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Abstract

In this thesis, the enhancement of aerosol deposition in the mouth—throat
region by non-ballistic pharmaceutical aerosol devices is investigated and a
model to predict the extrathoracic deposition is developed.

In vitro tests were performed in a realistic, idealized mouth and throat
geometry using monodisperse aerosols entering through various inlets. It was
found that the two dry powder inhalers used as inlets caused elevated depo-
sition in the geometry for a large range of flow rates and particle diameters
compared to the other tested inlets.

The in vitro tests were repeated at one flow rate and particle diameter
with a radioactively labelled aerosol in order to determine the location of the
elevated deposition. It was found that the oral cavity was the primary site of
the increase in aerosol deposit.ion relative to the straight tube inlet case.

In order to test the effect of varying the velocity and turbulence intensity at
the inlet of the region, monodisperse aerosol deposition was measured in an oral
cavity model after entry through a number of straight tubes and contracting
nozzles with various outlet diameters. Aerosol deposition was found to be
a function of the particle Stokes number based on the inlet diameter and
the predicted velocity near the impaction location. Although increased inlet
turbulence intensity was found to increase deposition, it was found to be a
secondary effect after the Stokes number effect.

In order to investigate the flow field in the oral cavity caused by the confined
turbulent jets, a commercial computational fluid dynamics (CFD) package
combined with an in-house particle tracking code was employed to predict
the flow fields and aerosol deposition within the region. The CFD simulation
predicted fluid jet structures in the oral cavity for all inlets less than 17mm
in diameter with elevated deposition near the point of jet impingement on the
upper, rear wall of the oral cavity. This deposition pattern agreed well with the
qualitative deposition patterns observed experimentally. The total deposition
predicted in the oral cavity by the in-house particle tracking code showed good

agreement with the experimental data, although some overprediction of the
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deposition for small particle diameters and underprediction of the deposition
for large particle diameters was observed.

A model was developed to predict the aerosol deposition in the oral cavity
based on the straight tube and contraction nozzle tests. Extrapolation of this
model to inlets that resembled commercially available dry powder inhalers was
then tested for monodisperse aerosols. This was achieved by assuming that
the dry powder inhalers could be modelled as straight tube inlets with equiv-
alent diameters based on the cross sectional area of the dry powder inhaler
mouthpiece. The model was found to give much closer estimates of oral cavity
deposition than previous extrathoracic deposition models available in the lit-
erature. A small systematic underprediction of the oral cavity deposition for
entry through dry powder inhaler geometries was observed.

Finally, a simple model was developed for predicting dry powder inhaler
aerosol deposition by extrapolating the oral cavity model to polydisperse aerosols
and combining it with the model of Stahlhofen et al. for pharynx, larynx and
trachea deposition. Results were validated against published in vivo stud-
ies with a number of dry powder inhalers. The model was found to improve
predictions of the total extrathoracic deposition and to significantly shift the
deposition location within the extrathoracic region from the larynx to the oral

cavity as is observed in vivo.
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Chapter 1

Introduction

1.1 Introduction to Pharmaceutical Aerosols

Aerosols are a part of our environment. Whether the aerosols encountered
in everyday life are from natural sources like pollens, mists and sneezes, or
are induced by human activity such as cigarette smoke, automobile exhaust
and household dust, our bodies are regularly inhaling solid and liquid airborne
particles. Because of this, the human body has many defensive mechanisms
in place to protect against potentially harmful aerosol particles entering the
body through the respiratory tract.

In fact, there exists in the lower 10 km of the atmosphere a background level
of particulate matter ranging from 10 to 10° particles per milliliter.!' Most
of these particles range in size from 0.1 to 1.0 micrometers in diameter and are
constantly being inhaled. However, the design of the human body is such that
particles in this size range have the least likelihood of depositing in the body.
With normal respiration levels and lung characteristics, these particles have
too little mass to deposit via inertial impaction or sedimentation, and are too
large to deposit by diffusion. This allows the particles to be exhaled without
significant effects.

The introduction of industrial processes has greatly altered the concentra-

tion and size distribution of aerosols available for inhalation. The presence of
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airborne particles in size ranges capable of penetrating and depositing deep
in the lungs where delicate tissues and close proximity to blood streams may
enhance their effects on the body, has led to strong concerns about pollution
and much research into its effects on the human body.

In addition to concerns about potentially harmful particles entering the
body through the respiratory tract, research in the area of aerosol deposition
has also been motivated by the desire to deliver beneficial substances to the
body by inhalation. Pharmaceutical aerosols for treating lung diseases like
asthma, cystic fibrosis and COPD (chronic obstructive pulmonary disease)
have been in use for a number of decades. Recent widespread recognition of
the benefits of the inhalation route for delivering various drugs for systemic
use such as insulin for diabetes, human growth hormone and vaccines has also
stimulated rapid growth in the medical aerosol field.

As the human body is well designed to protect itself against foreign aerosols
in the ambient atmosphere, intentionally depositing aerosols into the body
requires designing around the body’s natural defense mechanisms. As will be
discussed in this work, the fluid dynamics in the respiratory tract combined
”With the forces acting on a particle entering the tract determine if and where
a particle will deposit in the body. The design of the human body is such that
there is only a small window of particle sizes that will penetrate deep into the
lungs and deposit.

For typical respiration profiles and lung geometries, particles with diame-
ters of a few micrometers tend to deposit in the conducting airways and are
quickly cleared from the lungs by muco-ciliary transport. Thin layers of mucus
overlay the walls of the conducting airways. Many particles that deposit here
travel with the mucus which is propelled out of the respiratory tract by rows
of tiny cilia beating in rhythm between the cell walls and the layer.

Larger particles tend to deposit in the mouth and throat region and are
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cleared by either coughing or by swallowing and passing through the digestive
tract. Particles with diameters of tenths to hundredths of micrometers tend be
exhaled without depositing because they have too little mass to be affected by
inertial or gravitational forces but too much mass to be significantly affected
by diffusional forces over the course of a respiratory cycle. Finally, particles
smaller than 0.01um encounter increased deposition due to diffusional forces,
but have so little mass that their numbers must be extremely high before they
have clinical significance since the body typically responds to the mass of drug

delivered.

1.2 Commercial Delivery Techniques for Phar-
maceutical Aerosols

There are in general three techniques used for producing pharmaceutical aerosols:
nebulizers, propellant (pressurized) metered dose inhalers (pMDI), and dry
powder inhalers (DPI).

1.2.1 Nebulizers

In nebulizers, the drug is dissolved or suspended colloidally in a bulk liquid,
typically an isotonic saline solution or pure water. Energy must be supplied to
break up the bulk liquid into small droplets. The two main types of nebulizers
are classified based on the way that this energy is supplied to the bulk liquid.
Jet nebulizers use a high velocity air jet blowing across a liquid surface to
break up the surface into droplets while ultrasonic nebulizers use ultrasonic
waves to generate droplets at the liquid surface.

