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For patients with lung disease, dry powder inhalers (DPI) are profoundly beneficial. The current study introduces
and develops a series of dry powder inhalers (DPIs). A capsule-based (size 0) active DPI was considered. The study
aims to investigate whether swirling flow and outlet capillary diameter (dc ou) affect the percentage of emitted
doses (ED) released from the capsule. Spiral vanes were added to the capillary inlet to produce a swirling flow.
Computational fluid dynamics (CFD) was applied to simulate the problem. The results were compared with
previous in vitro and numerical studies to validate the results. Based on the derived results, the small swirl
parameter (SP) enhances the secondary flow and recirculation zone. It increases the central jet flow, which in-
creases the ED value by about 5-20% compared to no-swirl flow. However, as the airflow rate increases, the
recirculation zone enlarges, vorticities become dominant, and asymmetrical flow patterns emerge. Consequently,
ED % drops significantly (more than 50%). As d oy decreases, the vorticities around the outlet capillary become
more potent, which is undesirable. Indeed, the emptying of the capsule does not happen ideally. The research
provides a perspective on the device's design and DPI performance.

(2) to improve and modify drug formulation, also known as particle
engineering.

(3) to produce the formulation and design of inhalers for vaccines and
systemically acting drugs.

(4) to comprehend and control drug distribution and deposition in the
lungs via DPIs.

(5) a variety of other innovative developments.

1. Introduction

Dry powder inhalers (DPIs) have been used to efficiently administrate
medications and aerosols. For many years, an increasing number of
inhalation devices have been developed. However, the ideal device
would be efficient, reproducible, precise, stable, comfortable, versatile,
environmentally compatible, and affordable [1]. DPIs are a drug delivery
method used to treat various lung diseases. DPIs have distinct advantages

that make them suitable for small and large molecules [2]. DPIs can
deliver high-dose inhaled medications quickly and efficiently. As DPIs
become increasingly popular for treating pulmonary disease patients,
they simplify the inhalation technique, provide reproducible doses, and
improve adherence to aerosol therapy among patients.

Several DPI-related mainstream developments can be outlined. The
following are the top five [3].

(1) to improve the design of previous inhaler configurations.
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This study follows the first mainstream and examines whether
swirling flow impacts the design of medical devices in a positive or
negative manner.

Airflow rate, formulation, and device design are the three main fac-
tors that affect the efficiency of DPIs [4]. In DPIs with dry powder for-
mulations, the main force to overcome the inter-particle force through
inhalation is airflow. As the powder does not require much energy to
aerosolize, increasing the inhalation flow rate increases the system's
energy and improves dispersion [4]. DPIs use one of two formulations:
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fine powder drug blended with larger carrier particles or the drug alone.
If the deep lung is the target, the drug particle diameter should be be-
tween 1 and 5 pm. Particles of 1-2 pm are best suited for reaching the
small airways and alveolar epithelium [5]. Device design is another
crucial parameter that influences DPI performance. Geometry has a sig-
nificant effect on airflow dynamics, resistance, drag forces, and impac-
tion patterns, and even minor changes in the geometry of DPIs can
significantly affect their performance [4,6].

There are many benefits to DPIs, including rapid delivery of high-dose
inhaled medications. However, many children are not prescribed DPIs
due to a low lung delivery efficiency and the complexity of the device. An
inline dry powder inhaler (DPI) uses an external gas source like a
ventilation bag, an air-filled syringe, or compressed air instead of tradi-
tional inhalation driven DPIs. An essential benefit of this approach is the
ability to control and reproduce actuation air volumes and flow rates
with little variability. Children and infants who cannot operate passive
DPIs may benefit from inline devices that require external air for actua-
tion. Also, these devices may help administer powder-based aerosols to
subjects with compromised lung function or if they are involved in
noninvasive ventilation via masks, nasal prongs, or conventional venti-
lation via endotracheal tubes [6-9].

Active DPIs operating at low air actuation volumes have caught the
attention of researchers. A DPI of this sort is widely used for infants and
children whose air volume is insufficient to stimulate the device. Aerosol
administration is also tested with active DPIs in animal studies [10-13].

Longest and Farkas have done plenty of research on low-air volume
DPIs [14-24]. They looked into capsule-based DPIs in which airflow
flows through an orifice with a high momentum air jet. Their research
revealed that the inlet and outlet orifices should be designed so that their
axes are aligned. Furthermore, the inlet airflow jet should not directly
impinge on the aerosol powder bed, and the secondary flow velocity
should initiate aerosol dispersion.

