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Particle mixing is one of the key operations in pharmaceutical processing. In this work, an Eulerian–Eulerian
multiphase framework has been employed to model and simulate particulate flow and mixing behaviour in
the blending of dry powders for inhalation. The kinetic theory of granular flow and the frictional stress model
are used to close the transport equations of dense particulate flow in a high shear mixer. The transient mixing
dynamics, including start-up, within the mixer are captured by adding a scalar transport equation as a tracer.
The solid velocity profile at the wall is experimentally determined by using a high speed camera and particle
image velocimetry (PIV) evaluation. The evolution of a tracer movement is experimentally tracked using an
imaging technique that is processed in the Matlab image toolbox to obtain the local particle concentration. The
model can capture themain features in granular flowmotion, e.g. bed height and the dominating flow direction.
The mixing mechanism is found to be a combination of azimuthal, axial and radial mixing at the same order of
magnitude. Rapidmixing is captured in the simulation and is in agreement with experimental data. Even though
the continuum-based model can predict well some flow features and the transient mixing time, there is a need
for further development of the continuum description of dense particulate flows.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Particle mixing is an important unit operation and widely used in
food and pharmaceutical industries. For instance, a dry mixing step is
employed to form a homogeneous mixture of active substances and ex-
cipients prior to binder addition in wet granulation. The blending of dry
powder for inhalation is also governed by dry mixing to form an adhe-
sivemixture. The purpose ofmixing is to obtain a homogenousmixture;
however, many researchers have pointed out that the local mixing as
well as the flow pattern has significant effects on the properties of the
final products. It was found that the granule size is controlled by break-
age and agglomeration that are sensitive to the flow pattern within the
mixer [1]. It has also been reported that both the homogeneity and ad-
hesion of drug particles on the carrier surface in DPI depend on the
movement and collision of particles induced by the impeller [2]. There
is a need for better understanding of granularflow structure andmixing
behaviour to improve mixer design and mixing process control.

One common approach for the numerical simulation of multiphase
particulate flow is the discrete element method (DEM) where the mo-
tion of every single particle is tracked by integrating Newton's second
law equation [3]. Although DEM is a promising method since it reflects
the granular flow structure at particle level, the limitation of computa-
tional power makes it not applicable for large-scale processes. Instead

of following the motion of individual particles, the Eulerian–Eulerian
approach treats the particulate phase as a continuous medium with
properties that are averaged over a control volume and derived from
closure models [4]. The use of the continuum approach in dilute partic-
ulate flows, e.g. in fluidized beds, in which the kinetic theory of granular
flow (KTGF) is used to model the particle–particle interaction, is well
established [5,6]. For the dense flows in a high shear mixer where
sustained particle–particle contacts occur, the use of KTGF in combina-
tionwith a frictional stressmodel to describe additional particle stresses
can be found in the work of [7,8]. Although the Eulerian multiphase
framework seems promising for investigating the structure of granular
flows at larger scales, the use of this continuum-based model for evalu-
ating mixing mechanisms and mixing degree is not earlier reported.

The aim of this study is to investigate themixing behaviour and local
flow structure in a high shearmixer that is used for blending of adhesive
mixtures. This process is comprised of a drymixing step of three particle
classes, i.e. carrier, drug, and fine particles. As a first phase of study, the
Eulerian multiphase framework with KTGF and frictional stress models
is employed to obtain a quantitative image of the granular flow struc-
ture andmacromixingbehaviour of the carrier particles. Themotivation
for thiswork is based on the experimentalfinding that the granularflow
andmixing degree are dominated by carrier particles. The solid velocity
profiles are experimentally validated by using a high speed camera and
PIV evaluation. A scalar transport equation is added to the model as a
tracer to capture transientmixing dynamics. This approach is commonly
applied for liquid mixing, but has not been used for particle mixing. The
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evolution of tracer concentration andmixing behaviour is evaluated and
compared with experimental data obtained using imaging techniques.

