Chapter 10 )
Air Flow Entrainment of Lactose oo
Powder: Simulation and Experiment

Thomas Kopsch, Darragh Murnane and Digby Symons

Abstract Lactose powder is frequently used as an excipient in drug formulations
for use in dry powder inhalers (DPIs). As a patient inhales through a DPI the lactose
powder is entrained into the airflow, thus enabling delivery of the drug dose to the
patient’s lungs. Computational fluid dynamics (CFD) can potentially aid the design-
ers of DPIs if the entrainment process can be accurately simulated. In this study we
compare CFD simulations and experimental observations of entrainment of lactose
powder using an example 2D DPI geometry and typical inhalation airflow profiles.
2D transient CFD simulations were carried out using an Eulerian-Eulerian solver
to model the progression of entrainment subject to two example patient inhalation
maneuvers: one high and one low flow rate. Experiments used the same 2D geometry
laser cut from a 3 mm thick opaque acrylic sheet sandwiched between transparent
sheets. A powder dose was pre-loaded before assembly of the geometry. Two differ-
ent lactose powders were used with particle sizes of 59 and 119 pm. Air flow was
provided by a computer controlled pump (a breath simulator). The geometry was
back lit and the progression of entrainment was filmed at 1000 fps. Comparison of
the CFD simulations and experimental results showed good agreement for the two
powders tested.
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10.1 Introduction

10.1.1 Motivation

Dry powder inhalers (DPIs) are used to deliver medicines directly to the lungs to
treat both respiratory and systemic diseases. Drug particles are usually micronized
to obtain particle sizes of less than 5 wm to maximize pulmonary deposition and
minimize tracheobronchial deposition [1]. However, such small particles are typically
extremely cohesive: they have poor flowability and form large agglomerates that are
difficult to entrain into the airstream. The drug is therefore often pre-mixed with an
excipient composed of larger carrier particles. De-agglomeration of the drug from the
carrier particles is accomplished (primarily by impacts) as the entrained formulation
exits the DPL.

Lactose powder is frequently used as an excipient in drug formulations for use in
dry powder inhalers (DPIs). In many DPIs the powder drug dose is stored in a foil
sealed “blister” until use. Typically the foil seal is then pierced by an inlet and outlet
tube and the blister itself forms the entrainment part of the air path through the DPI,
see Fig. 10.1.

Good performance of the entrainment geometry of a DPI is necessary to achieve
good drug delivery performance. Computational fluid dynamics (CFD) can poten-
tially aid the designers of DPIs if the entrainment process can be accurately simulated.

10.1.2 Overview of Paper

In this study we compare CFD simulations and some initial experimental observations
of entrainment of lactose powder using an example DPI geometry and typical patient
inhalation airflow profiles.

Fig. 10.1 Schematic
illustration of the drug
delivery process with a DPI.
a The DPI and the
respiratory tract. b A
close-up view of the DPI
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10.2 Methods

10.2.1 Computational Simulation

For this study the example entrainment geometry investigated was a 2D representa-
tion of a blister type entrainment geometry with length ~6 mm, see Fig. 10.2 The
geometry had previously been computationally optimised to perform consistently,
with low sensitivity to the patient’s inhalation profile, using a similar process to that
described in Kopsch et al. [2].

In CFD analysis for DPIs the particulate (drug) phase can either be ignored (a
single phase approach considering air flow only) or modelled using a multiphase
approach. The majority of reported studies using multiphase approaches for simula-
tion of DPIs have used Eulerian-Lagrangian (EL), i.e. particle-tracking, approaches
[3]. However, EL approaches make it difficult to study the fluidization process of
a powder bed due to the large number of particle-particle interactions. It is for this
reason that Zimarev et al. [4] introduced an Eulerian-Eulerian (EE) CFD approach
to model the entrainment of drug in a DPI and to optimize the entrainment part of
a DPI. When the volume fraction of drug is very high, the EE approach is more
computationally efficient than an EL particle tracking approach.