Jet nebulizers are a subset of the more general twin-fluid atomizers and
part of the air-assist/airblast class of atomizers discussed by Lefebvre.?® While
traditional atomizers of this type use high pressure liquid feed systems, medical

nebulizers do not due to safety, portability and cost constraints. A detailed

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



consideration of the mechanics of jet nebulizers is beyond the scope of this
manuscript and the reader is referred to the chapter on jet nebulizers by Fin-
lay.*®

The basic idea is that a high pressure gas (typically air) is supplied to the
nebulizer from a compressor or a compressed air source. The air is accelerated
through a venturi or orifice, causing both high air velocity and low static air
pressure as the air exits the nozzle. This low pressure location causes the liquid
from the bulk liquid reservoir to be drawn upwards to the nozzle exit typically
through thin channels. When it comes into contact with the high speed air jet,
the liquid surface is broken up into droplets which are entrained in the jet. The
jet impinges on a primary baffle and large droplets splash off the baffle causing
the formation of Sﬁaller secondary droplets. A system of secondary baffles
causes large droplets to impacf inside the nebulizer and be recycled into the
fluid reservoir while smaller droplets are allowed to exit the nebulizer, creating
a continuous mist of fine, water based aerosol particles. Some modifications
of the basic jet nebulizer design include vented nebulizers which divert the
exhaled air away from the production zone, thereby decreasing the loss of
aerosol during exhalation, and breath enhanced nebulizers which draw the
dilution air in through the nebulizer body, thus increasing the efficiency of the
secondary baffles and decreasing the output particle sizes at higher inhalation
flow rates.

Ultrasonic nebulizers utilize piezoelectric crystals excited at high frequen-
cies (typically 1-3 MHz) to provide the energy required to break up the fluid
surface into droplets. The vibrations of the crystal are transmitted through
the liquid, forming standing waves in the bulk fluid reservoir. These standing
waves cause a fountain of liquid to be formed in the nebulizer chamber.!!!
Similar to the jet nebulizers, baffles are used to prevent large droplets from

escaping the nebulizer, so that a mist of small droplets is produced. Some
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ultrasonic nebulizers incorporate breath actuation of the piezoelectric crystal

to limit production of aerosol to inhalation cycles.

1.2.2 Propellant (Pressurized) Metered Dose Inhalers (pMDI)

This type of device for delivering pharmaceutical aerosols has the drug dis-
solved or in suspension with a volatile propellant and excipients in a small
canister.”® When the valve on the canister is triggered, a precisely metered
volume of the mixture is released. The propellant rapidly expands, sending
a bolus of volatile droplets out of the device. The aerosol plume develops
over an initial region as the particle sizes decrease due to evaporation of the
propellant and the velocity of the bolus decreases as the jet expands into the
generally slower moving surrounding air. pMDIs are quite common due to
their portability and low cost. However, concerns over difficulties in properly
timing the inhalation and actuation has led to the development of spacers and
holding chambers to both reduce the timing difficulties and to allow the plume

to develop prior to inhalation.

1.2.3 Dry Powder Inhalers (DPT)

Rather than being in solution or suspension, the drug is stored in powder
form in dry powder inhalers. It is often protected from ambient humidity
since exposure can adversely affect powder dispersion. The powder may be
contained in blister packs, in capsules, as loose powder or as tablets and is
usually combined with a carrier such as lactose to increase powder uptake and
ease dose filling during manufacture. An action is usually required prior to
inhalation to expose the powder such as tearing open a blister, puncturing a
capsule, scooping a measured amount of powder, or scraping a tablet.

Once the device has been primed, most DPIs (known as passive DPIs) use

the force of the inhalation air flow to aerosolize and disagglomerate the drug
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particles although some (known as active DPIs) use mechanical means such
as compressed air or battery powered impellers to disperse or disagglomerate
the powder. Dunbar et al. give a more detailed discussion of the operating
principles of many DPIs.>” The devices are similar in size, portability, and
cost to MDIs. While the powder format lends itself more easily to storing and
delivering aerosols of proteins and peptides, many of the passive DPIs have
minimum inhalation force and flow rate requirements for effective deposition
in the lungs which may be difficult for some children or patients with severe

respiratory ailments.

1.3 Importance of Prediction

As new and more expensive drugs such as insulin, human growth hormone, and
vaccines are being introduced for inhalation, targeting of the drug delivery to
specific regions of the respiratory tract is becoming more important. Designing
for and predicting deposition in the various regions such as the nasal cavity, the
oral cavity, the tracheo-bronchial region, and the alveolar region is crucial as
both effectiveness and side effects are directly related to the mass of substance
depositing in a specific region.

With a flood of new devices entering the market and under development
recently, it is important to be able to predict the deposition of an aerosol
exiting any given device. In order to accurately predict the aerosol deposi-
tion, the particle properties exiting the device must be known (for example:
size distribution, particle density, number concéntra.tion, electric charge, hy-
groscopicity and particle shape). What is not yet well studied is the effect
that the device’s presence may have on the aerosol deposition, independent of
the particle properties it produces. This manuscript attempts to quantify and
predict the change in aerosol deposition that results due to the presence of a

medical device at the entrance of the oral cavity.

6
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1.4 Outhne of Thesis

In Chapter 2, previous work on the possible mechanisms of aerosol deposition
in the region is explored including inertial impaction, enhanced diffusion and
deposition due to turbulence and sedimentation. The modelling techniques
that have been employed to predict deposition of inhaled aerosols in the res-
piratory tract are considered. The chapter then focuses on modelling in the
extrathoracic region, one of the least understood sections of the respiratory
tract and the primary objective of the research presented in this manuscript.

An experimental setup was designed to measure the total deposition of
monodisperse aerosols depositing in a realistic, idealized mouth and throat
geometry after the aerosol entered through a variety of medical devices or a
straight tube. The setup, results and discussion of these tests along with com-
parison to empirical formulas based on in vivo tests are contained in Chapter
3.

In Chapter 4, tests to measure the regional distribution of aerosol deposi-
tion in the extrathoracic airways were performed using radioactively labelled
aerosol particles and planar gamma scintigraphy. Again various medical de-
vices were used as inlets.

After finding the oral cavity to be a location of major differences in deposi-
tion between devices in Chapter 4, a realistic, idealized oral cavity model was
constructed. The results of deposition tests using a large number of entrance
conditions including various diameter contraction nozzles, straight pipes and
pipes with enhanced turbulence are discussed in Chapter 5. Included in this
section is the development of a model to predict the oral cavity deposition of
monodisperse aerosols based on the entrance conditions for the region.

In Chapter 6, computational fluid dynamics is used as a tool to investigate

the fluid flow inside the oral cavity. The purposes of these tests are to validate

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the length and velocity scales used in the deposition model from Chapter 5
and to quantify the regional deposition pattern in the oral cavity which was
only qualitatively observed in the experiments performed.

The oral cavity deposition model from Chapter 5 is extended in Chapter
7 to predict deposition first for monodisperse aerosols entering the oral cavity
through complex geometries similar to commercially available dry powder in-
halers. The model predications are validated against experimental data. The
model is then combined with the model for laryngeal deposition of Stahlhofen
et al.**® and further extended to polydisperse aerosols to predict total ex-
trathoracic deposition entering through dry powder inhalers. This is validated
against published in vivo data for polydisperse aerosol deposition from a vari-

ety of dry powder inhalers.
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Chapter 2

Present State of Knowledge

2.1 Introduction

In this chapter the present state of knowledge in the modelling of extratho-
racic deposition will be reviewed. The chapter begins by reviewing the general
mechanisms of aerosol deposition. It then discusses modelling techniques for
the whole respiratory tract and finally narrows to experimental and compu-
tational studies of the extrathoracic region and empirical deposition models

proposed.