2. Model description

2.1. Eulerian multiphase framework

The Eulerian–Eulerian approach treats the particulate phase as a
continuous medium with averaged properties. The two phases (solid
(s) and gas (g)) are described separately bymass andmomentumequa-
tions with shared pressure and interaction terms [4].
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where αg represents the volume fraction of gas, ρg is the intrinsic gas
density and ug is the gas velocity. P is the pressure, τg is the viscous
stress tensor and β is the coefficient for the interphase momentum ex-
change term, us is the solid phase velocity and F represents all external
forces acting on the system. The closure equations are given in Table 1.

2.2. Transient mixing model

A general scalar transport equation is used tomodel the tracer distri-
bution in the vessel. This approach is usually employed for modelling
liquid mixing in stirred tanks [15,16] but to the best of the author's
knowledge, no corresponding study for particlemixing has been report-
ed. The tracer is treated as a property of the particulate phase and
transported in the system by convection only.

∂ αsρsCð Þ
∂t þ∇ � αsρsusCð Þ ¼ 0 ð13Þ

where C is the tracer concentration and is defined as the mass ratio
of marked particles to the total number of particles corresponding to
experimental setting.

The evolution of tracer concentration is computed simultaneously
with the transient start-up of the granularflow (i.e. particles are initially
at rest).

2.3. Boundary conditions

Different boundary conditions for the particulate phase can be found
in the literature, e.g. free slip [17], no slip [8], and partial slip [7,18]. In
this study, the linear Navier wall slip model is employed

∂u
∂η

� �
w
¼ l uw−uslip

� �
ð14Þ

where l is the slip coefficient, uslip is the slip velocity of the particles, and
w indicates the solid wall.

No slip condition (l=0) is used for the continuous air phase. For the
solid phase, both no slip and partial slip are considered. The slip length
for the partial slip condition is evaluated experimentally by approximat-
ing the Navier wall slip model to

uslip ¼ l
Δu
Δη

� �
w
: ð15Þ

uslip is obtained through PIV evaluation of particle velocity at the bed
surface close to the wall. Δu

Δη

� �
is the differential of particle velocity at

wall and at the bed surface close to the wall.
The Neumann boundary condition of zero flux is applied for the

tracer concentration at all boundaries.

3. Numerical simulation framework

The pre-processor GAMBIT was used to generate the mesh from the
geometry model based on theMiPro mixer (Procept, Belgium) installed
with a 1900 ml vessel and a three-bladed bevelled impeller. For tran-
sient modelling of the rotation of the impeller, the sliding mesh
approach is the primary choice and employed in this work. Due to the
large velocity gradients, a high mesh density with tetrahedral cells
was constructed for the rotational zone. In order to resolve the velocity
gradient at thewall and impeller boundary, the gridwas refined at these
regions using size functions to improve the accuracy of the simulation. A

Table 1
Closure equations.
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τk ¼ μk;col−

2
3
μk

� �
∇ � ukð ÞI þ 2μkSk

Eq. (5)
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Solid viscosity μs = μs,col + μs,kin + μs,fr
μs;col ¼

4
3
α2

s ρsDp 1þ eð Þ
ffiffiffi
T
π

r
[11]

Eq. (8)

μs ¼
4
5
α2

s ρsDpg0 1þ eð Þ
ffiffiffi
T
π

r
þ 1
15

ffiffiffiffiffiffi
Tπ

p
ρsDpg0

1þ eð Þ 3
2 e−1=2
� �

3
2
−e=2

� � α2
s þ

1
12

αs
ffiffiffiffiffiffi
Tπ

p
ρsDp

3
2
−e=2

� � [12]
Eq. (9)

μs;fr ¼
P f sinφ
2

ffiffiffiffiffiffiffi
I2D

p [13]
Eq.(10)

Solid pressure Ps = ρsαsT + 2g0ρsαs
2T(1 + e) [11] Eq.(11)

P f ¼ Fr
αs−αs;min
� �n
αs;max−αs
� �q [14]

Eq.(12)
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