In the EE approach, the drug particles are modelled as a second continuous phase
and the interaction between the gas and the granular phase is modelled. A new
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Fig. 10.2 The tested geometry with dimensions in mm indicated. The dark grey area indicates the
initial powder load in the CFD simulations
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Fig. 10.3 Idealized
representation of the
Eulerian-Eulerian (EE)
approach. The volume
fraction o indicates the
density of particles

Table 10.1 Settings for the
OpenFOAM EE CFD solver
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CFD modelling parameter

Sub-model selected

Granular viscosity model

‘Gidaspow’ [7]

Frictional stress model

‘Johnson Jackson’ [8]

Conductivity model

‘Gidaspow’ [7]

Granular pressure model

‘Lun’ [5, 9]

Radial distribution

‘Lun Savage’ [5, 9]

Drag coefficient

‘GidaspowErgunWenYu’ [7]

variable, the volume fraction (o) is introduced to keep track of the local fraction
of granular phase. As in other CFD approaches the domain of interest is split into
a large number of cells. For each cell the EE algorithm solves for a number of
variables including the volume fraction a, the average velocity of drug particles
Virug and the average velocity of the gaseous phase v,;,. As shown in Fig. 10.3 the
value of o indicates the number of particles in that cell. In an EE approach, all phases,
including the particulate phases, are modelled as continuous fluids and consequently
mass, momentum and energy conservation laws are applied to all phases. In many
cases, these equations look similar to the standard Navier-Stokes equations. The
kinetic theory of granular flow (KTGF) [5] is one method to model the constitutive
behaviour of a granular phase in the EE approach. KTGF makes predictions about
stresses and phase interaction terms in the governing equations of the fluid.

For this study 2D transient CFD simulations were carried out using
“twoPhaseEulerFoam”: an OpenFoam [6] EE solver with k-¢ turbulence modelling.
KTGF sub-models of particle-particle interaction were used to provide the constitu-
tive behaviour of the powder phase. The sub-models used in this work are given in
Table 10.1.

The powder was modelled as uniform sized particles with diameter equal to the
measured D50 size of the lactose powders used in the later experiments, i.e. 59 and
119 um, see Table 10.2. The simulations modelled the progression of entrainment
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Table 10.2 Powder characteristics of two different lactose powders

Manufacturer DM V-Fonterra Excipients GmbH & Co. KG

Product name Respitose® SV003 Respitose® Lactohale 100
Measured Specification | Measured Specification

D10 (pm) 33.1+0.2 1943 509+ 0.6 45-65

D50 (um) 59.2£0.1 53-66 1194 +£04 | 125-145

D90 (um) 89.9+0.3 75-106 2004 +£2.4 | 200-250

Poured density (g/L) 630 690

Tapped density (1250 taps) (g/L) 780 840

subject to two time varying flow rate profiles representative of typical patient inhala-
tion maneuvers: one high and one low flow rate.

10.2.2 Experiment

Lactose Powders

Experiments were carried out with two different powders: Respitose SV003 and Lac-
tohale 100 (measured D50 of 59 and 119 pm respectively, both DM V-Fonterra Excip-
ients GmbH). The material properties as specified by the manufacturer are shown in
Table 10.2. Most real pharmaceutical powders, including the lactose powders chosen
in this study, are not monodisperse in size (as assumed for the CFD simulations).
Instead, they consist of particles of a range of different diameters. Table 10.2 shows
the D10, D50 and D90 values for these powders as specified by the manufacturer. To
validate these specifications a measurement of particle size distribution was carried
out. The particle size distribution for was measured with a laser diffraction system,
a Sympatec HELOS laser diffraction sensor [10] together with a Sympatec RODOS
dry dispersing unit [11]. Measured values are included in Table 10.2 where the stated
error is the standard deviation over four repeated measurements. Measured values
are generally in agreement with the specification.

Entrainment Module

Entrainment experiments were carried out with an apparatus based on the same
2D geometry as used for the CFD simulations. The geometry was laser cut from a
3.15 mm thick opaque acrylic sheet that was then clamped between two transparent
acrylic sheets, see Fig. 10.4. The experimental powder dose was pre-loaded before
assembly of the geometry.

Breathing Simulator

In order to simulate a patient’s inhalation maneuver, a breathing simulator (model
BRS 3000 [12] from Copley Scientific) was used. The breathing simulator could
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back sheet
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entrainment with entrainment
compartment geometry

front sheet

Fig. 10.4 Assembled entrainment module

generate user-defined inhalation flow rate profiles. It consists of a piston whose
movement is controlled by a microprocessor. Integrated software allows a flow rate
profile to be specified. The breathing simulator was connected to the outlet of the
entrainment unit via a filter. The purpose of the filter was to remove powder from the
air flow before it entered the breathing simulator. A digital flow meter (Certifier FA
Plus Ventilator Test System 4080 [13] by TSI Inc.) was connected to the inlet of the
entrainment unit. The flow meter monitored the specified flow rate profile. Figure 10.5
depicts schematically the position of the breathing simulator, the entrainment module
and the flow meter.

