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NUMERICAL SIMULATIONS

FOR INHALATION PRODUCT

DEVELOPMENT: ACHIEVEMENTS

AND CURRENT LIMITATIONS

Here, Andrea Benassi, PhD, New Technology & Innovation Scientist, and Ciro Cottini,
PhD, Drug Product Manufacturing & Innovation Head, both of Chiesi, discuss the
current state of CFD and DEM computational modelling, how it is used to improve
inhaler design and manufacturing, and what the current limitations of this technology
are, as well as how those limitations may be overcome.

The role played by physical
and engineering simulation
techniques in the design of
pharmaceutical  products,
and related manufacturing
processes, has, undoubtedly,
grown rapidly in recent
years. The increasing number
of technical publications in
scientific literature (Figure 1),
the appearance of modelling
and simulation services in the
portfolio of many contract research and
manufacturing organisations working with
pharma companies, and the opening of
new funding opportunities from regulatory
agencies to explore the reliability of such
simulations for pharma and medical
applications! are all testament to
this growth. Many application areas can
be identified in the context of inhalation
products, amongst which the most
notable are:

e Manufacturing process development
e Inhaler design
e Modelling of drug delivery to the lungs.

A trait common to most of
these applications is the presence of
pharmaceutical powders interacting with
fluids (liquids or gasses). This occurs both
during the powder manufacturing process

"‘Powder-fluid interaction is an
intrinsically complex and non-linear
phenomenon that is still both
difficult to accurately model and

poorly understood at the
fundamental level.”

and the use of the device by the patient,
some specific examples being:

e A drug substance powder crystalising
and precipitating in a liquid solvent in a
synthesis reactor

e A drug product powder dose entrained
and aerosolised by a swirling air flow in
a dry powder inhaler

e Airborne drug substance particles
travelling down the patient’s tracheo-
bronchial tree.

Powder-fluid  interaction is an
intrinsically complex and non-linear
phenomenon that is still both difficult to
accurately model and poorly understood
at the fundamental level. Predictions based
on simple rules of thumb or empirical
formulae are impossible, especially in
complex geometries such as industrial
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impossible due to:

e Harsh environments, such as hot
corrosive solvents in reactors or abrasive
conditions in powder mills

e Limitations imposed by quality and
safety protocols in manufacturing for
human-use productions
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e Difficulty in measuring fast phenomena 10 s

occurring in extremely limited volumes,
such as drug dose aerosolisation inside
an inhaler camber

e Absence of easy access to the product,
such as in sealed bins during mixing

e Lack of suitable devices for taking
measurements.

The success of simulation-based design
stems precisely from these limitations —
being able to reproduce the behaviour

' ) Figure 2: Coupled CFD-DEM has been used to model the emission of particles from
of products during manufacturing a dry powder inhaler during inspiration.?
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approximation, the fluid drags along the
particles, but the energy lost in the process is
considered negligible — thus the fluid is not
perturbed at all by the powder’s presence.
When the powder concentration is high, the
energy and momentum exchanged with the
fluid are no longer negligible and therefore a
two-way coupling is necessary. In this case,
the fluid accelerates the powder mass and,
in so doing, decelerates. In one-way coupling
conditions the particles are so diluted
that they do not feel each other, however,
as the particle density increases they
perceive other particles by the perturbations
they leave in the fluid (wakes) — an effect
typically referred to as three-way coupling.
Finally, when the powder density is
significantly high, particle-particle collisions
and inter-particle interactions start to
become relevant. Including them means
running a fully coupled, or four-way
coupling, simulation.

Both the simulation methods make use of
different approximations and assumptions,
and can also depend on certain model
parameters not known a priori. The level
of realism and the reliability of simulations
must therefore be evaluated by comparing
their outcomes with experimental data —
a procedure known as simulation validation.
On the other hand, a model calibration
is necessary when a value must be set for
a parameter that is not known a priori
and not easily experimentally measurable.
This is typically the case for certain DEM
parameters determining the interparticle
interaction, such as the elasticity of the
collisions or the friction forces between
particles. In this case many simulations
are run varying that free parameter until
a good match is found with experimental

mill geometry

particle dynamics
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data. Clearly, there must be only one value
(or a narrow range of values) for a given
parameter where the simulation result
and experimental data match. However,
verifying this for increasing numbers of free
parameters becomes very challenging.

As  mentioned prior, acquiring
experimental data is neither easy nor always
possible in the regions of interest of a
manufacturing facility, piece of equipment
or drug delivery device, thus model
validation/calibration is usually performed
on simplified geometries or for small-scale
laboratory prototypes. In practice, this means
using simplified working conditions that are
still representative of the real processes,
but where data acquisition is much easier.
In some other cases it is not possible to
measure what is going on in a region of
interest, but it is easy to measure what enters
and exits from that region. Thus, some
validations and calibrations are performed
by matching the physical quantities and
profiles measured at inlets and outlets of a
system to those of a simulation.

