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Abstract: Respimat®Soft Mist™ is a newly developed spray inhaler. Different from traditional
nebulizers, metered-dose inhalers, and dry powder inhalers, this new type of inhaler can produce
aerosols with long duration, relatively slow speed, and a high content of fine particles. Investigating
the effect of the key geometric parameters of the device on the atomization is of great significance
for generic product development and inhaler optimization. In this paper, a laser high-speed camera
experimental platform is built, and important parameters such as the geometric pattern and particle
size distribution of the Respimat®Soft Mist™ are measured. Computational fluid dynamics (CFD)
and the volume of fluid method coupled with the Shear Stress Transport (SST) k-w turbulence
model are applied to simulate the key geometric parameters of the device. The effects of geometric
parameters on the spray velocity distribution and geometric pattern are obtained. The angle of flow
collision, the sphere size of the central divider and the length and width of the flow channel show
significant impacts on the spray atomization.

Keywords: spray inhaler; parameters of aerosol; volume of fluid (VOF) method; plume geometry

1. Introduction

The efficacy of inhaled drugs largely depends on the amount and location distribution
of the drug deposited in the lungs. It is also affected by various interaction factors, including
the nature of the aerosol, types of the delivery equipment, modes of inhalation and the
airway structure [1]. The characteristics of the aerosol affect the amount of drug inhaled
into the lungs. The method of producing fine particles for pulmonary delivery and the
particle size distribution significantly affects drug deposition in the airway [2,3].

The Respimat®Soft Mist™ Inhaler is a new generation, multi-dosed inhalers [4] for
respiratory medicine delivery developed by Boehringer Ingelheim, as shown in Figure 1a.
The function of the device is to force a metered dose of drug solution through a unique
and precise engineering nozzle, creating two extremely fine colliding liquid jets [5,6] that
act to form a slow-moving and inhalable soft mist cloud [7]. The release rate of aerosol
from the nozzle can reach one tenth of the pressurized metered dose inhaler (pMDI) [8].
The amount of fine particles in the aerosol cloud produced by Respimat®Soft Mist™ is
higher than that of the conventional portable inhaler devices. The high fraction of the fine
particles produced, relatively longer generation time of aerosol cloud, together with the
slow velocity of the soft mist, makes the drug easier to reach the lungs rather than being
deposited in the oropharynx [4].

The drug supplied by Respimat® Soft Mist™ is stored as solution in the cartridge.
The cartridge consists of an aluminum cylinder with a double-walled plastic collapsible
bag which will shrink as the medicine solution is pulled out. The spring is compressed by
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twisting the device base for 180°, which transfers the pre-set metered volume of solution
from the cartridge through a capillary check valve to the pump cylinder.

Uniblock atomization chip is the key component of the Respimat®Soft Mist™, as
shown in Figure 1b. It consists of several extremely fine filter channels. Utilizing the
technology derived from microchip production [5,6,9], the inlet, outlet, and filter channels
that prevent nozzle clogging are etched into the silicon wafer, enabling the component to
be largely and precisely produced [10].
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Dose-release button
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Upper housing
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Spring

Silicon wafer
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(a) Respimat®SMI (b) Uniblock atomization chip (c) Atomization by jet impact

Figure 1. Components of Respimat®SMI Inhaler and mechanism of atomization [11].

Inlet and outlet channels of the Uniblock are designed to produce high amounts of fine
particles (droplet diameters <5.8 um) that rely on the physical principles of impinging jet
dynamics and atomization. Xiaodong Chen et al. [11] have verified the action mode of the
double impinging jet by high-fidelity simulation combined with experiments. The impinging
jets will initially form a liquid sheet. Under the effect of large-scale waves, the sheet breaks into
a series of liquid belts and droplets due to instability, as shown in Figure 1c. These waves have
two kinds of sources, namely aerodynamics and hydrodynamics. The aerodynamic waves
cause relatively flat liquid sheet to break in the downstream region, and the hydrodynamic
waves generate impact at the convergence point [12]. In short, the sources of fragmentation
and atomization are from aerodynamic waves and hydrodynamic waves, and the factors that
affect the occurrence and intensity of the waves and the flow characteristics of the impinging
jet are the collision angle, the length of the pre-jet flow, the diameter of the jet, jet velocity
distribution, Weber number, and Reynolds number of the jet.

