in this type of
formulation can often impact drug product performance.1 In
particular, the particle-size distribution of the API can have
an effect on the stability, bioavailability, dissolution rate and
content uniformity of the drug product, and on the reproduci-
bility of the manufacturing process.2 As such, great care is
taken during the production of the API to achieve a targeted
particle-size distribution. Control of the API particle-size dis-
tribution is traditionally achieved via batch crystallization
processes1 or by milling.3 A significant amount of effort
goes into designing crystallization and milling processes that
consistently produce the desired API properties on scale-up.4

The goal of the isolation and drying operations is then to
further purify the API while preserving the particle-size dis-
tribution achieved upstream. However, the API particle-size
distribution can also be affected by the drying process. Parti-

cle size alterations can occur during drying due to particle
attrition5 and agglomeration.6,7 These phenomena are most
prevalent in agitated dryers as particles are often subjected
to large compressive and shearing forces. At the same time,
agitated dryers can improve heat and mass transfer thus
reducing the time needed for the drying operation. They are,
therefore, commonly used in the manufacturing of API’s.
Additionally, agitated filter dryers have the advantage of
combining the filtering and drying operations in one piece of
equipment thus decreasing the occupational exposure to the
API during manufacturing.

Scale-up of agitated drying processes to minimize particle
attrition and agglomeration has been problematic in the phar-
maceutical industry.6 Particle size changes during drying are
often discovered on the initial scale-up from the lab to the
plant. Several factors can influence the degree of attrition or
agglomeration observed at scale. Operating parameters such
as agitation rate, liquid content of the particle bed, drying
temperature, and pressure can have an effect on particle-size
distribution.8–10 Equipment configuration such impeller blade
design and angle of the walls can lead to differences in parti-
cle size changes across equipment.11–14 Material properties
such as the crystal morphology and crystal strength of the
API have been found to affect the degree of attrition
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observed during agitated drying.15 These complexities have
made the scale-up of agitated drying processes challenging.

Traditional laboratory drying equipment has not success-
fully reproduced the degree of agglomeration or attrition
observed at scale. At the heart of this problem is the charac-
teristic of particulate solids, such as crystalline API’s, to
transfer stresses from the normal direction into the shearing
direction.16 As such, the shearing and compressive forces
experienced by the particles change dramatically during
scale-up. Remy et al.17 demonstrated this phenomenon via
Discrete Element Method (DEM) simulations of bladed
mixers at different scales. The authors found that, above a
critical scale, normal and shear stress profiles scale linearly
with the total weight of the particle bed. These results sug-
gest that, to reproduce the shear stresses observed at scale,
the same normal stresses or hydrostatic pressure experienced
at scale must be applied in the lab. As laboratory units are
design to use a small amount of material (� 10 to 100 g),
the hydrostatic pressure typically observed in traditional lab-
oratory drying equipment is orders of magnitude lower than
at scale.

To overcome this limitation, Lamberto et al.18 constructed

a laboratory setup which reproduced the range of hydrostatic

pressures observed at scale. The setup consisted of a small

cylindrical unit mechanically agitated by an impeller in

which a normal load is applied by placing a weight on top

of the particle bed. The authors developed a standardized

protocol to test the propensity for attrition of API particles at

scale with the modified laboratory setup. Based on the

degree of attrition observed in the lab unit, an API would be

classified as having a high, medium, or low risk for attrition

during scale-up. With this methodology, the degree of attri-

tion observed in the lab was the same order of magnitude as

what was observed at scale for several API’s. Following this

work, am Ende et al.19 used a similar setup as a screening

tool to determine the propensity of API’s to undergo attrition

or agglomeration during agitated drying. The authors also

used impeller torque data from a lab scale mixer to charac-

terize agglomeration risk for powder beds with different lev-

els of wetness. A ranking scale, based on the impeller torque

data, was developed which characterized the risk of agglom-

eration at scale.
The studies done by Lamberto et al.18 and am Ende

et al.19 are the first reported in the literature to mimic in the
lab the degree of attrition and agglomeration observed during
scale-up. The experimental procedures developed in these
studies can inform the risk of attrition and agglomeration at
scale and serve as screening tools. In terms of scale-up, it
would be advantageous to have a laboratory tool that could
mimic and potentially predict the behavior of the powder
bed at larger scales. Specifically, developing tools which can
provide understanding of the underlying physics of the
behavior and delineate the relationship between API material
properties and the tendency for attrition (or agglomeration)
are goals in this work. We build on the findings of Lamberto
et al. and am Ende et al. and describe a new methodology
for predicting the degree of attrition during scale-up from
knowledge of API material properties. A similar lab setup to
the one developed by Lamberto et al. was used in this work
to reproduce the magnitude of the hydrostatic pressure
observed at scale. Torque measurements were used to corre-
late the amount of shear stress experienced by the API par-
ticles to the degree of attrition. Torque data were also used

to measure the bulk friction coefficient for API powder beds
with different levels of wetness. This information was then
used to build a correlation between the amount of work done
by the impeller blades and the degree of attrition at scale. A
Bristol-Myers Squibb API currently in clinical development
was used as the test material to demonstrate this
methodology.