Longest et al. [17] presented a computational fluid dynamics (CFD)
study on different DPI designs as the most recent study on this topic. They
examined various inlet and outlet orifice diameters and compared their
outcomes to previous experimental studies. They noticed that the CFD
prediction is very close to the best device experiment study that has been
published.

Furthermore, Ahookhosh et al. [9] experimented with DPI and
Metered-Dose Inhaler (MDI) performance. They set out to examine how
they perform with the deposition parameters in a realistic human airway.
They found that MDI delivered more drugs than DPIL They also carried
out a CFD study to address the limitations of their previous study [25]. As
presented in a recent publication, Ahookhosh et al. [26] examined the
optimization of a Pressurized Metered Dose Inhaler (pMDI) in a human
airway model. CFD simulations were used to analyze flow structure in-
side pMDI and particle deposition. According to the study, there is a
strong dependence on inhalation flow rate and inhaler geometry.
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Dai et al. [27] investigated the devices' effectiveness in their nu-
merical study on active DPIs. In their numerical study on active DPIs.
Their primary objective was to analyze the effects of inlet flow rate and
piercing aperture location on device-emptying. Their findings demon-
strate the noticeable effect of these parameters.

Recent studies have examined how swirling flow can be utilized to
improve drug delivery into targeted areas. Gurumurthy and Kleinstreuer
[28] published a study investigating MDIs and improving oral drug de-
livery to specific target areas, particularly deeper lung regions. Various
helical stream inhalation modes were used, each of which produced
different swirl numbers. They found that a suitable swirl number
significantly increased drug delivery. The work by Last et al. [29] pre-
sented an applied micro-swirl nozzle for the delivery of drugs to the
lungs. Alfano et al. [30] investigated swirl-based dry powder inhalers
using CFD-DEM simulation. Further, Sommerfeld [31] numerically
evaluated swirl-type inhalers.

A swirl-based DPI significantly aids in the deaggregation of active
pharmaceutical ingredients (APIs) according to the above research. In
addition, swirling jets could counter gravity and reduce axial momentum.

This study's motivation is to develop a dry powder inhaler (DPI)
platform to deliver inhaled therapeutic medications to the lungs through
aerosolization of excipient enhanced growth (EEG) and other spray-dried
powders. As a part of this study, the developed device is intended for
traditional oral inhalation in adults, and inline aerosol administration in
adults and children. Therefore, a capsule-based DPI for oral inhalation
based on a CFD approach is developed. As a novelty, new DPI designs are
defined and analyzed for each case with swirling flow at the inlet and
outlet capillaries of different diameters. Another study goal is to examine
how these parameters affect device emptying.

2. Design and numerical simulations
2.1. DPI design

This study includes multiple new, inline DPI. According to previous
studies [17,22], a capsule-based drug loading design with an inlet
capillary, outlet capillary, and containment volume (capsule of size 0:
capacity = 0.68 mL, cap-length = 18 mm, cap-diameter = 7.5 mm) was
chosen and modeled (Fig. 1).

The low-air-volume flows from the inlet capillary into the contain-
ment based on these prior studies [17,22]. The inlet air does not pass
through the powder bed directly because the aerosols are loaded on a
powder bed in a containment unit. The jet airflow exits the inlet capillary,
creating visible turbulence and secondary flows that cause the aerosols to
disperse inside the capsule.

According to earlier studies, the inlet and outlet capillaries have a
protrusion of 2 mm, which is shown in Fig. 1. Previous studies [17,22]
have shown that the inlet orifice diameter should be 0.6 mm or greater.

Fig. 1. A schematic of capsule -based DPI (red = inlet capillary, and blue = outlet capillary) (a) Inlet capillary with different SP (b) Outlet capillary with

different diameters
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(a) Inlet capillary with different SP

SP =0.025 SP =0.035
\A \)\
SP =0.040 SP =0.050

\)\ \)\

(b) Outlet capillary with different diameters
dc_outiet = 1.0 mm dc_outiet = 0.9 mm

dc_outlet =0.8 mm

7

—

Fig. 2. Various designs in the present study; (a) for various spiral parameter (SP), (b) for various outlet capillary diameter (d. outtet)-

This study set the inlet capillary diameter (dc ijnler) at 0.6 mm. inlet capillary to examine the impact of swirling flow. The swirl param-
In this study, a series of new devices are designed and modeled using eter (SP) is described as follows [32]:

swirling flow at the inlet capillary and different outlet capillary diameters

(dc outlet)- Spiral vanes were positioned on the inlet capillary unit to SP= SD 6}

generate a swirling flow. Different spiral depths (SD) were applied to the SH
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Table 1
Various scenarios implemented in the present study.

de intet de outlet SH SD SP Airflow rate
(mm) (mm) (mm) (mm) (LPM)
0.6 0.8 3 0.08 0.025 3
0.9 0.10 0.035 4
1.0 0.12 0.040 5
0.15 0.050

where SH is the spiral height, and spiral pitch and SH were considered
constants in this study.