MANUFACTURING PROCESS
DEVELOPMENT

Among all application areas, manufacturing

process development is the widest,

encompassing particle engineering
applications such as spry-drying and
milling,*® design of manufacturing unit
operations such as dry powder mixing,
tableting and spray-coating,” and design
of equipment and facilities such as freeze
dryers or bio-reactors.*!! Covering all these
aspects is beyond the scope of this brief
perspective and many details are intimately

connected to each specific application. Most
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of the works on modelling and simulation
are not even found in the pharmaceutical
technology literature — they belong more
generally to the chemical engineering and
powder technology realm.

In cases where the scale of the problem
or the total mass/volume of product
involved is large, surface effects and other
details are negligible, so a satisfactory
description of the phenomena can be
achieved by simulating only the average
properties of the fluids and powders. The
fluid turbulence and its interaction with
single powder particles can be neglected,
as well as the correct shape of the
particles — usually assumed to be spherical.
For such cases, standard commercial
software already provides all the necessary
features and the validation of the simulations
is straightforward.

In other cases, where a specific feature
is extremely relevant but many others can
be neglected, such as the spray-coating of
tablets, it is necessary to model the real
tablet shape with a high degree of accuracy
while the presence of air in the tumbler can
be completely neglected. This means that,
under such circumstances, it is possible to
work with DEM simulations alone.

Finally, applications exist that challenge
even state-of-the-art software. For example,
in jet mills, particle size reduction is achieved
through a supersonic gas accelerating a
large mass of powder in order to promote
particle-particle collisions and breakage.
Simulating such phenomena requires
specific CFD algorithms able to treat
transonic and supersonic gas flows, while
fully coupling them with DEM simulations
of a large mass of powder (Figure 3). Such
a requirement is beyond the capabilities

particle classification
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Figure 3: While CFD-DEM analysis can be used to gain insights into the mechanics of jet milling, current technology is yet to

produce a satisfactory simulation the covers all elements of the process simultaneously.'?
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"Although very useful
during the design phase of
processes and products,
coupled CFD-DEM
simulations are rarely

able to give real-time
information during

batch manufacturing.”

of most commercially available software.
Furthermore, on top of that, a good
description of particle fragmentation is
necessary and specific models coming from
fracture mechanics must be implemented
in the DEM software.’>'* To date, the
combination of all these elements is still
missing, and as such it is not possible
to simulate the jet milling process to a
satisfactory level.

To conclude, it must be noted that it is
only on rare occasions that it is possible
to build digital twins for pharmaceutical
processes. The need to account for the
properties of both fluids and powders makes
the simulations complex, usually requiring
dedicated computational resources and
taking many hours, or even days, to obtain
the numerical results and process them.
Thus, although very useful during the design
phase of processes and products, coupled
CFD-DEM simulations are rarely able to
give real-time information during batch
manufacturing.

DESIGN OF INHALERS

The methods for collecting certain data from
outside inhaler devices are well established:

e Air flow rate and pressure drop profile
can be easily recorded at the inlets and
outlets of inhalers

e Particle and droplet emission time
and size distribution can be measured
optically at the device outlet'>”

e Temperature and the shape of aerosol
plumes can be imaged with fast
thermo-cameras.!%"

Measuring what happens inside devices
is definitely more complex. In most cases,
X-ray-based methods are used to image
fast phenomena, such as the flash boiling
of a propellant in pressurised metered
dose inhalers (pMDIs)* or the initial lift

Copyright © 2021 Frederick Furness Publishing Ltd

of carrier particles in a carrier-based dry
powder inhaler (DPI),*! but quantitative
data are rare. In this sense, simulations
can be extremely helpful — after validating/
calibrating them with the data available
for both fluids and aerosol particles at the
outlet, they offer a complete insight into
what happens inside inhalers.

In DPIs, for instance, carrier particle
collisions as well as API agglomerate
breakage by air turbulence are known
to enhance inhalation performances, in
particular the fine particle fraction. Such
phenomena can be easily quantified and
studied with a validated CFD-DEM
model.?** In silico geometry optimisation
studies can be performed on inhalers to
maximise both such phenomena and the
conditions that lead to API aerosolisation
and deagglomeration.?*?” Finally, inhalation
profiles of different patient populations
can be used as boundary conditions for the
simulations to see how an inhaler responds
to weak inspiratory acts, or how ineffective
it becomes in misuse conditions.

This kind of information can be used
during inhaler design to improve patient
compliance and to customise it for specific
patient needs, achieving high performance
even in the case of weak flow conditions.
For DPIs, when the drug dose is initially
concentrated at rest in a cup/pocket or in
a capsule, fully-coupled simulations are
fundamental to correctly capture an accurate
model of the aerosolisation process.?