Experimental Method

Experimental setup

The laboratory unit used for this work is shown on Figure
1. It consists of a glass cylindrical vessel agitated by an
impeller with two blades pitched at a 60� angle. The cylinder
has an internal diameter of 60 mm, an internal height of
170 mm, and a volume of 500 mL. The height of the blades
is 15 mm, and the diameter of the blades 55 mm. The clear-
ance of the blades from the bottom of the cylinder is approx-
imately 10 mm. A Teflon disk is inserted through the
impeller assembly and weights are place on top of the disk.
The Teflon disk sits on top of the API powder and distrib-
utes the normal load onto the particle bed during agitation to
mimic the hydrostatic pressure experienced at scale. Table 1
shows the typical range of hydrostatic pressure experienced
by API particles as the drying process is scaled from the lab
to the pilot plant and ultimately to the commercial scale.
The values shown in Table 1 were calculated using the
equipment sizes used at Bristol-Myers Squibb during agi-
tated drying scale-up. The size and number of weights
applied to the API powder can be modified in the laboratory
setup to simulate the range of pressures listed in Table 1.

In this setup, torque is measured using a load cell attached
to a metal arm that pivots around a rotating table in which
the glass vessel assembly sits as shown in Figure 1. As the
blades move through the powder bed, the rotation of the

Figure 1. Laboratory setup.

(a) Photograph of equipment and (b) schematic of agi-

tated glass vessel. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.

com.]

Table 1. Range of Hydrostatic Pressures Experienced by the

API Powder During Scale-Up of Agitated Drying

Scale Pressure (kPa)

Traditional lab scale dryer (50 g) 0.2
Pilot plant dryer (150 kg) 1.4
Commercial scale dryer (500 kg) 3.0
Modified Lab scale dryer (50g) 0.2–3.6
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glass vessel causes the pivot arm to apply force on the load
cell. Average torque is calculated by multiplying the meas-
ured force by the length of the pivot arm. In our work, the
torque signal was recorded once every second. With this
setup, the average shear stress experienced by the powder
bed can be calculated from the equation given by Darelius
et al.20

hshri5
T

2pR2
cylH

(1)

where hshri is the average shear stress, T is the measured tor-
que, Rcyl is the radius of the glass vessel and H is the total
height of the powder bed when the blades are rotating. As
torque can be correlated to shear stress by the equation given
above, knowledge of agitator torque throughout the drying
process could, in principle, be used to determine whether
particles size changes are occurring. It should be noted that
the torque measuring setup used in this study does not allow
for direct measurement of torque during dynamic drying
experiments. The jacket connections for the glass vessel
would prevent the torque table (on which the vessel sits)
from moving freely. For this study, we performed a number
of agitation experiments for particle beds at room tempera-
ture and constant bed wetness (dry and wet particle beds).
Although this represents an approximation of the drying pro-
cess, it provides a way of studying the effect of liquid con-
tent on shearing of the powder bed and separates it from the
effect of drying rate and temperature. This method can also
be used to indicate when particle size changes are most
likely to occur as a function of liquid content; information
which is useful when designing the agitation protocol during
scale-up of the drying process.

A Bristol-Myers Squibb API currently in clinical develop-
ment was used as the test material for this study. This API
had been shown to undergo a significant amount of attrition
during agitated drying at the pilot plant scale. As such, it
provided a good test material for laboratory attrition studies.
Images of the API particles before and after agitated drying
are shown in Figure 2. These images were obtained using a
Scanning Electron Microscope (SEM). Figure 2a shows that
the API particles before agitated drying have a long aspect
ratio with a “rod-like” morphology. The long aspect ratio
leads to a low bulk density powder when these API particles
are dried in a tray drier without agitation (0.1 g/mL). When
this material undergoes agitated drying, the particles break
mostly length wise leading to shorter particles with lower
aspect ratios as can be seen from Figure 2b. The lower
aspect ratio of the agitated dried material leads to a higher
bulk density after agitated drying (0.4 g/mL). It should be

noted that particle agglomeration was not observed for this
API during agitated drying at scale. As such, this material
provides the opportunity to study particle attrition due to agi-
tation while decoupling it from particle agglomeration.

At the start of each experiment, the powder is charged

into the glass vessel from the top while the agitator blades
are located at the bottom. A total of 50 g of API were used

per experiment. Once the powder is charged, the Teflon plate

is lowered to the top of the powder bed and the lead weights
are placed on top of the Teflon plate. The powder is then

agitated at 15 RPM until the torque signal reaches steady

state (normally between 30 and 60 min of agitation). Agita-
tion is then stopped; the lead weights and Teflon plate are

taken off carefully without disturbing the powder bed. The

part of the powder bed that is not within the height of the
blades is removed leaving the portion of the powder bed

within the span of the blades. A sample is taken from the

powder bed within the span of the blades and analyzed for
particle-size distribution using laser diffraction measure-

ments. A wet dispersion method was developed and qualified

for particle size measurements of the test material API

ensuring sufficient solids suspension in the analysis chamber
and minimal particle breakage during measurements.

Dry and wet powder beds were tested in this study. Pow-

der beds were considered to be dry when their solvent con-

tent was below 0.5 wt% as measured by a Loss on Drying

(LOD) test. Wet powder beds in this study have LOD values

above 1.0 wt% and are wet with n-heptane. The solubility of

the test material API in n-heptane is less than 1.0 mg/mL

ensuring no dissolution of the API material into the solvent

phase during the experiments. Agitation studies were con-

ducted at different LOD levels for wet powder beds. The

wet powder beds are tray dried prior to the agitation studies

until the desired LOD level is reached. The wet powder is

then loaded into the glass vessel and the procedure outlined

before is followed.
The experimental data shown in this work were obtained

using a fixed agitation rate of 15 RPM. Agitation studies at
different agitation rates were conducted for blade speeds
ranging from 10 to 100 RPM. These experiments showed
that agitator torque is constant within this RPM range when
torque is plotted against the number of impeller revolutions.
This behavior suggests a quasi-static flow regime in which
momentum transfer is governed by frictional contacts within
the particle bed and is independent of shear rates. These
results are also consistent with DEM simulations which have
shown a quasi-static flow regime for particle beds agitated in
bladed mixers21 at low RPM’s; a geometry similar to agi-
tated dryers. Agitation rates below 10 RPM could not be

Figure 2. SEM pictures of API before and after drying (pilot plant).