There are great differences between the working conditions set in the above research
and in the Uniblock. The velocity and pressure of the liquid in Uniblock are much larger.
The nozzle is in microscale and much tinier than the existing research scale. The jet
characteristics of the physical summaries of the device from existing studies requires
further investigation and verification. First of all, it is necessary to design appropriate
experimental methods and devices that meet the requirements to achieve the measurement
on key parameters of the Respimat®Soft Mist™. In addition, direct molding for new
structures nozzles will cost much manpower and material resources. Thus, simulation can
be carried out to obtain some results, which can provide important guidance for future
atomization chip development.

The volume of fluid (VOF) method [13] is a well-established Euler numerical method
for free surface tracking, which describes the variation of free surface by tracking the
volume fraction of the target fluid in grid unit. Based on the VOF method, this paper
numerically simulated the jet flow and atomization of the Uniblock atomization chip (a
core component of the Respimat®Soft Mist™). Several cases were designed for simulation
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in which some key geometric sizes were adjusted. Some effective predictions were obtained
and the feasibility of VOF method in the development of atomization chips was verified.

2. Experimental Measurements of Respimat®Soft Mist™

In the experimental study, the device was used to measure the physical parameters
described below. Since the original parameters of the device need to be measured, the
liquid inside the device is the original drug, which is the tiotropium bromide solution.

2.1. Principles and Experimental Methods of Measuring Spray Pattern

When the light passes through the colloid, the path of the appearing light in the colloid
can be observed from the direction perpendicular to the incident direction of the light, i.e.,
the Tyndall effect. Therefore, it is feasible to capture the soft mist cloud generated by the
Respimat®Soft Mist™ (Boehringer Ingelheim Pharma GmbH, Binger Straf3e 173, Germany),
which is also a kind of aerosol, by laser irradiation. In this paper, the EoSens3CL (MC3010)
high-speed camera produced by Mikrotron GmbH (Landshuter str. 20-22, 85716 unterschleis-
sheim, upper bavaria, Germany) was set up to shoot through a complete spray process at the
speed of 2000 frames per second aiming at capturing a series of cross-sectional images of the
soft mist cloud. The version 1.1 image capture card produced by Teledyne DALSA (Room
G, 20th Floor, No. 18, North Caoxi Road, Xuhui District, Shanghai) was used to receive the
photos on a computer. The positions of the devices are shown in Figure 2.

camera lens orveees [N Laser transmitter

Figure 2. High-speed laser camera experimental platform.

The platform for fixing the Respimat®Soft Mist™ was adjusted until the center of the
nozzle was placed within the light thickness range of the laser light source. Then the flow
tield protection cover made of high-transmission acrylic plate which was located above the
platform would be closed. The shooting operations were conducted by the computer after
the position and focus of the camera were adjusted.

Matlab was used to process the obtained photos. Firstly, the average grayscale of
photos in each trigger spray series was calculated, and the photo with the largest value
was picked out as the measurement object of this series. For example, Figure 3 shows
one series of average grayscale values after photos processing. The photo taken at 690 ms
after triggering the inhaler has the largest grayscale value, thus it will be selected as the
measurement object.

The selected photos need further post-processing. The photo displayed in grayscale
was converted into a heatmap photo after color processing. The nozzle center was a
reference point, and the maximum distance of the upper and lower soft mist diffusion at
60 mm from the reference point was measured. Then two angles could be calculated by the
arctangent function. The spray angle was the sum of the upper and lower angles and the
width was the sum of two distances, as shown in Figure 4.
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Figure 3. Average grayscale distribution of photos taken by high-speed camera.
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Figure 4. Measurement of geometric pattern.

2.2. Results of Spray Pattern Measurement

1250

1500

Measurement was conducted for 5 times at the beginning, middle and end of the life
cycle of the Respimat® Soft Mist™ product. Results of the experiments are shown in Table 1.

Table 1. Experimental results of spray angle and width.

Nth Injection Spray Angle/° Width/mm

5 26.1 27.61

8 23.1 24.46

13 22.7 24.13

14 21.0 22.27

18 20.0 21.04

21 22.9 24.20

24 229 24.21
27 25.0 26.58

30 20.8 21.97

35 18.6 19.74

41 223 23.43

47 23.7 25.19

50 214 22.75
54 22.8 24.16

55 25.3 26.79
average 22.57 23.90
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2.3. Principles and Experimental Methods of Measuring Particle Size Distribution

When the beam encounters particle blocking, part of the light will scatter, and an
angle will form between the scattered light and the main beam. The dimension of the
scattering angle is related to the size of the particles. The larger the particles, the smaller
the scattering angle will be. By measuring the intensity of the scattered light at different
angles, the particle size distribution of the sample can be obtained.