2.2 Aerosol Deposition Modelling

The behaviour of aerosols, solid and liquid particles entrained in gas flows, is
actually a specific application of the more general multiphase flow. Multiphase
flow deals with the concurrent motion of at least two phases, where the phases
under consideration are solid, liquid and gas. Examples of multiphase flows
include bubbles in soda pop, cavitation in pumps, sediment motion in rivers
and oceans, dust storms, spray coatings, fluidized beds, and ambient and med-

ical aerosols. Crowe et al®

gives a good introduction to multiphase flow with
particles and droplets, including experimental methods and numerical models.
The equations governing the behaviour of a particle phase dispersed in a

gas phase are well known. The mass, momentum and energy of the individual
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phases are transported with the phase and exchanges between phases and
the surroundings are possible. The governing equations for a single particle
phase (as is often the case in pharmaceutical aerosols) and the gas carrier
phase include the continuity, momentum and energy equations for gas and for
the particles. A set of equations for the mixture can also be derived. For
example, Lixing!®' gives the differential form of the gas phase equations in
indicial notation as:

Gas phase continuity
0 0
o , 0
8t 835 7

where S is a mass source of the gas phase. For the aerosols studied here, no

(pv;) =S (2.1)

particulate matter is converted to gas and S = 0.

Gas phase momentum

0 0 Op Oty
(o) + —(pv;v;) = — - 2.2
ot (va) + 8&7]‘ (pU]vZ) 83:1 + 8xj + fbl ( )

where f,; is the net body force on the gas phase. For example, f,; may be
given by:

fbi = Apgz + :_)—p(’Upi — ’Ui) + ’UiS + FMi (23)
P

where the first term is the gravitational force including buoyancy effects and
the last three terms are forces on the gas phase as a result of the interaction
with the particles. The second term includes the drag and lift force, the third
term is the effect of the mass source on the momentum (which will be‘zero for
our case) and the final term is the Magnus force.

Equation 2.2 as written is true for any fluid and any concentration of the
particle phase. However, it is nearly impossible to solve in its present form
for all but the simplest of cases. It is known that for dilute aerosols with
volume fractions of aerosol to gas less than 1076, the particle phase will have
negligible influence on the fluid phase.?»%! Although this is not always the

case for pharmaceutical aerosols, the tests performed in this work had volume
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fractions less than 10-¢, allowing the final three terms of equation 2.3 to be
neglected in the fluid momentum equation. This leads to a one-way coupling
of the momentum equations, with the gas velocity field affecting the particle
motion, but the particles not affecting the air velocity field.

For Newtonian fluids (such as room air) the stress tensor (7;;) is linearly

related to the strain tensor (Sj;) and the gas momentum equation becomes:

0 J 0 0 2
SZ(PW) + %(ijvi) = —85 + %[M(Qsji - gfsjiskk) + £05:Skk] + foi (2.4)
7 2 7

where §;; is the Kronecker delta function, y is the usual fluid viscosity (shear
viscosity), £ is the bulk coefficient of viscosity and f,; does not involve any of
the particle interaction forces.

The bulk viscosity term £6;;Skr represents the pure expansion or contrac-
tion of a control volume due to shearing. For incompressible fluids, this term
will be zero. The final form of the stress tensor for incompressible, Newtonian
fluids is then given by:

Tji = 2S5 — %péjiSkk (2.5)

which is true for monotonic gases and a reasonable approximation for air in
all engineering situations.!?! Then substituting equation 2.5 into equation 2.2

gives:

0 0 Dy, J 15} 2
a(ﬂvz‘) + é;j(pvjv;’) =Py = _351' + 5 (QMSji — §H5ji3kk> + foi (2.6)

Inclusion of the definition of the strain tensor:

1 a’l}j . (91)1-
=33+ 5r) @
yields the Navier-Stokes equations which apply to incompressible, Newtonian
fluids as:
Dv; op 15} ov;

11
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If 1 is assumed to be independent of position in the flow as is usually done
since for air, p is only moderately dependent on the fluid temperature and

pressure, then the Navier-Stokes equations reduce to the commonly seen form:

Dv,  0Op 0*v;

= i 2.9
p Dt ox; + ﬂax]@xi + e (2.9)
which in vector notation is:
D7 . .
p b‘g = VP +uV2i+ f (2.10)

Since the air is assumed to be an incompressible fluid and the viscosity
is assumed to be independent of temperature variations within the area of
interest, the Navier-Stokes equation is de-coupled from the gas energy equation
and the energy equation need only be considered if the temperature field is of
interest. Since the aerosols considered in this work are stable over a range of
temperatures near room temperature, the energy equation did not need to be
considered for either the air flow or the particle phase.

In the following section, the momentum equation for the particle phase is

considered.

2.3 Particle Momentum Equation

Since a particle has inertia and is acted on by different forces than the fluid,
its motion is governed by the particle momentum equation and its path will
not necessarily be the same as that of adjacent fluid elements. It is because of
this different path that particles are able to cross fluid streamlines and deposit
on the walls of airways and alveoli in the respiratory tract.

Hinze explains that the equations of motion for a rigid sphere in a station-
ary fluid were derived by Basset, Boussinesq and Oseen, extended to the case
of a moving fluid with unsteady velocity by Tchen.” They have also been

discussed recently by Maxey and Riley.!%®

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The equation for a spherical particle travelling in a continuous fluid (not

including the lift force, Magnus force and Faxen corrections) is:

dv dv T dv dv
~d3p,—L = 3mpd,(vy — Tl =ty Ty (S -
6d” b~ SRy = vp) + Gy am 4 adors |~

t d_”ﬁ d”p
d2\/Tps i / dt + F, (2.11)

where the subscript f refers to the fluid and p refers to the particle. The term
on the left side of the equation is the force required to accelerate the particle
due to its inertia. On the right side of the equation, the first term is the
Stokes drag force on the particle, the second is the force on the particle due
to the pressure gradient in the fluid surrounding the particle caused by the
acceleration of the fluid, the third term is the force required to accelerate the
virtual,“added mass” of the particle relative to the fluid, the fourth term is the
Bassett history term which is an unsteady correction to the Stokes drag, and
the final term is the sum of the external forces on the particle (eg. gravity,
buoyancy, electrostatic, etc.)

Since most medical aerosol particles (and the monodisperse aerosols in-
vestigated in this work) have densities significantly higher than that of air
(eg. pw = 1000 kg/m? for water while p, = 1.2 kg/m? for air), many of the
forces acting on the particle such as the buoyancy force, Magnus force, Saffman
force, Basset force, pressure force, Faxon correction and virtual mass force are
much smaller than the drag force and the gravitational force and may all be
neglected.?

Newton’s second law for the aerosol particle can then be written as:

v
My = = F = mpg + Firag (2.12)

where m,, is the mass of the particle, ¥ is the particle velocity, g is the grav-

itational vector and Fy,, is the drag force on the particle caused by relative

13
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motion of the air and particle. Since the working fluid for most pharmaceutical
aerosols and all the aerosols in the present work is air, we can substitute the
subscript a for air for the general fluid subscript f.