(a) API before agitated drying; bulk powder density 5 0.1 g/mL and (b) API after agitated drying; bulk powder density 5 0.4 g/mL.
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achieved with our experimental setup as the variable fre-
quency drive used for this study was unable to control the
agitation speed consistently in that range. The agitation rate
of 15 RPM ensures that the flow occurs within the quasi-
static regime. Additionally, this agitation speed is representa-
tive of the plant operating conditions.

Particulate Flows in the Quasi-Static Regime

Several characteristics of API powder beds during agitated
drying are consistent with the behavior of particulate flows
in the quasi-static regime. As such, a brief review of the rhe-
ology of quasi-static flows is provided. The rheological
behavior of particulate solids is significantly different from
that of molecular fluids. Although the dynamics of fluid sys-
tems are often adequately described by continuum treatments
such as the Navier–Stokes equations, an equivalent set of
equations for particulate systems is not readily available.
The relationship between stress and strain rates is not well
established due to the diverse behavior exhibited by particu-
late solids. A particle assembly may behave as a viscoelastic
solid or as a liquid depending on the localized concentration
and stress. When a granular material behaves as a visco-
elastic solid, it is able to support large loads such as building
foundations by distributing the load across frictional contacts
within the particle bed.22 In contrast, natural disasters such
as avalanches and landslides occur when particles within a
granular assembly move freely and independently from each
other leading to a liquid-like behavior.

Particulate flows at high concentrations and low shear
rates tend to fall in the quasi-static regime where particles
experience sustained contacts with their neighbors and
momentum transfer is governed by the forces generated from
the particle-particle contacts.23 In this regime, the frictional
particle contacts give rise to a yield stress which must be
overcome to induce flow.24 At shear stress values below the
yield stress, the particle assembly remains stationary and
behaves as a rigid solid. When shear stresses are above the
yield stress, the particle assembly begins to flow. During
flow, the sustained contacts generate stresses which are inde-
pendent of the rate of deformation (i.e., independent of agita-
tion rate). The rate independence of the shear stress can be
explained by considering that, at low shear rates, the average
number of frictional contacts remains constant during flow.25

The magnitude of shear stresses in the quasi-static flow
regime is, however, proportional to the magnitude of the nor-
mal stress (or pressure) as described by Coulomb’s law of
friction20

s5r tan u1Cf (2)

where s is the shear stress, r is the normal stress and u is
the angle of internal friction. The tan u term is referred to as
the bulk friction coefficient of the material. The term Cf

describes the cohesiveness of the material with positive val-
ues of Cf corresponding to cohesive materials while Cf50
for noncohesive systems. The Cf and tan u terms in Eq. 2
are generally regarded to be characteristic properties of a
material.

Results and Discussion

Characterization of attrition in dry material

We begin by characterizing the effect of agitation on par-
ticle attrition for dry powder beds. Initial scale-up of the agi-

tated drying process for the test material API revealed that
the most prominent effect of agitation was breakage of the
particles lengthwise. Using our modified laboratory setup,
we were able to follow the kinetics of particle breakage for
this API in the laboratory. Figure 3a shows a typical torque
vs. time curve for agitation of the dry API with 2.0 kPa of
pressure; a pressure within the typical range observed in the
larger scale equipment (see Table 1). Figure 3b shows the
initial 300 s of the torque signal from Figure 3a. Figure 3c
shows corresponding particle size distribution (PSD) profiles
at various time intervals for this experiment. As the impeller
blades begin to rotate, the torque signal spikes from 0 Nm to
roughly 0.1 Nm in the span of a few seconds (Figure 3b).
This initial spike in the torque is associated with the yield
stress of the dry material. At torque values below the yield
stress, the powder bed remains stationary and the material
behaves like a rigid solid. Flow is induced once torque val-
ues are above the yield stress. A similar behavior was
observed by Karmakar et al.26 for soil beds at different mois-
ture contents and it is consistent with the behavior of visco-
plastic fluids.

After the initial spike in torque, the material yields and
begins to flow. The magnitude of the torque then decreases
from approximately 0.1 to approximately 0.05 Nm within a
few seconds. However, once flow is induced, the torque sig-
nal increases until steady state is reached after roughly 30

Figure 3. Torque profile and PSD for dry API with 2.0
kPa pressure applied.