It should be noted that the particles produced by Respimat®Soft Mist™ are liquid
particles, thus, it is necessary to ensure that the particles will not shrink by evaporation
which will cause measurement inaccuracy. A humidity control box was built outside
the laser particle size analyzer to maintain the required measurement environment. The
particle size distribution under different humidity conditions can also be measured with
the box.

2.4. Results of Particle Size Distribution Measurement

Results of particle size distribution of Respimat®Soft Mist™ measurements are shown
in Figure 5a, where D50 represents the particle size for which 50% of the measured particles
are less than or equal to this size. For example, if D50 is 4.78 um in one test, it means that
50% of the particles are less than or equal to 4.78 um. The same applies to D90. Both D50
and D90 are used to represent particle size distribution, while the volume means diameter
(VMD) is the volume average to express the overall particle size level. Figure 5b shows
the pattern of particle size distribution under different flow velocity. The number of repeat
tests for each variable was 3.

—— D50 (um)
a — D90 (um)
—— VMD (um)

——D50
b - —— D90

o - —— VMD
4 =

Particle size (um)

Flow velocity (L/min)

Figure 5. (a) Pattern of particle size distribution vs. the number of actuations; and (b) pattern of
particle size distribution under different flow velocity.
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3. Model Settings of Numerical Simulation
3.1. VOF Method

VOF method was adopted to simulate the process of liquid injection and atomization
from a nozzle on a two-dimensional level in ANSYS Fluent® 19.0 (Room 1351-52, Building
3, Kerry Plaza, No. 1, Zhongxin 4th Road, Futian District, Shenzhen). The SST k-w
model combines the advantages of the k-w model in the near-wall region calculation and
the advantages of the k-epsilon model in the far-field calculation. A lateral dissipation
derivative term is also incorporated in the equation and the definition of the turbulent
viscosity is modified by taking the turbulent shear stress into account, which makes the
transport process more widely applicable, so this turbulence model was selected in this
paper. The total volume of water and air remains unchanged during the spraying process,
the density is almost constant, and the compressibility of the fluids has negligible effect on
the spray atomization, so the incompressible model was adopted. It is considered that the
atomization process is an isothermal process and does not involve the calculation of the
energy transport equation. The medium in the two-phase flow of the simulation are air
and liquid, and there is no reaction between the medium, so there is no mass source phase
or phase exchange term. Based on the above simplified model, the main control equations
were established as follows:

Volume fraction transport equation:

o\laPq) (f;fq> 4V (fqpqvq) -0 )

Sum of the volume fractions is 1:
Z f q= 1 )

In the formula:

f—volume fraction;

p—density, kg/m?;

v—velocity, m/s;

g—the q phase.

In the solution process, only the transport equation of the n — 1 phase was solved,
and the volume fraction of the main phase was determined by the limitation of the volume
fraction, i.e., the sum of the volume fractions is 1.

3.2. Geometric Model and Meshing

The measurement of spray angle was conducted by the high-speed camera on the hor-
izontal section of the soft mist cloud which passed through the center of the Respimat®Soft
Mist™ nozzle. The two-dimensional plane at the same position was selected for simulation,
and Figure 6 shows the geometric model and its mesh. The part between nozzle inlet and
outlet was selected as the geometric model. The size of the liquid phase inlet and the nozzle
outlet were 2 mm and 10 um, respectively. The model adopted a triangular unstructured
grid, with a total of 331,513 grid cells. The smallest cell area was 2.45 x 10~% m2, while the
largest cell area was 3.08 x 104 m2.

In order to make smoother connection between the nozzle outlet and the outer space
and to increase the accuracy of simulation, the grid of nozzle outlet and the area where was
likely to be filled with soft mist was refined, while grid size of other areas were enlarged to
increase the computational speed. The number of grids and its distribution kept consistent
in the meshing settings after changing the geometric parameters to avoid the effect of grid
differences on the simulation results.



Processes 2021, 9, 44

7 of 17

Figure 6. (a) Geometric model; and (b) mesh.

3.3. Boundary Conditions and Model Settings

The inlet velocity was set to the velocity at the same position in the Respimat®Soft
Mist™, which was 1 m/s. The multiphase flow was set to have a liquid volume fraction of
1, a turbulent intensity of 5%, and a hydraulic diameter of 2 mm. The outlet was a pressure
outlet with a gauge pressure of zero.

Table 2 shows the detailed physical properties and model settings in ANSYS Fluent.
Only water can be used as the filling substance in the new-structure atomization chip used
to verify the numerical model. The substance in the numerical model and follow-up actual
measurements must be consistent, so pure water is adopted as the liquid phase.

Table 2. Summary of physical parameters and model settings for numerical simulation on nozzle of

Respimat®SMI.