Different designs and scenarios were defined using various SP and
dc outler as shown and tabulated in Fig. 2 and Table 1, respectively.

2.2. CFD simulations

A sufficient momentum has been provided by using a 10 mL syringe.
The inlet airflow rates were considered 3, 4, and 5 LPM. According to the
diameter of the inlet and the airflow at the inlet, the Reynolds number is
greater than 6700, while the Mach number is greater than 0.5. Therefore,
the airflow in the study is turbulent and compressible. It was important
for the authors to select a turbulence model that was both accurate and
efficient to achieve the desired results. Based on the previous research
[15,17,22,27], the Low-Reynolds-Number (LRN) k-® model is the suit-
able choice to model this kind of problem. The simulation was performed
by using Ansys Fluent 2021 R2. Also, the simulation of the problem is
time dependent. In the active DPIs, the whole process occurred in less
than 0.2 s. So, the entire period of the problem is taken 0.2 s. The
timestep splits into two points to decline the CPU time. In the first point,
selected at 0.01 s, the timestep size and steps were set at 0.0001 s and
100, respectively. The smaller timestep was considered in the first point
due to capturing the oscillatory flow and startup effect. For the rest of the
period, the timestep size was selected as 0.001 s.

HEFHHH

Inlet/Outlet
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For the discretization, the Green-Gauss node based was selected for
the gradient. Also, the second-order upwind and central difference
methods were applied for the convective and diffusion terms. The
second-order implicit discretization is also used for the transient term.
Moreover, the Courant number was considered to be 3.

If necessary, published literature can be found on the governing
equations of this model in detail [33-36]. However, the general equa-
tions of the k-® model are presented in the following [17,27].

- turbulent kinetic energy (k):

k= (A_z+§+fv_) 2)

N —

- specific dissipation rate (®):

kl/Z
=" &)
i

where U, v, w denote the fluctuating velocity components and as a time-
average velocity. S, is a constant and 1 represents the turbulence length
scale.

The behavior of turbulent fluids is comparable to molecular kinematic
viscosity due to their enhanced diffusive (or dispersive) effects on mo-
mentum. To capture this analogy, the turbulent kinematic viscosity can
be described as follows:

Vr=— 4

As a result of the product of k and w, and their combination, we can
see that k has an increased importance related to turbulent length scale 1,
as follows:

3

[1

Capsule containment cross-section

Fig. 3. View of the mesh used for the model in various cross-sections (It should be noted that a coarser mesh is presented for drawing for readers' convenience, but a

finer mesh was used for solving the problem).
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Table 2
Validation of the present results with previous published research.
de inlet de _outlet Airflow rate ED (%)
(mm) (mm) (LPM) Longest [17, Dai Present
18] [27] study
0.6 1.17 3 45 44.9 48.6
4 77.2 78.0 79.3
5 87.6 82.0 86.4
N 1302
ko= T 5)
)
2.3. Meshing

In this study, a poly-hexcore scheme to generate meshes (Fig. 3) is
used. In the poly-hexcore meshing, the polyhedral elements operate in
the transition zone with a hexahedral element core, providing the
optimal combination of mesh elements. Compared with a hexahedral or
polyhedral core mesh of the same accuracy, poly-hexcore meshes
reduced solve time by 20-50%. The independence of mesh from the grid
was checked for velocity in all cases and scenarios. The results were in-
dependent of meshing for grids containing 1,250,000-1,500,000 cells
(less than a 3% difference was observed). Also, to capture better the near

@

c_out —

d 1 mm

100

801

60 1

ED (%)

40

20

d

100
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wall impact on flow, five boundary layers mesh was considered to ensure
the y* value less than one. Additionally, the mesh has a skewness of 1.3
x 10710,

2.4. Particle tracking

To track the particle trajectory, Discrete Phase Model (DPM) was
applied using Ansys Fluent 2021 R2. Constant diameter particles (dparticle
= 2 pm) with a constant density equal to 1000 (kg/m>) were selected and
initially distributed on a powder bed. Since the volume fraction of the
secondary phase is less than 107, the one-way coupled Lagrangian
approach was employed to track particle trajectories. Two forces were
considered to act on the particles, drag and gravity forces. The governing
equation on particle motion was presented elaborately in the previous
publications [15,27,37,38]. The common equation introduced in DPM
and a Lagrangian frame of reference is as follows [37,38]:

av, article 8\ Prarticte — Priui
P = deg (Vﬂm'd - Vpa}‘lf("(,') + M (6)
dr pparricle

where the left-hand side term is particle inertia, F4.5; denotes the particle
drag force per unit particle mass, and the second term on the right-hand
side represents the particle buoyancy force.