Agitation conditions: 15 RPM for 60 min. (a) Torque

profile, (b) Initial 300 s of the torque profile from Fig-

ures 3a, (c) particle-size distribution of API before agita-

tion and after 7, 30, and 60 min of agitation.
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min of agitation (Figure 3a). The increase in torque is asso-
ciated with the densification of the powder bed due to parti-
cle breakage. The mean particles size (D50) of the material
prior to agitation was measured to be 65 lm (“0 min” PSD
curve in Figure 3c). These long, rod-like particles trap a sig-
nificant amount of air and pack very loosely leading to a
low bulk density powder (�0.1 g/mL bulk density). During
agitation, the shearing action of the blades begins to break
the particles lengthwise leading to shorter particles that can
pack better. After just 7 min of agitation, the mean particle
size is reduced to 32 lm (“7 min” PSD curve in Figure 3c).
As the particles break during agitation, a larger amount of
energy is required to maintain flow as the number of fric-
tional contacts within the powder bed increase due to densifi-
cation of the material. The increase in energy needed to
maintain flow is captured in the increase of torque. The pla-
teau in the torque signal observed after 30 min was found to
correspond to the end of the particle breakage process. Fig-
ure 3c shows very similar PSD profiles at 30 and 60 min of
agitation with a mean particle size of 29 lm. The bulk den-
sity of the powder after the 60 min of agitation was meas-
ured to be approximately 0.4 g/mL; significantly higher than
that of the input material and similar to the bulk density
observed after agitated drying at the pilot plant scale. The
PSD profiles and torque trends were found to be reproduci-
ble over several experiments at the conditions used for
Figure 3.

Torque fluctuations can be observed in Figure 3a after the
system has reached a steady state after 30 min of agitation.
The torque signal fluctuates between 0.2 and 0.3 Nm. A Fast
Fourier Transform (FFT) analysis of the torque signal at
steady state revealed that the main frequency of the fluctua-
tion is equal to the rotation frequency of the blades (0.25 Hz
for a blade speed of 15 RPM). The power spectrum obtained
from the FFT analysis in shown in Figure 4. These results
are consistent with the DEM simulation results in bladed
mixers reported by Remy et al.21 where periodic pressure
and shear stress fluctuations were observed throughout the
particle bed. The torque fluctuations suggest that the material
compresses when the blades are present and dilates in-
between blade passes leading to higher particle breakage
near the impeller blade. Fluctuations in torques at frequen-
cies lower than the blade speed are also observed. These
fluctuations are smaller in magnitude and can be attributed
to slip-and-stick behavior as the particles flow past one
another. It should be noted that blade speed did not have a
significant effect on the mean and amplitude of the torque

fluctuations. Instead, blade speed affected the frequency of
the fluctuations suggesting that blade speed provides the
time scale for the particle breakage process within the range
of RPM studied (10–100 RPM).

The hydrostatic pressure/normal stresses experienced by
the API particles increases significantly as the agitated drying
process is taken from the laboratory to the plant. As shear
stress scales with the pressure in the quasi-static regime,24 it
might be expected that attrition kinetics during agitated dry-
ing would be dependent on hydrostatic pressure. The effect
of pressure on torque signal and on API PSD is shown in
Figure 5. Figure 5a shows the torque profiles at three differ-
ent hydrostatic pressures. It should be noted that the torque
profiles shown in Figure 5a were obtained by applying a
moving average filter in which the torque signal is averaged
out over the course of 60 s. Figure 5b shows the PSD profiles
obtained after 60 min of agitation at each pressure. The PSD
of the starting material for these experiments is shown in Fig-
ure 5b. The lowest pressure case (0.2 kPa) represents the typ-
ical pressure achieved in a traditional lab agitated dryer for a
50 g experiment. At this pressure, the torque signal spikes
initially as the yield stress is overcome and remains fairly
constant throughout the course of the experiments while tor-
que increases for the 1.1 and 2.0 kPa cases until a steady
state is reached. Particle breakage was observed at the low
pressure with the mean particle size decreasing from 65 to 47
lm (Figure 5b). However, the degree of attrition observed at
the higher pressure settings (1.1 and 2.0 kPa) was signifi-
cantly higher. The mean particle size for the higher pressure
experiments (1.1 and 2.0 kPa) was approximately 28 lm after
60 min of agitation as can be seen from Figure 5b. These

Figure 4. FFT Analysis of Torque profile after steady
state is reached from Figure 3.

Figure 5. Effect of pressure on torque profile and PSD.

(a) Torque profile for dry API with pressures applied

agitated at 15 RPM for 60 min, (b) PSD of API before

agitation and after 60 min agitation at 15 RPM. Note: a

moving average filter was applied to the data shown in

Figure 5a. The plotted values represent an average of

the torque over 60 s.

AIChE Journal February 2015 Vol. 61, No. 2 Published on behalf of the AIChE DOI 10.1002/aic 411



results provide an explanation as to why traditional laboratory
equipment has not consistently captured the propensity for
attrition of API particles during agitated drying. The lower
hydrostatic pressures which are typically achieved in the lab
lead to shear stresses which are orders of magnitude lower
than what the API particles experiences at scale.

The increase in torque observed at higher pressures is
indicative of the densification of the material as the particles
break. The bulk densities of the powders after the 1.1 and
2.0 kPa experiments were very similar at approximately
0.4 g/mL. A lower bulk density of 0.2 g/mL was obtained
for the 0.2 kPa case suggesting that the flat torque signal is
due to a lower degree of densification during agitation. The
time for the torque signal to reach steady state was different
at each pressure. Although steady state is reached within a
few minutes for the 0.2 kPA case, steady state is reached
around 20 min for 1.1 kPa and around 30 min for 2.0 kPa.
The value of the torque at steady state at 1.1 kPa is roughly
half of that at 2.0 kPa. This is consistent with Coulomb’s
law of friction which predicts a linear dependency of shear
stress on normal stress.

