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a b s t r a c t

The torque and power needed to drive an impeller are important quantities that can indicate flow behav-
ior and can be used to control processes, especially mixing and granulation in the pharmaceutical indus-
try. In this study, experiments were conducted on monodisperse spherical glass beads flowing in a
cylindrical bladed mixer agitated by an impeller. The impeller torque was measured using a rotating plat-
form and a data recording device, and the power draw for the motor driving the impeller was measured
using a power meter. The effect of various impeller blade designs and material properties on the torque
and power were investigated as a function of the impeller blade rotation rate. It was found that the tor-
que exerted on a granular bed and the power consumption were a strong function of the impeller blade
configuration, the position of the blades in a deep granular bed, the fill height of the glass beads, and the
size and friction coefficient of the particles. It was observed that the time-averaged torque and power
consumption for different particle sizes qualitatively scaled with particle diameter. A scale-up relation-
ship for a deep granular bed was developed: the time-averaged torque and average adjusted power con-
sumption scaled with square of the material fill height.
� 2018 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder

Technology Japan. All rights reserved.

1. Introduction

Mixing is a unit operation that is widely used in a variety of pro-
duction processes ranging from catalytic to chemical, cosmetic,
food, and pharmaceutical industries [1,2]. In pharmaceutical man-
ufacturing, mixing is one of the steps of critical importance that
needs to be carefully controlled. Homogeneity of a mixture of
excipients and an active pharmaceutical ingredient (API) needs to
be achieved to ensure that the drug concentration in a finished
product is consistent and that all dosage units produced are of uni-
form potency [3]. There are several different types of mixers (also
called blenders) used in the pharmaceutical industry. Examples of
mixers include rotating drums [1], bladed mixers [3], high-shear
mixers [4], agitated filter beds/dryers [5,6], and fluidized beds
[7,8]. Bladed mixers and high-shear mixers have advantages that
they are simple in construction and that they take a relatively
short time to complete the mixing operation [9]. The degree of

uniformity of dosage units and the resulting quality of finished
products are functions of the material properties, the design of
the mixer, and the operating conditions [10–12]. Process monitor-
ing and control are therefore important to maintain stable product
quality and improve process efficiency.

Monitoring of the mixing process can be carried out by various
methods, such as employing the particle image velocimetry (PIV)
technique [13], measuring agitation torque, and recording power
consumption of the mixer [9]. While getting mixed, solid particu-
late matter exerts a load on agitator blades and vice versa, thus,
giving rise to the agitation torque [14]. Changes in powder charac-
teristics and flow behaviors in the mixer are reflected by changes
in the value of the impeller torque, e.g., when the endpoint of gran-
ulation is reached [9]. The torque required to turn an impeller in a
particle bed depends on a number of factors, including blade
design, agitator rotational speed, material fill level, and mixer size
[15–17]. In the case where agglomeration is being carried out in a
high shear mixer, torque measurement helps in control and mon-
itoring of the granulation process [18–20]. Since torque is sensitive
to changes in operating conditions, with rapid measurement and
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good precision, it can be used as a parameter to probe the effi-
ciency of mixer designs [18]. In addition, impeller torque measured
from a laboratory scale mixer can be used to characterize and pre-
dict the risk for agglomeration in powder beds with varying
degrees of moisture content at industrially relevant scales. Bulk
friction coefficient can also be measured for wet powder beds
using torque data [21].

Impeller torque measurements can be implemented to monitor
not only mixing and agglomeration/granulation processes, but also
agitated drying processes. Drying of API crystals can be carried out
in an agitatedfilter-beddryer,whichhas advantagesover traydryers
as it reduces operation time by improving heat andmass transfer. In
an agitated dryer, torque data can provide a correlation between
shear stress experienced by a powder bed and the degree of attrition
of particles [5]. Impeller torque at the laboratory scale can also be
used to obtain an estimate of the amount ofwork done per unitmass
by the impeller at larger scales. This relationship can help improve
scale upof the agitated dryingprocess [5]. The ability to predict attri-
tion and to obtain uniform size distribution of API particles results in
better critical quality attributes of the finished dosage forms includ-
ingcontentuniformity,dissolution rate, bioavailability, and stability.