A powder bed along the bottom wall of the capsule was created.

(b)

(c)

c_out

o dg oy = 0.9 mm
—i—3 LPM
- —e—4LPM
b5 LPM
. 60
s
[a]
W40
20 -
0 T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05
SP
=0.8 mm

80 -

60 -

ED (%)

40 -

20

—=—3 LPM
—e—4LPM
—&—5LPM

0.00 0.1

002 003 004 005

SP

Fig. 4. Effects of airflow rate and SP on ED for (a) d. oyt = 1.0 mm, (b) dc ou¢ = 0.9 mm, and (¢) d¢ oue = 0.8 mm (t = 0.2 s).
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Various particles number were considered to reach the independency of
particles number. It was observed that for particles numbering more than
15,000, the results become independent of particle number.

3. Validation

Since there is no published research using the spiral vane on their
model, to validate our outcomes, a DPI model based on the previous

Medicine in Novel Technology and Devices 18 (2023) 100240

study presented by Longest et al. [17] (concurrent in vitro and CFD
simulation) and Dai et al. [27] (CFD simulation) is generated without
considering swirling flow. In their model, the inlet and orifice diameters
are 0.6- and 1.17-mm. Aerosol performance was evaluated based on
emitted dose (ED) percentage. ED refers to the ratio between the
remaining dose and the drug's loaded dose. Comparing our model out-
comes with their reported results (Table 2) showed that our generated
model is reliable.

Table 3
The quantity view of ED % for different LPMs, d oy, and SPs.
Sp 3 LPM 4 LPM 5 LPM
dC,O\Jl
1.0 mm 0.9 mm 0.8 mm 1.0 mm 0.9 mm 0.8 mm 1.0 mm 0.9 mm 0.8 mm
ED %
0.000 50.61 42.31 18.75 76.68 56.27 34.18 88.7 66.23 55.45
0.025 64.06 58.45 22.74 80.45 78.62 42.96 62.5 41.66 43.16
0.035 41.91 35.89 10.74 51.27 42.68 22.18 39.8 21.38 18.68
0.040 26.22 24.16 5.93 39.24 32.12 12.81 23.9 15.98 9.47
0.050 9.66 11.31 3.82 6.27 9.35 4.96 4.2 7.59 5.45
4 LPM, dc_out= 0.8 mm
SP Velocity Contour Turbulence Kinetic Energy

0.035

0.04

0.05

Velocity

[m s7-1]

0 6 12 19 25 31 37 44 50 56 62 69 75 81 87 94 100

0 38 75 113 150188225263 ‘300 338375413450 488 525 563 FEOO

Turbulence Kinetic Energy

[mA2 s7-2]

Fig. 5. Contour of velocity and turbulence kinetic energy of various SP for d. o, = 0.8 mm and 4 LPM flow rate (t = 0.2 s).
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4. Results

An analysis of swirling flow impact on capsule-based DPI emptying
was conducted using CFD. In this 194

Section, the simulation results will be demonstrated and then dis-
cussed from the physical point of view. The following results are pre-
sented for the last time-period (t = 0.2 s). The variations of ED with
multiple airflow rates, dc outler, and SPs are shown in Fig. 4. As can be
seen, adding a small spiral vane (SP = 0.025) increases the percentage of
ED for LPM = 3 and 4, whereas LPM = 4 has a more noticeable increase
rate of ED. The ED percentages fall for larger SP. Additionally, Table 3 is
presented to provide a quantitative perspective on the results presented
in Fig. 4.

Figs. 5-7 display the effect of swirl parameters and outlet orifice
diameter on velocity and turbulence kinetic energy for airflow rate equal
to 4 LPM. The air jet formation, secondary flow, vorticities, and multiple
recirculation zones are all visible (Figs. 5-7). In light of the physical point
of view, a cross-section in the capsule containment was considered, and
the velocity contours were plotted (Fig. 8). Fig. 9 demonstrates an

Medicine in Novel Technology and Devices 18 (2023) 100240

overview of particle motion in a specific timestep for various values of SP.
The particle's contour is determined by its velocity.