Based on the results presented thus far, we hypothesized
that the particle breakage observed in the pilot plant could
be reproduced in the lab by matching the hydrostatic pres-
sure experienced by the API particles at scale. Additionally,
as torque was found to be independent of blade speed, the
number of blade passes experienced by the API at scale was
matched in the lab. Figure 6a shows a comparison of the
particle-size distribution for the pilot plant and laboratory
setup when the hydrostatic pressure and number of blade
passes were matched (1.1 kPa and 510 blade passes). Figures

6b, c show SEM images of the lab material before and after
agitation, respectively (SEM images for the pilot plant mate-
rial are provided in Figure 2). As can be seen from these fig-
ures, for comparable starting materials, the laboratory test
matched the entire particle-size distribution profile observed
in the pilot plant. As the material is agitated in the lab under
similar conditions as in the plant, the particles break mostly
across their short axis leading to shorter particles which pack
better than the starting material. The laboratory test was able
to match the final bulk density of the powder obtained from
the pilot plant dryer (�0.4 g/mL). These results suggest that,
for materials in which particle attrition is the dominant
mechanism during agitated drying, the resulting particle size
can be predicted from laboratory scale experiments in which
the pressure and number of blade passes are kept constant.

Characterization of Attrition in Wet Material

During drying, the powder bed is agitated under different
levels of liquid content. Agitation is applied to promote heat
and mass transfer and reduce the time needed for the drying
operation. The presence of a liquid phase gives rise to differ-
ent phenomenological behaviors in wet materials from what
is observed in dry systems. The apparent friction and cohe-
sion between particles change even with small amounts of
liquid present, leading to changes in shear stresses as the wet
material flows.27 In this section, we characterize the degree
of attrition observed in agitated API powder beds wet with
n-heptane. As mentioned earlier, the API solubility in n-hep-
tane is very low, preventing dissolution of the API in the liq-
uid phase during the agitation experiments.

Figure 6. Comparison of lab attrition vs. pilot plant attrition.

(a) PSD for API dried in lab and pilot plant under similar pressure/# of blade passes, (b) SEM picture of lab API before agitation,

and (c) SEM picture of lab API after agitation. Note: Plant material SEMs are shown in Figure 2.
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Torque profiles for dry API and wet API with 3% LOD
are presented in Figure 7 for a hydrostatic pressure of 2.0
kPa. Several authors have shown that torque profiles for agi-
tated particle beds change with the moisture content of the
bed.19,26 The results shown in Figure 7 are consistent with
these observations from the literature. The increase in torque
observed for the dry system is not present in the wet mate-
rial torque signal. The magnitude of the torque is signifi-
cantly less for the wet material. The torque signal for the
dry material reaches a value of approximately 0.25 Nm
while the torque signal for the wet material remains below
0.1 Nm throughout agitation. The lower torque signal sug-
gests a lower degree of attrition (and densification) for the

wet material. This is confirmed by the PSD profiles and
SEM pictures presented in Figure 8. The PSD profile
remains almost unchanged after 7 and 30 min of agitation at
3% LOD. As such, the bulk density of the wet material after
agitation also remains low (�0.1 g/mL). Several reasons
could lead to the lower torque and minimal particle attrition
observed for the wet material. The liquid phase present in
the wet system could act as a lubricant when the particles
come in contact during flow. This lubrication effect could
lower the apparent friction at the particle level thus lowering
the amount of shear stress generated during agitation and
minimizing the amount of particle breakage. Figures 8b, c
offer an additional clue as to the effect of the liquid phase.
When liquid is present, the thin rod-like particle can stack
up along the main axis, forming agglomerates held together
by cohesive forces. Formation of similar agglomerates in a
wet bed of rod-like particles has been reported by Lekhal
et al.15 Similar to the effect of stacking wood lengthwise to
form stronger wood composites, the formation of these API
agglomerates can lead to an increase in crystal strength
along the main axis thus reducing the tendency for the pri-
mary particles to break. It should be noted that these
agglomerates are not preserved when the wet material is
dried.

Wet particle beds with LOD ranging from 1% to 14%
showed significantly lower torque and less particle attrition
when compared to the dry material. Table 2 shows the effect
of LOD on particle attrition for the test material API. The
data shown in this table were collected by agitating API
powder beds at 2.0 kPa for 60 min in the laboratory unit.
The percent reduction in particle size was calculated by tak-
ing the difference between the mean particle size of the
starting material and the mean particle size of the material
after agitation and then dividing it by the mean particle size

Figure 7. Effect of LOD on Torque (2.0 kPa, 30 min,
15 RPM).

Note: moving average filter applied to torque signal.

Figure 8. Effect of LOD on PSD and SEM.

(a) PSD of API before and after agitation (3.0% LOD, 2.0 kPa), (b) API SEM before agitation, and (c)API SEM after 30 min of

agitation (3% LOD, 2.0 kPa).
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of the starting material. At high levels of liquid content (14
wt %), almost no attrition occurs. The degree of attrition
increases as LOD decrease. It should be noted that this
behavior is API and material specific. There are several
examples in the literature18,19 that show wet API powders
which are more susceptible to particle breakage than dry
API powders. For the API used in this work, agitation of dry
material results in higher attrition than agitation of wet mate-
rial. For this API, a significant increase in particle attrition is
observed when LOD decreases from 1.1% LOD to <0.5%
(i.e., dry material). This suggests the existence of a critical
liquid content level below 1.1% LOD. Above the critical liq-
uid content, minimal particle attrition occurs and below it
particles are more susceptible to attrition. The existence of
critical wetness levels during drying has been previously
reported by Lekhal et al.8,15