For a spherical particle the drag force is well known to be given by:
— 1 ~
Fd'rag = CDipavze[Avrel (213)

where p, is the air density, A = wdf, /4 is the cross sectional area of the particle,
U 1S @ unit vector in the direction of the relative velocity between the fluid
and the particle (ie. U, = ¥, — ;) while v, is the magn»itude of the vector
Ure. The drag coefficient Cp is a function of the particle Reynolds number

Re, given by:

_ PadpUrel
==
where i, is the dynamic viscosity of air. For Re, < 1 and d,/2 >> A (where X

Re, (2.14)

is the mean free path of molecules in air and A = 0.067um at room conditions

18) the Stoke’s Law assumption can be made and

24

Cp=——
b Re,

(2.15)

For most pharmaceutical aerosols, which have diameters in the range of
1pum to 10um and follow the flow streamlines fairly well, thus having low rel-
ative velocities, the Reynolds number assumption of Stokes drag is generally
fulfilled. However, for particles with d, < 2um, the second assumption be-

comes questionable and the drag coefficient must be modified:

24
- C.Re,

Cp (2.16)

to include the Cunningham slip coefficient, C., an empirically determined pa-
rameter to compensate for the molecular nature of the fluid at these small
scales (no longer can the air be assumed to be a continuum). For d, > 0.1um,
Willeke et al.1® gives:

A

C.=1+25% (2.17)
dp

14
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Thus the equation of motion for the spherical particle reduces to:

T s dU W

I
gdppp?d—i- = gdippg + —C—_l’l'adpvi"ﬁl (218)

If this equation is nondimensionalized in terms of U, a characteristic veloc-

ity scale of the fluid and D, a characteristic length scale of the flow, it takes

the form:
U d(’l?/U) o ]-SllaU ﬁrel
= 2.19
DJU d(t/(DJU)) ¢ pp2C. \ U (2.19)
Introducing the dimensionless variables:
L U
= — 2.20
V= (2:20)
— 77rel '
= 2.21
Urel U ( )
g=12 (2.22)
g
t
= —— 2.23
D/ (2.23)
gives the final form of the particle momentum equation as:
dﬁl Usettle —
th— = .
S dt’ U g + Urel (2 24)
where the Stokes number (Stk) is given by:
Up,d*C,
Stk = L2~ 2.2
18u, D (225)
and the particle settling velocity (vseue) is:
Ceppdig
settle = 2.2
Usettl 18114 ( 6)
15
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Geometric Diameter Material Settling Velocity
(pm) (=)
1 dl-o tocopheryl acetate 0.033
1 Di-2-ethylhexyl-sebecate (DEHS) 0.032
2.5 dl-a tocopheryl acetate 0.190
2.5 DEHS 0.182
3.8 dl-a tocopheryl acetate 0.430
3.8 DEHS 0.412
5 dl-er tocopheryl acetate 0.737
5 DEHS 0.706
7.5 dl-a tocopheryl acetate 1.64
7.5 DEHS 1.57

Table 2.1: Settling velocities of tested monodisperse aerosols
2.4 Sedimentation

Sedimeﬁtation is aerosol deposition caused by the effect of gravitational forces
on aerosol particles. Consider first the case of a spherical particle suspended in
stationary air. After a transitional period during which the particle accelerates
from rest, the particle will reach its terminal velocity (the maximum velocity
at which it may fall) where the downward gravitational force is balanced by
the upward oriented drag force.

Since the velocity of the particle is no longer changing, the derivative on
the left hand side of equation 2.24 is equal to zero and since the fluid velocity
is also equal to zero, the equation reduces to:

Ceppdyg .
——=

2.27
1877, (2.27)

U = Usettled =

Table 2.1 gives a listing of the settling velocities for monodisperse aerosols
with material properties and size ranges tested in this work calculated using
equations 2.26 and 2.17.

Since the air in the respiratory tract (and especially in the extrathoracic
region) is typically not stationary, but is flowing through conduits, the amount

of aerosol that deposits due to sedimentation is dependant on both the settling

16

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



velocity of the particles and the residence time of the aerosol in the conduit.
For monodisperse aerosols in tubes with all fluid velocities parallel to the
tube walls, all particles fall vertically through the fluid at the same speed and
there are no particle-particle collisions since no particle can catch up to any
other.
The sedimentation of monodisperse particles from fully developed laminar
flow in circular tubes has been well studied. For horizontal tubes, Fuchs®7

gives the fraction of aerosol depositing in the tube (P;) as:

2
P, = Z[2kV 1 — k23 — kY31 — k2/3 + arcsin(k/3)] (2.28)
T
where
K = %;;5‘% = sedimentation parameter

Usettte = particle settling velocity
L = tube length
D = tube diameter
U = average flow velocity

Heyder and Gebhart % found that for tubes inclined an angle 6 from the
horizontal, with the assumption that v, sin@ < U, Py is given by the same

expression as equation 2.28 but with « defined by:

. 3vsettleL

=— 2.
SDU cos (2.29)

Heyder analyzed the case of laminar plug flow in the tube rather than fully

developed laminar flow,%¢ and the fraction of aerosol depositing in the tube is:

2 4 4 4\?
P=1-2 k) — ka1 = .
arccos (3&) 35 ( n‘i) (2.30)

where « is given by equation 2.29.

The flow in the extrathoracic region is not expected to be laminar for in-
halation through mouthpieces due in part to moderately high Reynolds num-
bers, the presence of free shear layers and complex geometry as discussed

further in section 6.1. The presence of turbulence and secondary flows in the

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



region would tend to enhance the aerosol mixing in the region. Finlay *® con-
siders the case of well mixed laminar plug flow in an inclined tube and derives

the following equation for the fraction of aerosol depositing from the flow:

(2.31)

4 setile COSO L
P=1—exp [_ Vgettle COS }

;T_ (U + Vgettle sin 0) —D—

which for the case of v sin @ < U reduces to the expression given by other

authors for horizontal tubes:%">115

1
P,=1—exp (——?gﬁ) (2.32)

where « is given by equation 2.29.

Brockmanﬁ 13 discusses sedimentation of aerosols from turbulent pipe flows
and finds that for flows with x < 0.5, (/-s; given by equation 2.29) the deposition
does not differ significantly from that seen in lamiﬁar flows.

The drag force on an aerosol particle and thus the settling velocity, can be
affected by internal flows inside a liquid droplet and by the presence of other

135

particles’ wakes. Hadamard % and Rybczynski'®® independently found that

drag force on a liquid particle with internal recirculation can be given by:

1+ 24 /3pp 1+ 2p40/3pp
Fdra = 37TMad Urel {—————— - FS okes dra, 7 2.33
! ; 1+ pha/ ip t U T+ e/ (2.33)

For dense clouds, the settling velocity of an aerosol particle is lower than
that of a single particle in isolation and is often referred to as ‘hindered set-
tling’. Empirical correlations for hindered settling are given by Crowe et al.?®

and Di Felice ** which give for Re, < 1:
Farag = 37rl‘adpvrel/a3'7 = Fstokes dmg/Oég'7 (2.34)

where « is the volume fraction of the continuous phase given by:

o V‘olume of air . (2.35)
volume of air + volume of particles
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The volume fraction of the particle phase, § is given by:

5 volume of particles (2.36)

~ volume of air + volume of particles

In the tests performed in this work, typical volume fractions of the particle
phase were 3 ~ 1 x 1078 which corresponds to o = 0.999999 and from equation
2.35, a change in the Stokes drag force of < 0.0004%. Clearly, hindered settling
is insignificant for our tests.