Parameter Value or Method
Air density pg/ (kg~m3 ) 1.225
Air viscosity pg/ (kg-m~!-s71) 1.7894 x 1075
Liquid density p;/ (kg-m?) 998.2
Liquid viscosity p;/ (kgm~1-s71) 0.00103
Inlet length/mm 2
Time step size/s 1x10°8
Time Transient, 1st Order Implicit
Multiphase model VOF
Viscous model SST k-w
Pressure-Velocity coupling PISO
Momentum discretization method 2nd Order Upwind
Pressure discretization method PRESTO!

Volume fraction discretization method
Shear condition

Geo-Reconstruct
No slip
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4. Results and Analysis of the Numerical Simulation

In the numerical simulation study, the spray angle, velocity and particle size distri-
bution are used as parameters for comparison and evaluation. The velocity at nozzle exit
refers to the maximum velocity that the liquid phase can reach in the center of the two
flow channels of Uniblock chip. The velocity when the drops reach a stable state refers to
the steady velocity at which the droplet no longer splits after the multi-stage splitting and
the velocity no longer changes significantly. These two velocities are used to compare the
velocity changes after adjusting the size of the chip structure.

4.1. Collision Angle

The collision angle was the variable in this set of simulation models while the angle of
the liquid flow in Respimat®Soft Mist™ inhaler was 90°. In the two comparison cases, the
angle was either increased or decreased by 10%, as shown in Figure 7a.

Case 0 Case 1 Case 2

angle(”)

case 0

Figure 7. Cont.
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Figure 7. Comparison of (a) collision angle of liquid flow; (b) atomization of the liquid phase; (c)
spray angle; (d) velocity; and (e) particle size distribution between cases 0, 1, and 2.

In the comparison group, after the collision angle of the liquid flow was increased
or decreased, the spray angle increased or decreased accordingly, as shown in Figure 7b,c.
However, Figure 7d suggests that the variation of the collision angles did not impose
further impact on the droplet velocity, neither the high velocity at the nozzle nor the low
velocity after the deceleration was changed significantly. It could also be noted in Figure 7e that
the particle size was decreased after the collision angle was either increased or decreased.
Particles produced with a 90° collision angle may drop in the specific range of the size
distribution, which is extremely suitable for inhalation.

4.2. The Size of the Central Sphere Used for Separation

In this set of comparisons, the size of the central sphere used for separation was
decreased or increased by 4% compared to the Respimat®Soft Mist™, which thereby
relatively changed the converge distance from the nozzle to the atmosphere, as shown in
Figure 8a.
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Figure 8. Comparison of (a) size of central sphere; (b) atomization of the liquid phase; (c) spray angle; (d) velocity; and (e)

particle size distribution between cases 0, 3, and 4.
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Based on the comparison results shown in Figure 8b—d, it could be seen that the
spray angle would increase and the liquid phase velocity would decrease when the size
of the central sphere decreased and vice versa. The size variation of the central sphere
correspondingly changed the flow area, which then directly affected the flow velocity, and
the change conformed the relationship between the flow velocity and the flow area. For
a single jet, the fluctuations and turbulence in the flow tended to be greater at a longer
distance. For a double collision jet, the aerodynamic wave was caused by the interaction
on the gas-liquid interface to cause the relatively flat liquid film to be interrupted in the
downstream area, and the hydrodynamic wave was generated at the point of jet impact
to affect the liquid sheet. Combining the flow field of the liquid sheet and its vicinity, it
was still consistent with the phenomenon at the microscopic scale. After increasing the size
of the central sphere, the stroke of the two single jets before convergence increased. The
interaction between the gas and the liquid increased the disturbance of the jet, leading to a
more violent fluctuation in the liquid sheet and an earlier break down.

Moreover, decreasing the size of the central sphere did not cause a significant change
in particle size. As shown in Figure 8e, after the sphere size was increased, the particle
size decreased significantly. It could be explained that by increasing the size of the sphere,
the stroke of the two jets in the atmosphere before converging would also increase. Thus,
the gas-liquid interaction would be more sufficient and the jet disturbance would be more
intense to produce finer particles.

4.3. The Depth of the Fluid Channel

The depth of the fluid channel was adjusted in this group of simulation model for
parameter comparisons, as shown in Figure 9a.
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Figure 9. Comparison of (a) depth of the fluid channel; (b) atomization of the liquid phase; (c) spray angle; (d) velocity and

(e) particle size distribution between cases 0, 5, and 6.