Besides the impeller torque measurement, recording power
consumed by the impeller motor can also be employed to monitor
and control mixing processes. Previous research by Ritala et al. [22]
demonstrated that power consumption during rotation of the
blades was a function of intra-granular porosity and surface ten-
sion of a binder solution in wet mixing operations. Additionally,
a correlation existed between power consumption and the
strength of the moist agglomerates. An increase in cohesiveness
or tensile strength of the moist granule mass resulted in a change
in power consumption, indicating that the liquid solution charac-
teristics, such as surface tension and contact angle, had an influ-
ence on power consumption [22]. Jirout and Rieger [23]
illustrated that, in the case of suspending solids in liquid systems,
the power consumption required for off-bottom suspension of the
solid particles could be used to compare the efficiency of different
types/configurations of impellers for the mixing operation.
Although power consumption measurement has been extensively
carried out in previous research on the liquid mixing process, there
has been limited work for monitoring mixing of solids systems.

With the current interest of moving from batch to continuous
manufacturing in the pharmaceutical industry, continuous mixing

processes have been extensively studied in recent years [24–26].
Vanarase et al. [27,28] conducted experiments on a continuous
powder mixer to examine the effects of operating conditions,
design parameters, and material flow properties of pharmaceutical
mixtures as a function of shear rate. Relative standard deviation
(RSD), one of the most common mixing indices, was used to char-
acterize mixer’s performance and in turn the efficiency of the mix-
ing process. RSD is a measure of blend homogeneity, and for a
continuous process they found RSD depended on several factors
such as blade rotation rate, material flow rate, and mixer blade
configuration. They demonstrated that the number of blade passes,
a measure of the strain, was a function of the blade rotational rate.
Although there is interest in the pharmaceutical industry in contin-
uous manufacturing, most products are still manufactured in batch
mode. Thus, there is still a need to better understand batch
operations.

Campbell [29,30] and Campbell and Brennen [31] outlined a
theoretical method for calculating collisional stresses within a
granular bed from the total contact force between particles, parti-
cle diameter, and volume of a sampling cell. The important stress
tensor components in the area of granular material flows are the
average normal stress and the shear stress. Knowing the normal
stress values, the pressure inside a granular bed can be calculated.
According to a granular rheological model [32,33], a number of
experimental and numerical studies suggested that the mass den-
sity and the macroscopic (bulk) friction are functions of the inertial
number, which can be computed from the shear rate, the particle
diameter and density, and the compressive pressure. Stresses and
torque can be measured from the macroscopic friction coefficient
and the inertial number. In previous work, Cavinato et al. [34] con-
ducted experiments on the mixing and flow behaviors of cohesive
pharmaceutical powders in lab-scale and pilot-scale high shear
mixers. They proposed a scaling relationship based on a dimen-
sionless torque number which was a function of the mass fill and
the square root of the impeller Froude number. It was found that
the mass fill was one of the important parameters that had an
impact on the powder flow patterns during the high shear mixing
process.

In spite of some previous research in this area, the roles of
material properties, blade and equipment configurations, and
operating parameters on the impeller torque and power consump-
tion in a batch mixer are still poorly understood. In this paper, we

Nomenclature

List of variables
d diameter of particles (m)
D diameter of a mixer (m)
f frequency of torque signals (Hz)
F
!

force that a lever arm exerts on a load cell (N)
g gravitational acceleration (m/s2)
H fill height of particle bed (m)
H/D material fill height to mixer diameter ratio (–)
‘ length of a lever arm (m)
L length of blades (m)
m mass of particle bed (kg)
P actual power (W)
Pemp power measured from an empty mixer (W)
P* adjusted power (W)
P normal stress (Pa)
Rcyl radius of mixer (m)
t time (s)
T
!

instantaneous torque at each time step (Nm)
hT
!
i time-averaged torque (Nm)

T
!� normalized torque (–)
Vtip tip speed of blades (m/s) where Vtip ¼ xL
W work done by impeller blades (J)

List of subscripts
0, 1, 2 subscripts for D and H in Table 1 which denote each part

of the schematic in Fig. 2

List of Greek letters
c� shear rate (s�1)
c* dimensionless shear rate (–)
m macroscopic/bulk friction coefficient (–)
qbulk bulk density of particle bed (kg/m3)
qp density of particles (kg/m3)
s shear stress (Pa)
hshri time-averaged shear stress (Pa)
x angular velocity of impeller blades (rad/s)
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