For the Di-2-ethylhexyl-sebecate (DEHS) and dl-a tocopheryl acetate aerosols,
the viscosities of the bulk ligiuds are unknown. However, my observation sug-
gests both have viscosities considerably higher than water, similar to room
temperature liquid honey (¢ = 9 Pa-s) for dl-a tocopheryl acetate and heated
liquid honey (u = 0.26 Pa-s at 70°C) for DEHS. Frorﬂ equation 2.33 these vis-
cosities cause effects on the drag force of 0.00007% and 0.0023% respectively.
Again, this is a negligible effect. Even for viscosities as low as thét of room
temperature water(p = 0.00096 Pa-s at 22°C), the effect on the Stokes drag
force is less than 0.7%.

In order to estimate the importance of sedimentation as a mechanism for
aerosol deposition in the extrathoracic region, consider flow in a tube with
dimesions similar to the oral cavity region. Sedimentation in the pharynx, lar-
ynx and trachea are expected to be negligible since the flow is predominantly
vertical, with the settling velocity aligned with the average flow velocity. Con-
sider a tube with diameter D = 0.025m, length L = 0.065m. Sedimentation
will have the most effect for large particle sizes and small flow rates, so con-
sider the case of a 7.5 um diameter monodisperse aerosol of dl-a tocopheryl
acetate with an inhalation flow rate of 15 L/min. This gives a mean velocity
in the tube of 0.51 m/s and from equation 2.29, a value for the sedimentation
parameter of k = 0.0063 which is < 0.5 so that turbulent effects on settling

velocity should be negligible. For fully developed laminar flow in the tube,
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equation 2.28 predicts a deposition fraction of P, = 1.055% while laminar
plug flow in the tube from equation 2.30 gives Ps = 1.066% and well mixed
laminar plug flow gives P; = 1.060%.

If the particle diameter is reduced to 5 micrometers, the sedimentation pa-
rameter drops to x = 0.0028 and the deposition fraction becomes P, = 0.48%.
Sedimentation is therefore only significant for the largest particle diameter and
lowest flow rate tested in this work and is expected to be negligible for the

rest of tested cases.

2.5 Diffusion

Brownian diffusion is an important deposition mechanism for aerosol particles
with diameters less than approximately 1 ym. As the smallest aerosol particle
diameter tested in the current work is 2.5 um, diffusion is not expected to be
significant, but is included here for completeness.

Very small particles (d, < 1um) have so little inertia that collisions with
moving air molecules cause the particles to readily move in a nondeterministic
random walk known as Brownian motion. For an isolated particle diffusing
in a stationary fluid, the actual path of the particle cannot be determined.
However, the result developed by Einstein in 1905 can be used for time scales
much larger than the time between molecular collisions so that the root mean

square displacement of the particle (z,) is given by:
Tq — 2Ddt (237)

where D, is the particle diffusion coefficient given by:

_ kTC,
B Jmpd,

(2.38)

d

In this equation k& = 1.38 x 10723J K~! is Boltzmann’s constant, T is the
temperature in Kelvin, C, is the Cunningham slip coefficient from equation

2.17, p is the fluid viscosity and d,, is the particle diameter.
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As a first estimate of the importance of diffusion iﬁ the extrathoracic region,
consider the case of a low flow rate of 15 L./min and an extrathoracic region
volume of 50 mL as quoted by Rudolf et al.}3? which gives an average residence
time in the extrathoracic region of 0.2 seconds. From equation 2.37 a 2.5 pm
particle will have a root mean square displacement of 2.0 x 1075 m, or less than
one particle diameter. Clearly, with length scales in the extrathoracic region
on the order of 10 mm, diffusion in this region is unlikely to be a significant
deposition mechanism for particles 2.5 micrometers in diameter and greater.

However, the air is not stationary in the respiratory tract and a more
rigorous estimate of diffusional deposition should include the solution to the
Navier-Stokes equations and the solution to the particle momentum equation
with Brownian motion superimposed on the particle trajectory. Alternatively,

a convective-diffusive equation for the particle concentration n of the form:

%—;‘ +V - (nd) = DV (2.39)

can be solved.’” Here n = 0 at the wall and ¢ is the bulk velocity field of
the particulate phase which is often assumed equal to the fluid velocity field
obtained from the solution of the Navier-Stokes equations.

The solution of these equations in complex geometries is clearly very dif-
ficult and approximationé for flows in tubes have been developed. For fully
developed laminar flow (Poiseuille flow) in a tube, Ingham ™ gives the proba-

bility of deposition due to diffusion (P;) as:

P;=1—0.819¢7 14835 _ (.0976e~89222 _ (.0325¢ 2282 — (.0509¢ 125987

(2.40)
where the diffusion parameter A is given by:
L 1
A =Dy—— ;
‘U 4R? (241)

and D, is as defined in equation 2.38, L is the tube length, U is the mean

velocity in the tube and R is the tube radius.
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For the case of laminar plug flow, there are no radial or axial velocity
gradients in the flow and the second term in equation 2.39 goes to zero. This
reduces the solution to one identical to the case of a stationary aerosol residing
in a cylindrical tube for a time of ¢ = L/U. An analytical solution to this

problem is available and is given by Fuchs 57 as:
1
Py=1-4Y_ XQ—e‘“?nA (2.42)

where )\, is the mth zero of the zero-order Bessel function J,. Unfortunately,
the infinite series is slow to converge for small values of A so that at least
tens of thousands of terms are required to reduce the error to tolerable levels
for values of A on the order of 107°. To reduce the computational load of
such long summations, empirical approximations of the solution have been

proposed. Finlay*® gives:

Py = 0.164385AY%7 exp[3.94325¢ 74 + 0.219155(In A)? + .0346876(In A)*
+.00282789(In A)* + .000114505(In A)® 4 1.81798 x 107%(In A)9]
if A <0.16853

Py= 1 if A >0.16853 (2.43)

which differs from the exact solution by less than 2% over the range of 1079 <
A <0.3.

In order to check the importance of diffusion as a deposition mechanism
for the conditions tested in this work, consider a monodisperse 2.5 micrometer
aerosol diffusing in a tube with dimensions similar to that of the oral cavity
model used in Chapter 5. For a tube 0.025m in diameter and 0.060m in
length where the air flow rate is 15 L/min at 25°C, from equation 2.41, the
diffusion parameter is A = 2.113 x 107, If the flow is laminar Poisseuille flow,
equation 2.40 gives the deposition due to Brownian diffusion as P; = 0.091%.

For a laminar plug flow profile in the tube, the deposition is found to be
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P; = 0.024% from equation 2.43. Although the flow in the oral airways is
expected to be more complex than laminar flow in a straight tube, Brownian
diffusion is not likely to be an important parameter in the deposition of aerosols

2.5 micrometers in diameter and greater in the extrathoracic region.

2.6 Inertial Impaction

A third mechanism which can cause deposition of inhaled aerosols in the res-
piratory tract is inertial impaction. Since particles have inertia, they cannot
respond instantaneously to changes in fluid motion and their trajectories dif-
fer from that of nearby fluid molecules when the fluid streamlines curve. The
amount that a particle will overshoot the curved path of a fluid streamline
depends on the inertia of that particle. When fluid streamlines turn because
of the presence of a nearby wall, particles which overshoot the streamline sig-
nificantly may collide with the wall and are then said to have deposited due
to inertial impaction.

Since impaction is driven by a sudden change in the path of the fluid
streamlines, the consideration of simple flows like Poisseuille flow or laminar
plug flow in a tube are not helpful in gaining understanding of how an aerosol
will impact in the extrathoracic region. The flow geometry of the extrathoracic
region is complex, including bends, expansions, sharp corners and contractions
where the fluid streamlines may change direction. In order to develop a model
that might predict the ability of the aerosol to follow the curved streamlines
in the flow, we must have a velocity field that duplicates the curved nature of
the air streamlines in the oral airways.