Improving On the State of the Art
Due to
DEM technique, it is very difficult to
simultaneously simulate both the carrier

intrinsic  limitations of the

particles and the fine API particles in carrier-
based DPIs. For a qualitative understanding
of the API detachment and disaggregation
mechanisms, simulations can be performed
with the carrier surface covered with smaller
particles that still have a diameter 50-100
times larger than real API particles — this
means that the total number of API particles
in the simulated dose will be orders of
magnitude smaller than in reality. The
tough part is that API-carrier adhesion

forces, elasticity and frictional coefficient
must be set in the DEM simulation through
a complex calibration procedure.?®

In aiming to achieve quantitative
and predictive simulations of DPIs, an
implicit approach has been suggested and
successfully employed where only the
carrier particles are simulated, while fine
API particles are treated as a continuum
phase diluted in air.” The concentration
of API particles is increased close to a
carrier particle depending on its relative
velocity with respect to air and any time
it experiences collisions. This approach
requires a huge effort in the parametrisation
of the API release from carrier particles,
but allows for the simulation of a realistic
concentration of API inside the air.

No matter how fast, and thus turbulent,
the air flow is in the inhaler, close to the
inner walls its velocity must drop to zero,
which creates a narrow region, called the
boundary layer, with strong air velocity
gradients. With the typical flow rates of
DPIs inhalers, the thickness of this layer
is estimated to be few hundreds microns
— comparable to the size of the carrier
particles and much larger than that of the
API particles.’®" This means that both
carrier and fine API particles sitting at
the bottom of an inhaler, as well as API
particles on the surface of carrier particles,
feel the presence of such a layer. Corrections
of particle-air forces in the vicinity of walls,
to account for the existence of this boundary
layer, are not implemented in most of the
available software.

Particles of lesser size (and thus reduced
inertia), such as the API ones, are strongly
influenced in their motion by turbulence
in the air flow entraining them. Exactly
as random thermal fluctuations generate a
stochastic Brownian motion for nano-sized
particles, random air velocity fluctuations
(turbulence) generate a stochastic trajectory
for those particles small enough to be
entrained in the turbulent eddies. To reduce
the computational cost, in most industrial
CFD simulations the presence of turbulence
is included without explicit simulation of
the velocity fluctuations, not at least at all

“The possibility of simulating the deposition of aerosol
particles in the respiratory system reliably is now
concretising, thanks to the recent and substantial

progresses in in vivo real-time 3D functional imaging.”
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the scales at which these fluctuations occur.
Thus, when dealing with small particle
dispersion, particle-turbulence interaction
must be re-introduced with an ad-hoc
stochastic term.’**? These particle turbulence
effective interaction models are not always
implemented in most of the available
software and, when present, their general-
purpose implementation is questionable.’>%*

Simulating the behaviour of drug
products during the actuation of a pMDI
is much more complex, owing to the
occurrence of the propellent flash-boiling
phase transition — the phase change and
latent heat exchange require a complex
treatment of the thermodynamics of
the fluid mixture. Many models for the
nucleation of gas bubbles have never been
tested in this context, and in general they are
not even implemented in most of the open
source or commercially available software.
For these reasons most of the models
available to predict drug product behaviour
inside a pMDI actuator are based on
phenomenological zero-dimensional models
— time dependent equations describing the
thermodynamic properties without any
spatial resolution.’>3¢ It is only recently that
some progress and a first implementation
has been made available.’”

DRUG DELIVERY TO THE LUNGS

The possibility of simulating the deposition
of aerosol particles in the respiratory system
reliably is now concretising, thanks to the
recent and substantial progresses in in
vivo real-time 3D functional imaging.’$¥
These techniques not only provide realistic
models of 3D lung geometry to be used
with CFD, but they also allow investigators
to monitor the API concentration inside
the patient lungs, thus providing data to
validate the simulated deposition. In the
extra-thoracic airways and nose, where air
flow is dominated by turbulence, its explicit
inclusion in the CFD simulations has proven
to be necessary to achieve realistic results
in the description of particle deposition.
In other cases, simulations are validated
against data collected on casts realised
from realistic 3D models constructed
using 3D printing or moulding.***! The
advantage of these experiments is that
that air flow conditions are much more
controllable and reproducible, as well as
that, besides deposition data, air velocity
maps can be recorded (using particle image
velocimetry) in mouth, throat and upper
airway generations.

‘Scientific software
development requires
great effort — one that

pharma companies are
not well suited to
undertake — however,
commercial software
companies are not always
keen to implement
cutting-edge algorithms,
still under debate in the
academic literature, that are
of limited interest among
thelr broader userbase.”