5. Discussion

The primary finding of the study is that the ED percent for LPM = 5
was found to decrease with even a small increase in SP, and generally, the
ED percent for LPM = 5 drops rapidly as SP increases. Higher airflow
rates also cause more ED, which is a common trend. However, this trend
is not present in all SPs. Conversely, as SP increases, the ED percent
dramatically declines. Moreover, it can be noticed when d gyter become
smaller, SP value falls. An elaborate discussion on all the above obser-
vations will be provided in the following.

As a second finding, with an elaborate probe at the contours, it can be
inferred that the recirculation zones and their vorticities become more
prominent and robust in the capsule section as d outler decreases. As a
result, particles will become stuck in these zones, preventing dispersion.
This results in a decrease in ED% as dc outler increases. It can also be
determined that the swirl parameter significantly impacts the flow

4 LPM, dc_out= 0.9 mm
Velocity Contour

SP

0.035 =

0 6

[m s™-1]

Velocity

12 19 25 31 37 44 50 56 62 69 75 81 87 94 100

Turbulence Kinetic Energy

0 38 75 113150188225 263 300 338 375413 450 488 525 563 §00

Turbulence Kinetic Energy [mA2 s7-2]

Fig. 6. Contour of velocity and turbulence kinetic energy of various SP for d. oyt = 0.9 mm and 4 LPM flow rate (t = 0.2 s).
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4 LPM, dc_out= 1.0 mm

SP Velocity Contour

0.025

0.035

12 19 25 31 37 44 50 56 62 69 75 81 87 94 100

B

Velocity

[m sr-1]

Turbulence Kinetic Energy

0 38 75 113 150188225263 300 338 375413 450 488 525 563 600

Turbulence Kinetic Energy [m*2 s7-2]

Fig. 7. Contour of velocity and turbulence kinetic energy of various SP for d. oyt = 1.0 mm and 4 LPM flow rate (t = 0.2 s).

pattern and turbulence kinetic energy. The recirculation zone expands
slightly for smaller SPs and lower airflow rates, and the flow streamlines
become more uniform and tighter. As a result of these positive effects,
particles are properly dispersed, and the ED percent increases compared
to no-swirl flow. However, the recirculation zones grow more extensive
and robust as SP rises.

This causes more vortices to form in the capsule and near the outlet
orifice, which is not perfect or favorable. Thus, particles cannot disperse
well in the capsule and become trapped in these vorticities. Therefore,
the ED % drops dramatically. This will occur with a low airflow rate and a
high SP value.

In addition, no-swirl flow has symmetrical vorticities. For flow with
SP = 0.025, this symmetry is also apparent. Due to this symmetry, cen-
trifugal forces are generated in the cross-section's central zone, which
increases the ED value. In contrast, symmetrical flows and vorticities
disappeared for flows with higher SP values. The flow trend change-
d—the centrifugal force near the wall increased and moved toward the
center. The flow becomes completely fluctuating at a high SP value,
especially at a high airflow rate.

Besides, low SP allows particles to exit the capsule more effectively
than no-swirl and higher-swirling flows. This illustration can support our
previous discussion by describing particles' reactions to swirling flow.

6. Conclusion

In the present study, the authors focus on an inline capsule-based dry
powder inhaler (DPI) and how to develop the design for effectively
emptying the drug particles. Studying the impact of swirling flow on
emptying the DPI was presented. To generate swirling flow, spiral vanes
are placed on the inlet capillary (orifice). Different spiral depths (SD) are
used, resulting in different swirl parameter values. The effect of outlet
capillary diameter (d. ou) and flow rates on emitted dose (ED) percent-
ages is also explored.

The following conclusion can be drawn.

o At low airflow rates, swirling flow helps to better empty the capsule
and increases ED by 5-20% when compared to no-swirl flow.
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dc_out= 1.0 mm
SP 2LPM 3LPM 5LPM

0.0

0.025

0.035

0.04

=

o

0.05

Fig. 8. Velocity contour pattern at a specified cross-section (middle of the capsule) of capsule for different SP and flow rate (t = 0.2 s).
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Fig. 9. Particle motion in a specific timestep (t = 0.01 s) for a flow rate of 3 LPM and d oy = 1.0 mm.

e Higher SP, on the other hand, has a negative effect and reduces the ED
value by more than 50% due to the formation of vortices. The recir-
culation area, vorticities, and flow pattern all change as the flow rate
and SP increase. As a result, the ED value falls noticeably.

Although the above results and conclusions apply only to the present
study, this conclusion provides insight into future device designs.
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