It could be argued that the decrease in torque observed for
the wet material in the lab is a result of the decreased mobil-
ity of the particle bed in the lab apparatus under the higher
pressures. The lab vessel diameter is significantly smaller
than the diameter of the pilot plant unit and the presence of
the lead weights could reduce the ability of the wet powder
bed to dilate, rearranging the particle orientation and poten-
tially leading to attrition. However, inspection of the impel-
ler current draw data from the pilot plant unit suggests that
this was not the case. Measurement of torque at the pilot
plant scale was not possible due to equipment limitations.
Impeller current provides a way to correlate impeller power
draw to torque. Table 3 shows the current draw of the pilot
plant impeller at different stages of the drying process. At
the beginning of the drying process, when the LOD is
higher, the impeller current draw is lower. As the material
dries and the LOD is reduced, impeller current increases
until it reaches a value of approximately 2.0 amps. These
results are consistent with the torque data obtained in the lab
which shows higher torque values for dry powder beds.
Although particle size data throughout the pilot plant drying
process are not available (particle size was only measured at
the end of drying), the higher impeller current at lower LOD
values suggests that most of the particle breakage occurred
toward the end of the drying operation.

Figure 9 shows the effect of pressure on torque profiles
for 1.1% wet API powder. A moving average filter was

added to the torque data shown in Figure 9 where each data
point represents the average torque obtained over the previ-
ous 60 s. The torque profiles observed at 1.1% LOD have
some interesting features which offer insights into the rheol-
ogy of wet API powders. At low hydrostatic pressures (<1.1
kPa), the torque profile is fairly flat, consistent with the
behavior observed for 3% LOD. At the higher pressures, the
torque signal reaches a peak value and then decreases until a
steady value is reached which is lower than the peak torque.
This is different from what was observed in dry API beds.
The peak torque value, which is associated with the yield
stress of the material, increases as hydrostatic pressure
increases from 1.1 to 2.0 kPa for the 1.1% wet case. This
behavior is consistent with the results reported by Karmakar
et al.26 for wet soils. The increase in yield stress indicates
that wet powder beds have a higher resistance to flow at
increased compression states. However, a similar value of
peak torque is observed between 2.0 and 3.6 kPa. A possible
explanation for this behavior is that, for wet API beds at
high hydrostatic pressures, the dryer walls or the impeller
blades can support some of the weight of the powder bed at
the onset of flow (similar to the Janssen effect observed in
silos). A similar behavior has been observed via DEM simu-
lations of spherical particles in bladed mixers.17 Once the
yield stress is overcome and the material begins to flow, the
lubrication effect of the liquid phase leads to a decrease in
torque. Particle size measurements during the agitation
experiments showed that particle breakage occurred before
the steady state torque value was reached. Most of the attri-
tion that was observed for the wet API experiments occurred
within 15 min of agitation, suggesting that particle breakage
in the wet powder bed is associated with the material
yielding.

Knowledge of how impeller torque (and therefore shear
stress) evolves throughout the drying process can be useful
when operating agitated drying processes at scale. As we
have shown that impeller torque can be correlated to changes
in particle size, monitoring of torque (or impeller power
draw) during scale-up could alert the operator of particle
size changes occurring as drying takes place. The agitation
protocol can be modified based on the torque signal during
drying. If torque is low at the beginning of drying, when the
material is wet, agitation may be maintained or increased to
improve the drying rate. Once the torque signal begins to
rise, indicating potential particle breakage, agitation rates

Table 2. Effect of LOD on Particle Attrition: Data Gener-

ated with 2.0 kPa of Pressure

LOD (wt %)
Percent Reduction

in Particle Size

14.0 1.8%
10.0 5%
3.0 14%
1.1 20%
<0.5 60%

Table 3. Effect of LOD on Impeller Current Draw During

Agitated Drying at the Pilot Plant Scale

LOD (wt %)
Impeller Current

(Amps)

3.2 1.2
1.4 2.1
<0.5 1.9

Figure 9. Effect of pressure on torque profile for wet
material.

Torque profiles here are for 1.1 wt % LOD.
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could be reduced for the remainder of the drying process to
preserve desired particle size.

Scale-Up of Agitated Drying to Minimize Attrition

For agitated drying processes at low RPM’s, the relation-
ship between shear stress and normal stress (or pressure) is
given by Coulomb’s law of friction. Shear stress scales lin-
early with normal stress times a constant called the bulk
friction coefficient (see Eq. 2). The bulk friction coefficient
is generally regarded to be a material property. As an esti-
mate of the normal stress at scale can be easily obtained
from a hydrostatic pressure calculation, knowledge of this
material property can provide an estimate for the shear
stress that API particles experience as the drying process is
scaled. The laboratory setup used in this study allowed the
measurement of bulk friction coefficients for API powder
beds at different levels of liquid content. Figure 10 shows
shear stress values obtained when the torque signal reaches
steady state vs. pressure for dry and wet API. Figure 10a
shows the data obtained for dry and 1.1% wet API while
Figure 10b shows the data for 1.1% and 10.4% wet API. A
linear relationship is observed for both dry and wet API
beds consistent with the predictions from Coulomb’s law of
friction. We find that the bulk friction coefficient is depend-
ent on the liquid content of the particle bed. The bulk fric-
tion coefficient for dry API is estimated to be
approximately 0.3 (from the slope of the line drawn through
the data) and is significantly higher than those measured for
the wet API beds. This again speaks to the higher interpar-
ticle friction experienced by dry API particles during flow
which leads to an increase in particle attrition. For the wet
API beds, the bulk friction coefficient decreases as liquid
content increases as can be seen from Figure 10b. These
results support the hypothesis that the liquid phase present
in wet API beds can act as a lubricant, reducing interpar-
ticle friction thus reducing the amount of attrition observed
at these conditions. A positive y intercept is obtained for
the 1.1% and 10.4% wet datasets. The positive value of this