Camera and Illumination

During the entrainment process, the entrainment compartment was filmed with a
high-speed camera. The camera (Casio Exilim EX-FH20 [14]) was set to high-speed
mode (1000 frames per second). It was mounted with a tripod screw on a wooden
platform to fix the relative position of the camera and the entrainment module. The
goal was to obtain the same image section consistently in different experiments. The
entrainment module was illuminated from the back. A diffusion panel (a thin sheet
of paper) was placed between the lamp and the entrainment module to reduce optical
artefacts. Figure 10.6 shows two photos of the complete experimental setup.

Inhalation Flow Rate Profiles

The specified flow rate profiles Onign(f) and Qyow(?) are shown in Fig. 10.7. Both flow
rate profiles started with the inhalation maneuver at time t = 0 s. The maximum
flow rate of the inhalation profile was reached at time r = 0.45 s after the onset of
the inhalation. For the ‘high’ flow rate profile the peak flow was 20 L min~"', for
the ‘low’ flow rate profile the peak was 14 L min~!. Since an air bypass was not
incorporated in the entrainment module, the chosen peak values were lower than
typical peak values of real patients [15] to account for the absent bypass. For both
profiles, inhalation was complete at time t = 3.7 s. At this time, most of the powder
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Fig. 10.5 Setup of the entrainment experiment. a Front view: the breathing simulator generates a
flow through the entrainment module. b Side view: a camera records the powder in the entrainment
module

was typically entrained. However, video post-processing is simplified if a reference
frame with the evacuated entrainment unit is available. Consequently, a high flow
rate was applied from time f = 5 to 11 s to evacuate the entrainment unit completely.
The exact length and strength of the evacuation flow profile was not important as
long the compartment was emptied. As an illustration, Fig. 10.7b shows how the
distribution of drug in the entrainment compartment may look as a function of time.

Analysis of the Entrainment Videos

The aim of analysing the entrainment videos was to compare the experimental obser-
vations of the entrainment process with predictions from CFD simulations. This was
done both qualitatively and quantitatively. Qualitatively, individual frames from an
entrainment video were compared with the corresponding CFD contour plots of the
volume fraction a. Quantitatively, the mass of drug released M(t) as a function of
time ¢ was determined from the videos and compared to CFD predictions.
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Fig. 10.6 Setup of the entrainment experiment. The breathing simulator generates a flow rate profile
through the entrainment module, while a camera records the process
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Fig. 10.7 a The specified inhalation flow rate profiles Qnigh(#) and Qiow(f). The entrainment time
interval and the evacuation time interval are indicated. b An illustration of the entrainment process
as a function of time (sample data for illustration only)
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10.3 Results

For both powders SV003 and LH100 experimental entrainment results were com-
pared to CFD predictions. A qualitative comparison of video frames and CFD contour
plots of the volume fraction a for the ‘high’ flow profile are shown in Fig. 10.8. The
CFD prediction is in good agreement with the experimental video footage for both
powders.

Figure 10.9 compares the predicted mass release profile M(t) and the correspond-
ing experimental measurement for both ‘high’ and ‘low’ flow profiles. Each experi-
mental curve is the average of three experiments. Good agreement between the CFD
prediction and the experiment is observed.
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Fig. 10.8 Comparison of CFD and experimental images of entrainment with the high flow profile.
Air flow is from right to left
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Fig. 10.9 Comparison of predicted (CFD) and experimentally measured drug powder release with
both the high and low flow profiles. a SV003 b LH100
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10.4 Conclusions

The aim of this work was to make a preliminary experimental validation of the EE
CFD method for simulating entrainment of lactose in an example DPI geometry. This
was achieved by conducting entrainment experiments with a transparent entrainment
module, two different lactose powders and two different inhalation flow rate profiles.
Entrainment processes were recorded with a high-speed camera and the resulting
video footage was compared qualitatively and quantitatively with the corresponding
CFD prediction. For the quantitative comparison M (), the mass of released drug,
was inferred from the measured intensity distribution.

Limitations of the EE CFD method used were that cohesive interaction and de-
agglomeration of particles were not modelled. Nonetheless, the CFD predictions
agreed strongly with the experimental results for lactose powders SV003 and LH100.

The experimental validation results reported in this work suggest excellent
promise for modelling entrainment of lactose powder drug formulations in DPIs
with an EE CFD approach.
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