Aerosol particles are assumed to be
already highly diluted while entering the
patient mouth, thus a one-way coupling
is generally used. The deposition in the
intrathoracic  generations is entirely
dominated by inertia for particles above
10 microns, while Brownian diffusion plays
a major role for particles below 0.5 microns.
The intermediate range between 10 and
0.5 microns — the most interesting one
from the drug delivery point of view — is
the most complex one to simulate, where
the effect of the weak turbulence, surviving
from the upper airways, might contribute
to deposition comparable to sedimentation
and to inertia-driven impactions from
the secondary flow. To the best of our
knowledge, the contribution of the different
deposition mechanisms for this intermediate
range of particles in the conductive intra-
thoracic airways remains unclear and
requires further investigation.

However, as the diameter of the airways
decreases, it drops below the resolution of
the scanner around the sixth or seventh
airway generations, which prevents an

imaging-based reconstruction of the lung.
Mathematical models are thus used to
continue the lung reconstruction of the
lower functional generations up to the
alveolar sacs.*?* Whole-lung models use
multi-scale CFD simulations of multiple
branching paths to complete the deposition
statistics in the lower airways.*

Alternatively, statistical approaches can
be used to simulate the deposition in the
lower airway. Here the laminar (simpler)
nature of the air flow allows the calculation
of analytical expressions for the deposition
probabilities.?**” However, the uncertainties
in the mathematical models used to
generate the bifurcations and the absence
of spatially resolved deposition data for
the deeper airways reduce the reliability
of deep airway simulation. Most of the
explicit CFD-DEM simulations found in
literature are thus limited to the upper
airways only, which, when compared
with deposition data, usually demonstrate
discrepancies of less than 10%.46:4

There is, of
improvement — small particles (5 to 0.5

course, room for
microns) are known to accumulate and
travel in the boundary layer, but many
simulations approach this region using wall
functions. In cases where turbulence is
explicitly simulated, typically large eddy
simulations, a cut-off is usually adopted,
neglecting the small eddies that populate the
region close to device walls. The implications
of such approximations in the particle-
fluid interaction, and thus on particle
depositions, are still unclear and poorly
debated in the current literature. Efforts are
needed to improve the description of the
lung model, for instance allowing the 3D
lobes to change their volume and enabling
certain anatomical features, such as the
glottis, to move during the inspiratory act.*’
Finally, in pursuit of a predictive tool that
is able to resolve the spatial deposition of
API particles in every airway generation,
attempts are ongoing to couple it with
pharmacokinetic and pharmacodynamic

“To fully exploit the potential of modelling and
simulation, a cultural change must take place in the
pharmaceutical manufacturing sector, a change that
was started with the introduction of quality by design
principles, the digital revolution and the Industry

4.0 philosophy, but that has not yet been completed.”
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models to improve our understanding
and predictions for bioavailability and
systemic exposition.*”

CONCLUSION

CFD and DEM simulations are proving to
be valuable tools for product and process
design, offering new insights into poorly
understood phenomena and enabling new
predictive capabilities. Best practices and
reference standards have been recently
proposed for specific CFD-DEM simulations
of inhalers’! and human lung deposition.”
Indeed, there is still plenty of room for
improvement, as well as new applications
and challenges for the current state of the
art of technologies and algorithms.

However, to fully exploit the potential of
modelling and simulation, a cultural change
must take place in the pharmaceutical
manufacturing sector, a change that was
started with the introduction of quality
by design principles, the digital revolution
and the Industry 4.0 philosophy, but that
has not yet been completed. To master the
complexity of CFD and DEM simulations,
competences in physics, computational
engineering and scientific high-performance
computing are needed. However, physicists,
engineers and information technicians are
rarely found among the ranks of research
professionals currently employed in drug
product design.

Most of the software for CFD and
DEM simulations is developed to be general
purpose and lacks certain features necessary
for specific pharma applications. Scientific
software development requires great effort
— one that pharma companies are not well
suited to undertake — however, commercial
software companies are not always keen
to implement cutting-edge algorithms, still
under debate in the academic literature,
that are of limited interest among their
broader userbase. A possible solution is
the adoption of open-source software, for
which customisation and implementation
of these cutting-edge algorithms could
be achieved through partnerships with
academic research groups and scientific
computing centres. With this in mind, the

culture in the industry should evolve from
a contract/consultancy driven collaboration
to an open innovation approach.
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Chiesi is an international research-focused
pharmaceutical and healthcare group with
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countries with more than 6,000 employees.
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innovative drugs in its three therapeutic
areas: AIR (products and services that
promote respiration, from new-born to
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patients with rare and ultra-rare diseases)
and CARE (products and services that
support special care and consumer-
facing self-care). Since 2019, Chiesi has
been the world’s largest B Corp certified
pharmaceutical group. By incorporating a
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