In this comparison group, after the nozzle length was increased, the spray angle
decreased, and the liquid flow velocity increased, and vice versa, as shown in Figure 9b—d.
At the macro scale, the flow disturbance generated by the nozzle tends to grow faster when
the Reynolds number is larger and the nozzle is longer. At the micro scale, which the
current research applied, the longer nozzle did not add disturbance to the jet, but the short
nozzles brought better separation and fragmentation to the liquid flow.

Figure 9e indicates that after the length of the flow channel was increased, the particle
size decreased significantly. Decreasing the flow channel length led to an opposite result
(i.e., the particle size increased), but the variation was relatively small. After the nozzle was
lengthened, the stroke of the liquid flow in the tube was increased and more disturbances
were applied to the flow, which made the liquid sheet fluctuate more violently, so that the
droplets with smaller particle size were produced.

4.4. The Width of the Fluid Channel

The width of the fluid channel was adjusted in this group of simulation for parameter
comparison, as shown in Figure 10a. The comparison group was increased or decreased by
0.0010 mm based on the width of the Respimat®Soft Mist'™, which was 0.0080 mm.
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Figure 10. Comparison of (a) width of the fluid channel; (b) atomization of the liquid phase; (c) spray angle; (d) velocity

and (e) particle size distribution between cases 0, 7, and 8.

From the simulation results shown in Figure 10b—d, it could be seen that after changing
the width of the fluid channel, the flow cross-sectional area was changed, so the liquid
phase velocity changed accordingly. The same as the previous two comparison groups, the
trend of changes in angle and velocity were opposite.

Figure 10e indicates that after the flow area of the flow channel increased and de-
creased, the overall particle size did not change significantly. It seems that changing the
flow area only affected the flow velocity in the nozzle and thus had an impact on the spray
angle, but it did not have any effect on disturbance. As a result, the particle size did not
change significantly.

5. Discussion

The experimental data reveals that the geometric pattern of the Respimat®Soft Mist™
is not affected by the number of sprays. The measured angle and width of the triggered
spray fluctuate randomly around the average value, meanwhile it is not much different
from the average value, which indicates the stable performance of the product in usage.
The spring pressure and pump dosage are balanced and stable during the life cycle of the
product. For each spray, the small difference in the geometric pattern from the inhaler
ensures small variation of the amount of medicine delivered to patients during usage.

The soft mist produced by Respimat®Soft Mist™ does not have much variance in
particle size. The fine particles of the product are very stable, which also ensures the
consistency of the drug intake during use. The percentage of fine particles is extremely
high. The particle size does not change with different flow rate, which ensures a consistent
lung deposition for different patients with different inhalation strength.

The liquid phase velocity and the spray angle are negatively correlated after geometric
design parameters are adjusted. While the angle is increased, the flow velocity decreases
accordingly. The spray angle is mainly affected by the velocity and has no direct relationship
with the fluctuation of the liquid sheet. On the scale studied in this paper, the above-
mentioned velocity changes are not strong enough to affect the Reynolds number of the jet.
The velocity does not directly affect the liquid sheet disturbance, which is also reflected in
the simulation results.

By comparing the simulation results of the three groups of key parameters, slight
adjustment of the collision angle can directly affect the spray angle without significant
impact on the velocity. The size of the central sphere can directly affect the spray angle and
velocity. Decreasing the size of the sphere will increase the spray angle and decrease the
liquid phase velocity. Increasing the fluid channel length will decrease the spray angle and
increase the flow velocity. During the study and development of the device, the effect of
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different parameters on the atomization can be combined to control the geometric pattern
and spray velocity.

Regrettably, due to the conflicts between the number of grids and the calculation accu-
racy, a two-dimensional model was chosen and the number of grids was largely controlled.
The numerical model is not a high-fidelity model. The degradation in dimensionality and
the reduction in the grid would make the results obtained in the numerical simulation in-
consistent with the actual measurement. The results from simulation were mainly used for
lateral comparison to observe the change of particle size after adjusting a certain structure
size. In future study, with the experimental verification and correction of the new-structure
atomization chips, and the improvement of computing resources and grid technology, the
experimental data and numerical data will be able to be docked and compared. In addition,
due to the lack of a proper script which can accurately distinguish and depict the outline of
the mist in the sliced photo and calculate the maximum diameter and minimum diameter
to obtain the ellipticity, the spray pattern cannot be measured temporarily.

Respimat®Soft Mist™ products have very broad prospects in future drug delivery and
smoking cessation treatments. More parameters such as the impaction force, distribution
kind, and the atomization process occurring while using the inhaler device still need to be
explored. In follow-up studies, more numerical and experimental data need to be added to
clarify the mechanism of the atomization chip, for further optimization of its performance.
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