term indicates that the wet API particle beds are cohesive
in nature, as expected. The cohesive values increase
between the 1.1% case (�17 Pa) and the 10.4% case (�28 Pa).
One might expect a y-intercept value for the dry API case
close to zero. Although a negative value is observed in Fig-
ure 10a (� 225 Pa), the magnitude of the y intercept is rel-
atively small compare to the scale of the y axis data shown
in Figure 10a (between 0 and 1000 Pa). Additionally, the
95% confidence interval of the y intercept from the linear
regression of the dry API data passes through zero (2124.1
to 73.4) further suggesting that the y-intercept value is not
significant. The small negative value obtained for this quan-
tity is most likely due to experimental error in the dataset.
It should be noted that the 95% confidence interval for the y
intercept of the 1.1% and 10.4% LOD do not pass through
zero.

Knowledge of the bulk friction coefficient as a function of
liquid content provides only a portion of the information
needed to ensure that attrition is minimized during agitated
drying scale-up. A means of estimating the degree of attrition

Figure 10. Bulk friction coefficients for wet and dry API powder beds.

Figure 11. Work per unit mass vs. API particle size
(d50).
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based on energy input by the impeller blades during agitation
would also be useful. We generated a simple attrition curve that
correlates the post-agitation particle size to the amount of work
per unit mass done by the impeller blades. Figure 11 shows the
median particle size (d(50)) vs. impeller work per unit mass for a
wide range of processing conditions; including dry and solvent
wet API as well as a range of hydrostatic pressures and impeller
RPM’s. Table 4 lists the range of parameters used to generate the
data shown in Figure 11. Impeller work is calculated from impel-
ler torque by the following equation

W5

ðt

0

T � x dt (3)

where W is the work done by the blades over time t, T is the
impeller torque, and x is the angular velocity of the impeller
blades. In Figure 11, we plot the total amount of work
divided by the total mass experiencing the work. A plateau
for large W per unit mass is obtained when a least squares fit-
ting of the data is performed with a reasonable fit (R2 5 0.95).
The least squares fitting shows that the mean particle size
approaches approximately 24 lm as impeller work increases.
Figure 11 shows that all the data collected across multiple
operating conditions collapses into a single attrition curve.

Once an attrition curve is generated, the amount of work per
unit mass performed by the impeller at scale can be estimated
from the bulk friction coefficient of the material at the different
liquid levels. From knowledge of the drying batch size and the
diameter of the agitated drier, a normal force can be estimated
from a simple hydrostatic pressure relationship. Shear stresses
at the different stages of drying can be estimated from the bulk

friction coefficients, which in turn can be used to calculate
impeller torque. The torque estimate can then be used to esti-
mate the amount of work per unit mass done by the impeller
of the larger scale agitated drying unit. In Figure 11, we have
plotted the pilot plant particle size data vs. an estimate of the
work per unit mass for two different pilot plant batches. As
can be seen from Figure 11, the attrition curve provided a
good estimate for the pilot plant particle size data. In addition
to the two pilot plant batches shown in Figure 11, three addi-
tional pilot plant batches were run under aggressive agitation
conditions expected to yield work per unit mass> 8.0 3 104

J/kg. The mean particle size for these three batches ranged
between 22 and 25 lm. This is consistent with the prediction
from the laboratory data of the particle size reaching a plateau
of approximately 24 lm for high values of work per unit mass.
These results suggest that the resulting particle size for a partic-
ular agitation protocol can then be estimated from an attrition
curve generated in the lab. If the amount of attrition is too
high for a particular agitation protocol, the agitation rate and/or
agitation time can be adjusted to minimize attrition.

Figure 12 summarizes a workflow for estimating particle
attrition at scale from the bulk friction coefficient and the
attrition curve determined in laboratory studies. The work-
flow is described below:

1. Begin by estimating the pressure inside the large-scale
dryer via a hydrostatic pressure approximation from knowl-
edge of the batch size and the dryer diameter.

2. From the bulk friction coefficient at a given LOD, esti-
mate the shear stress expected at scale when agitating at a
specific LOD.

3. From the shear stress, estimate the amount of torque
generated during agitation at a specific LOD from the fol-
lowing equation

T52pR2
cylHhshri (4)

4. Estimate the amount of work per unit mass from the
torque during agitation at a specific LOD using Eq. 3.

Table 4. Range of Parameters Used for Generating the

Particle Size vs. Impeller Work Curve (Figure 11)

Parameter Min Max

Static Pressure (kPa) 0.2 3.0
Solvent Content (LOD, wt %) <0.5 14
Agitation Speed (RPM) 10 20

Figure 12. Workflow for scale-up of agitated drying.
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5. Repeat Steps 1–4 for every LOD for which the API
powder is agitated until the drying specification is met.

6. Calculate the total amount of work per unit mass from
Steps 1–5. From the particle size vs. work per unit mass
curve generated in the lab, estimate the resulting particle
size after agitation.

7. If the amount of attrition estimated from Steps 1–6 is
acceptable at the end of drying, the agitation protocol at the
different LOD stages can be implemented at scale. If the
estimated attrition is too high, the drying parameters may
need to be adjusted. For example, it may be necessary to
reduce the amount of agitation used as the API dries through
certain ranges of solvent content (LOD).