So it is necessary to use a reasonably complex flow as a model, solve the
Navier-Stokes equations for this flow to give the velocity field and then apply
the particle momentum equation to the flow field (assuming that the aerosol

is dilute enough to not affect the fluid phase) in order to determine the effect
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of inertial impaction on the aerosol. Considerable work may be expended on
this simplified flow model with only limited applicability of the results to the
full complex geometry and velocity field of interest.

Instead of considering inertial impaction in a simplified flow to predict its
importance, non-dimensional parameters are often used to predict the relative
importance of impaction. From equation 2.24 the coefficients of the dimen-
sionless particle momentum equation should denote the relative importance of
the terms in the equations. If the nondimensionalization has been performed

e

correctly, the variables do'/dt/, g, and o, should all be no greater than order
1 (ie. O(1)). For pharmaceutical aerosols, gravitational effects are often neg-
ligible, leading to a small value of the coefficient in the first term of the right
hand side of equation 2.24, vse./U. For example, a 5 micrometer diameter
monodisperse DEHS aerosol flowing at 15 L/min in a 25 mm diameter tube
has a settling velocity of 0.0007 m/s (see Table 2.1) while the mean velocity
in the tube is U = 0.51m/s. This gives a value of the leading coefficient for
the gravitational term of 0.0014 < 1 and generally negligible. In this case,
equation 2.24 reduces to:
dv

Sth—r = T (2.44)

From this equation it can be seen that if the particle Stokes number goes to
zero (due to small particle diameters or small density of the aerosol material)
for the given flow geometry, then v], — 0. And if 7], — 0, then 7,4 —
0 since the fluid velocity scale U is finite which implies that ¥, = v,. If
the fluid (air) and particle velocities are equal, then the particle must follow
curved fluid streamlines and so the particle is not likely to impact on nearby
walls. Conversely, if the particle Stokes number is large, then the relative
velocity (Uy;) must also be large, implying that the particle does not follow
fluid streamlines well and so would overshoot curved streamlines near a wall

and have a relatively high probability of depositing via inertial impaction.
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For very large particle Stokes numbers however, the assumption of negligible
gravitational effects becomes invalid and this simple analysis breaks down.

It should be emphasized that the choice of the relevant length and velocity
scales D and U can greatly affect the value of the particle Stokes number and
are applicatidn specific. For example, the accepted length scale D for fibrous
filtration is the diameter of the fiber ® while for inertial impactors D should be
the radius of the impactor nozzle ' and for flow in a lung bifurcation Finlay
48 sives D as the diameter of the parent airway and U as the average velocity
in the parent airway. A logical choice of the relevant length and velocity
scales for the flow being considered is important in order to accurately predict
the inertial impaction behaviour of an aerosol by the particle Stokes number.
Choices of length and velocity scales in the extrathoracic region studied in this
work are explored in Chapter 5.

In addition to the particle Stokes number, parameters that may influence
the inertial impaction of an aerosol include the flow Reynolds number and
geometry factors. For example, Marple found that although the deposition in
a laminar jet impactor was predominantly a function of the Stokes number,
it was also affected by the Reynolds number of the flow for Re < 500 in the
nozzle and was affected by the dimensionless jet-to-plate distance while the
dimensionless throat length had negligible effects %2 (nondimensionalization
was done in terms of the nozzle diameter for the geometric factors). Numerous
experimental and numerical studies of particle deposition in airway replicas
and casts of lung bifurcations have been performed and Finlay reports that
for Reynolds numbers and in regions where impaction is important, inertial
impaction is only weakly dependent on the flow Reynolds number and on the
various geometric parameters.®

Since the original study of the cascade impactor by May,'% inertial im-

paction in cascade impactors has been studied both experimentally and numer-
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ically for laminar jets issuing from both round and rectangular nozzles.10%104,128

Rader et al.'?® found that for moderate values of the Reynolds number, the
impactor systems could be adequately characterized using only the particle
Stokes number. However, at both extremes of high and low Reynolds numbers,

" an additional parameter was required in order to characterize the particle-fluid
interactions.

Determining the relationship between the particle Stokes number and the
aerosol deposition in respiratory tract requires reproducing the curvature of
the streamlines seen in the respiratory tract. Numerous experimental and
numerical studies have been performed of aerosol deposition by impaction in
lung bifurcation models and casts ranging in complexity from simple bent
tubes to single generation bifurcations to multi-generation bifurcations with
trachea and larynx attached. Finlay *® has summarized the resulting empirical
equations for aerosol deposition as a function of the Stokes number in the
parent generation and the diameter ratio (DR = Dy/D, where DR is the
diameter ratio, Dy is the diameter of the daughter generation and D, is the
diameter of the parent generation). The equations summarized by Finlay
are given in Table 2.2. The large variability in the equation predictions is
expected to be mainly due to the inability to accurately reproduce the curved
streamlines of flow in a lung bifurcation because of the variation in complexity
of the models used and because of the large inter-personal variation in airway
geometry preventing the definition of the “true” bifurcation geometry.

In the extrathoracic region, inertial impaction is believed to dominate over
sedimentation and diffusion for aerosols in the range of aerosol diameters tested
in this work (2.5um to 7.5um).1*® The experimental and numerical work done
on predicting inertial impaction in the nasal region reviewed in section 2.9.1,
while that done in the oral airways is reviewed in section 2.9.2.

It is typical for deposition data in the extrathoracic region to be plotted
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Formula Source
P, = 0if Stk < 0.02, otherwise: Kim et al.%®
= —0.0394 + 3.7417(2 Stk DR?)*® for DR =0.8 - 1.0
P, = —0.1299 + 1.5714(2 Stk DR®)% for DR = 0.64 Kim et al.*
P, =a Stk Cai and Yu®
where a = f(¢, DR) and a = 1.53473 for Poiseuille flow,
branching angle of ¢ = 35° and DR = 0.7853
P =0 Sth/(11 b Stk) Landahl®
where b = 4 DR3sinp and b = 1.1111 for ¢ = 35°, DR = 0.7853
P, =1— Zarccos(yp Stk) + 2[2arccos(y Stk)] Yeh and Schum %
where ¢ = 0.568977 for 32.6° average branching angle
P, = 1.606 Stk + 0.0023 Chan and Lippmann
P, = 1.3(Stk —0.001) Taulbee and Yu *°
P, = 6.4 Stk'*3 generations 1-3 ICRP %0
= 1.78 Stk'? generations 4-5
P, = 0if Stk < 0.1, otherwise Ferron %6
= 4(Stk — 0.1)/(Stk + 1)

Table 2.2: Variety of equations for inertial impaction found in the literature
as summarized by Finlay.*® Stk is based on the daughter airway and DR =
Dy/ D, where DR is the diameter ratio between the daughter airway (Dg) and
the parent airway (D,).

against a dimensional parameter commonly known as the impaction parameter
(ppd2Q or d2,Q) rather than against the Stokes number. Here, p, is the density
of the particle in g/cm3, d, is the diameter of the particle in pm, Q is the
volume flow rate of the mixture in cm?/s, and d,, is the aerodynamic diameter
of the particle in pum which is the diameter of a drop of unit density (such
as water at standard conditions) with the same mass as the particle. The
aerodynamic diameter is related to the geometric diameter of the particle by

the formula:

(2.45)

dye = | L2-d,
PH20

Since water at standard conditions has a density of 1 g/cm?, substituting
d2, = ppdZ with the set of units defined above yields the two forms of the

impaction parameter used interchangeably in the literature. The two forms:
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ppd%Q or d2,Q have the same numerical value but different units due to not

including the constant 1 g/cm?® density in the second form of the parameter.
This impaction parameter can be seen to be proportional to the Stokes

number for flow inside a conduit. The Stokes number is defined in equation

2.25 as:
Up,d>C.
Sth = —rp e
18u, D
If we define the velocity scale U of the flow as the mean velocity over the

cross sectional area A of the conduit so that U = Q/A where Q is the volume

flow rate, and the length scale D of the flow as the area equivalent diameter

so that D = D, = %, then the Stokes number becomes:
Qppd,Ce
Stk = ——2 — 2.46
18A1,Deq ( )
Substituting in for A gives:
Stk = (2.47)

Tz 50

For a set flow geometry (as in the case of a respiratory tract cast) the length
scale D.q, though varying along the flow path, will be fixed at any streamwise
location. Additionally, the Cunningham slip coefficient, C,, can be expected
to be nearly constant for cases where inertial impaction is important since it
only becomes significantly large for small particles which is where impaction
becomes less important. For example, at room conditions where the mean free
path in air has a value of A = 0.067um,*® the slip coefficient varies by only
6.2% with a significant change in particle diameter from 2um to 10um. So

it is seen that for a fixed geometry, the Stokes number is proportional to the

impaction parameter ppde as:
Stk = Ci1 ppdy Q (2.48)

where C; is a constant with respect to ppdf)Q and:
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4C,

_ e (2.49
18mp D3, )

Ci

Alternatively, consider the case of in vivo measurement of aerosol deposi-
tion in the extrathoracic region. The relevant length scale for monodisperse
aerosols inhaled through large bore tubes is expected to be the larynx open-
ing (known as the glottis) since the larynx is the primary location of aerosol
deposition.!*® However, the lal;ynx can vary significantly in diameter both be-
tween persons and for the same person throughout a breathing manoeuver.
Since the length scale and so the particle Stokes number is therefore unknown
throughout the breathing cycle, many authors resort to the use of the im-
paction parameter ppcfiQ since 1t is composed of measurable quantities and
should be proportional to the Stokes number. This works if the variations in
the length scale are random in nature, for example due to inter-subject vari-
ability. However, additional scatter in the data may result if the length scale
is correlated with the impaction parameter. This is not unreasonable since the
area of the laryngeal opening is known to be a function of the inhalation flow
rate.!?

It is therefore not surprising that Rudolf et al.'*® found a reduction in data
scatter when plotting the extrathoracic deposition against a parameter which
incorporates the tidal volume of the individual patient during the test and not

just the impaction parameter p,d>Q.

2.7 Aerosol Deposition in Fully Developed Pipe
Flow

An additional parameter unmentioned so far which may have an effect on the
inertial impaction of aerosol particles is the presence of turbulence in the fluid

phase. In the following section, the present state of knowledge on the wall
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deposition of an acrosol particle due to turbulence in fully developed pipe and
channel flow will be reviewed.

It has been known for more than 45 years that the deposition of small
particles from gas flow in a pipe is enhanced by the presence of turbulence.
The problem of predicting the deposition rate has occupied researchers for
just as long partly due to the practical relevance of the problem and also due
to challenge imposed by the inability of any theory to provide a satisfying
physical explanation of the observed phenomena.!%®

Due to the broad application of this area of research and the long time it has
been under investigation, the amount of information in the archival literature is
immense. This section is not meant to be a comprehensive overview of the field,
but is intended to highligﬁt the ability of turbulence to affect wall deposition
of aerosol particles and to summarize vsome of the theories for predicting this
effect. _

The most widely quoted experimental data for aerosol deposition from fully
developed, isothermal turbulent pipe flow are those of: Liu & Agarwal,'%°
Friedlander & Johnston,?® Wells & Chamberlain,'®* Sehmel,'** and Schwendi-
man & Postma.'*! The deposition data from these studies is plotted in figure

2.1 using the standard dimensionless variables:

No

Vieys = (2.50)
and:
2
Tl
Tpt = Z (2.51)

where Vg4 is the dimensionless particle deposition velocity, N, is the flux
of particles to the wall in units of # (or moles) of particles / (m?s), C,, is
the average particle concentration in the pipe cross section in # (or moles) /

m3, u, is the friction velocity calculated from the wall shear stress 7, and the
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Figure 2.1: Wall deposition of aerosol particles from fully developed turbulent
pipe flow. A summary of experimental data in literature.

air density p, as u, = Ty/pa, v, is the kinematic viscosity of the air, 7,, is
the dimensionless particle relaxation time, and 7, is the dimensional particle

relaxation time given by:
podyCe
e 2.52
Tp 1 8 L ( )
The plot of figure 2.1 is generally split into three sections for analysis. In
the first section (7,4 < 0.3) known as the diffusional deposition regime, the
deposition velocity is a monotonically decreasing function of 7, and strongly

depends on the particle Schmidt number, Sc given by:

1%
Sc= —- 2.53
c= 1 (2.53)

where Dy is the standard Brownian particle diffusion coeflicient given by equa-
tion 2.38. In this regime, the particle deposition is well modelled by a gradient

diffusion model, ie. turbulent diffusion in the core of the flow and Brownian
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diffusion in a thin layer adjacent to the wall.

The middle section (0.3 < 7, < 20), often referred to as the diffusion-
impaction regime, is the most interesting and the most difficult region to
model as the deposition velocity of the particles increases dramatically for
small changes in the particle diameter (ie. an increase in particle diameter
of 4 times causes an increase in the deposition velocity of greater than two
orders of magnitude). This dramatic increase is usually attributed to the in-
teraction of turbulent eddies with particles that have sufficient mass so that
they are transported by gradient diffusion from the turbulent core into the
boundary layer and then traverse the viscous sublayer by mechanisms other
than Brownian diffusion, often assumed to be particle inertia. More details on
the mechanisms of deposition in this region will follow. |

In the third region, known as the inertia-moderated regime, particles de-
posit directly due to their inertia. Particles interact with the large eddies
in the turbulent core and achieve sufficient momentum to coast through the
boundary layer and deposit on the wall directly. In this region deposition ve-
locity is seen to decrease slightly with increasing diameter due to the fact that
increasing the inertia of the particles tends to decrease their response to the
turbulence.

Early attempts to predict the deposition of small particles from turbulent
pipe flows in the inertia-diffusion regime can be grouped under the heading
of ‘stopping distance’ or ‘free flight’ models. Particles are assumed to be
transported by turbulent gradient diffusion from the turbulent core of the
pipe to one stopping distance from the wall and from there the particle makes
a ‘free flight’ to the wall.1% Examples of these models include those developed
by Friedlander and Johnstone, Kneen and Strauss,?® Beal,'® Sehmel,!*? Liu

and Agarwal,'® and Im and Chung.” The stopping distance (S) for spherical
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particles is typically defined as:

S — ppdp2

Té‘[[@“vproj (2.54)

where v,,,; is the velocity at which the particle is projected towards the wall
at the beginning of the ‘free flight’. Projection velocities are often taken to be
equal t0 Upro; = 0.9u,. where u, is the friction velocity of the gas phase.?®%

The free flight models offer an attractive physical explanation of how par-
ticles impact on the wall, but they have some drawbacks. They lack rigor in
their derivation. A solution to the particle continuity equation is matched to
a free flight model to obtain the deposition flux with no analysis of the par-
ticle momentum equation. Yet only the particle momentum equation offers a
means of calculating the convective velocity of the particles towards the; wall
generated by the turbulence. Brownian diffusion is generally assumed to be
negligible (which is shown to be reasonable for 7, > 0.3'%) and the turbu-
lent diffusivity of the particles is often taken to be equal to the fluid eddy
diffusivity.