8. Repeat Steps 1–7 until an acceptable agitation protocol
is identified.

The workflow proposed in this article has been tested
with two additional API’s currently in development at
Bristol-Myers Squibb. Table 5 shows the comparison
between the attrition observed at the pilot plant scale vs.
attrition observed in the lab. The material particle size prior
to agitation is similar for the pilot plant and lab batches
shown in Table 5. API 1 represents the test material used for
the work described in this article. The API 2 and API 3 pilot
plant batches were run under aggressive agitation conditions
leading to work per unit mass values beyond the particle
size plateau predicted from the laboratory data. The labora-
tory data for API 2 and API 3 listed in Table 5 also repre-
sent aggressive agitation conditions beyond the particle size
plateau. As can be seen from Table 5, the mean particle size
of laboratory batches matches well the mean particle size
observed in the pilot plant for API’s of different morpholo-
gies and initial particle sizes. This suggests that this work-
flow can have broad applicability when scaling agitated
drying processes from the lab to the plant.

It should be noted that the assumption that normal stresses
can be predicted by hydrostatic pressure may not be valid
for all API’s and equipment configurations. The equipment
walls and impeller blades might support some of the weight
of the particle bed once a critical bed height has been
reached leading to lower pressures at the bottom than what
is predicted from the hydrostatic approximation.17 However,
the hydrostatic pressure approximation provides a “worst-
case” scenario and can be used to devise a scale-up strategy
to minimize attrition. Additionally, if the bed height is suffi-
ciently high during agitated drying, the particles near the top
will experience lower shear stresses than the particles at the
bottom. Differences in the mixing of the particle bed would
also lead to different residence times of the API particles in
the high attrition zones (near the bottom plate and by the
vessel walls). These effects can lead to particle-size distribu-
tions which are different from what might be estimated from
the workflow proposed here. Nonetheless, the proposed
workflow provides a platform that can inform the design of
the agitated drying operations from fundamental knowledge

of the API powder rheology and the propensity of the API
particles to break.

Conclusions

API agitation studies at the laboratory scale were per-
formed using a modified setup that reproduced the range of
hydrostatic pressures observed during scale-up of agitated
drying. Torque profiles as a function of time were recorded
for agitation of dry and solvent wet powder beds for a test
material API. For dry powder beds, the torque signal
increased with time until steady state was reached. The
increase in torque was associated with breakage of the “rod-
like” API particles which, in turn, led to densification of the
powder bed. A 60% reduction in the mean particle size was
observed for the dry API. As the blades move through the
powder bed, the long aspect ratio particles break normal to
the main axis, leading to shorter particles which can pack
better. The plateau of the torque signal was found to correlate
to the end of the particle breakage process. Torque values
were found to increase with hydrostatic pressure but were
independent of agitation rate for RPM values ranging from
10–100 RPM. Using the laboratory setup, we were able to
match the particle-size distribution observed at the pilot plant
scale for the test material API by matching the hydrostatic
pressure and number of blade passes experienced at scale.

Particle attrition of solvent wet API powders was signifi-
cantly lower that what was observed for the dry API. The
lower degree of attrition resulted in significantly lower tor-
que values during agitation of the wet API powders when
compared to the dry powder. The degree of attrition
observed post agitation in wet API increased as the solvent
content decreased. These results suggest that the liquid phase
could lubricate the powder bed, thus decreasing interparticle
friction and reducing the tendency for wet API particles to
break. Additionally, the formation of agglomerates was
observed during agitation of the wet API. The “rod-like”
particles stacked up along the main axis forming “thicker”
agglomerates that we hypothesize reduced the tendency for
the primary particles to break.

Several characteristics of our API powder beds during agi-
tation were found to be consistent with the behavior of par-
ticulate flows in the quasi-static regime. Rheological
measurements of dry and wet API powders were performed
using the laboratory unit. The rheology of the API powder
was found to be in agreement with the predictions from Cou-
lomb’s law of friction, where shear stress scales linearly
with the normal stress times a proportionality constant called
the bulk friction coefficient. In this study, bulk friction coef-
ficients were found to be dependent on the solvent content
of the API powder. The bulk friction coefficient of the dry
API was significantly higher than the values measured for
solvent wet API. This observation further suggests a lubrica-
tion effect due to the presence of the liquid phase during

Table 5. Lab Attrition vs. Pilot Plant Attrition for Other API’s: Comparison of Pilot Plant vs. Lab Attrition for Other API’s

Following the Methodology Outlined in This Article

Compound Morphology
Mean Particle Size—Before

Agitation (lm)
Mean Particle Size—After

Plant Agitation (lm)
Mean Particle Size—After

Lab Agitation (lm)

API 1 Rod-like 65.0 28.1 28.7
API 2 Agglomerates 86.9 46.0 42.0
API 3 Thin needles 15.4 12.3 10.3
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agitation of wet API. Finally, the resulting particle size from
several agitation studies was correlated to the amount of
work done by the impeller blade to yield an attrition kinetics
curve for the test material API. The degree of attrition
observed over a large range of experimental conditions col-
lapsed into a single curve which can predict the mean parti-
cle size of the API after agitation for wet and dry materials.
A proposed workflow for designing agitated drying processes
at scale from laboratory measurements was also described.
This workflow uses the bulk friction coefficient measure-
ments to predict the amount of torque to be generated during
the drying operation at scale. From the torque prediction, the
total amount of work done by the impeller can be estimated.
The expected particle size from a particular agitated drying
process can then be obtained from the attrition kinetics curve
measured in the laboratory. Although this workflow may not
predict the particle-size distribution for all equipment config-
urations and API materials, it provides a platform for the
design of the agitated drying operations from knowledge of
fundamental material properties. This is an improvement
from the current trial-and-error approach commonly used in
the pharmaceutical industry.
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