However, the most serious drawback of the ‘free flight’ theories is the need
to assume projection velocities for the particles much higher than is realistic. In
order to enable the theory to match experimental values, a projection velocity
nearly equal to the friction velocity must be assumed for the particles at the
point where the free flight begins. HdWever, at locations between y* = 1 to
10, where y* is the dimensionless distance from the wall:

+ YPalx

- (2.55)

the R.M.S. value of the fluctuations of the gas velocity normal to the wall are

168

known to be much smaller than the friction velocity.*® For example, Friedlan-

der and Johnstone state that the R.M.S. value of the fluctuating component

of velocity normal to the wall increases from zero at the wall to approximately
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0.9u, at y* = 80. They then assume that the particle begins its frec flight
with a velocity equal to 0.9u, and calculate the stopping distance locations as
less than y* = 5 for nearly all cases. In fact, a more rigorous analysis of the
free flight model by Davies ®* which uses a projection velocity equal to 1/2 the
R.M.S. value of the fluctuations of the gas velocity normal to the wall at one
stopping distance from the wall, gives particle deposition velocities roughly 2
orders of magnitude lower than experimental values.

More recent work in the area of wall deposition from turbulent pipe flows
outlined below, tends to try to predict the particle deposition from the solution
of the particle momentum equation coupled to the solution for the Navier-
Stokes equations.

Sublayer models use the 2D or 3D coherent vortical structure of near wall
turbulence to predict the flow field that interacts with the particles. Particle
trajectories in this flow field are explored by solving the particle momentum
equations including such external forces as the drag force, Saffmann lift force
and gravitational force. For example, Fan and Ahmadi* proposed a sublayer
model incorporating surface roughness effects as well which showed reasonable
agreement with experimental data. The results of a recent direct numerical

simulation by Zhang and Ahmadi '™

supports the theory that sublayer struc-
ture plays an important role in the particle deposition process as the initial
location of depositing particles were observed to form periodic bands which
corresponded to bands where high fluid streams towards the wall were formed.

Solution of the Reynolds averaged Navier-Stokes equations with the use
of gradient transport terms to model the turbulence quantities is also a fairly
common technique to get a fluid flow solution from which the particle mo-
mentum equation can be solved to obtain particle trajectories and deposition

velocities. For example, Abuzeid et al.! used a two-equation k£ — ¢ model to

simulate the fluid flow field and used a Lagrangian particle tracking technique
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to predict the particle deposition on the walls.

Young and Leeming '%® used the Reynolds averaged version of the particle
momentum equation to determine the relative importance of the various forces
on the particle as it approached the wall. They found that the amount of
information about the gas turbulence required to solve the particle momentum
equation for the particle deposition was minimal, only requiring the radial
distributions of the eddy diffusivity, the turbulent Schmidt number and the
radial velocity fluctuation correlation (w/«’). Empirical models were used for
these quantities and a model for predicting particle deposition was developed.
They found that particle motion was dominated by different effects in different
layers of the boundary layer. The turbophoretic force (a force which tends to
accelerate particles down gradients in v/ v/, where v, is the component of

Y+ Y+

the particle fluctuations normal to the pipe wall) given by:

(P )arbo = — 7 ) (2.56)

d
Eyj(y+ Y+

tends to accelerate particles towards the wall for distances y* < 40 and reaches
a maximum at ¥y = 20. This is not a small correction and when combined
with the Saffman lift force, dominates the particle transport in the region of
20 < y4 < 40. Particles propelled by the turbophoretic force towards the wall
tend to have higher axial velocities than the fluid near the wall. This relative
motion of the parﬁéle to the fluid combined with the velocity gradient in the
radial direction of the axial component of the fluid velocity causes a lift force
directed towards the wall to act on the particle. The combination of this lift
force and the turbophoretic force tends to accelerate the particles towards the
wall. However, for all but very large particles (7,; > 50), the turbophoretic
and lift forces drop dramatically as the particle nears the wall (y; < 20) and
the viscous drag force decelerates the particle, preventing it from coasting to

the wall. A high concentration of particles builds up in the region right near
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the wall (y, < 3 for 7,4 < 10)! and the high concentration gradient near
the wall causes diffusion to be the dominating mechanism to transport the
particles across the final part of the viscous sublayer until they deposit when
they reach one radius from the wall.

A similar technique of Reynolds averaging the particle momentum equa-
tions to obtain terms for the particle flux to the wall which correspond to
the distinct physical phenomena of Brownian diffusion, thermophoresis, tur-
bophoresis, lift force and electrostatic force is used by Guha® who also ac-
counts for surface roughness effects.

Numerical techniques such as LES (Large Eddy Simulation) and DNS (Di-
rect Numerical Simulation) have been employed to predict the particle depo-
sition by numerically releasing particles in the flow solution and tracking their

motion over time.l4:156.158,172

The results of these works tend to predict inter-
mediate sized particles having insufficient inertia to coast through the viscous
sublayer and building up in concentration very close to the wall, followed by
an increase in Brownian diffusion to the wall due to the high concentration
gradients.

From this discussion, it can be seen that there is a great deal of uncertainty
about the basic mechanisms of aerosol deposition in the relatively simple case
of fully developed turbulent flow in a vertical tube or channel. It is there-

fore not surprising that our knowledge of how aerosols deposit in a complex

geometry and flow field like the respiratory tract is far from complete.

2.8 Lung Deposition Models

In order to calculate the amount and location of aerosol particles depositing in
the respiratory tract for even the simplified case of dilute aerosols (which can
be treated as single particles not affecting each other or the air flow field), the

particle momentum equation (in three dimensions) needs to be solved. How-
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ever, as the particle’s momentum is significantly affected by the air’s velocity
field, this requires the complete solution of the Navier-Stokes equations (an
already simplified version of the gas phase momentum equations) to give the
air velocity field for the whole time-dependent, three dimensional geometry.
This is very discouraging because the geometry of the respiratory tract is
essentially unknown from an engineering perspective. Due to the small nature
of the particles and the relative importance of small scale events, the lung
geometry must be resolved down to very fine details. For example, one of
the major parameters of interest is whether a particle will deposit or not upon
reaching an alveolus. In order to predict this, the velocity field within the alve-
olus must be resolved. However, in a normal adult lung Finlay reports there
are approximately 300 million alveoli*® and in the simplified lung geometry

1.* nearly 95% of the lung volume is contained

model proposed by Finlay et a
in generations with diameters less than 1mm. Not only is there a huge amount
of fine detail that needs to be resolved in the geometry, but the geometry also
varies dramatically with time. With a typical total lung capacity in adults of
approximately 6 liters and a vital capacity (the maximum volume an individ-
ual can inhale in a single breath) of about 4 liters, during a very deep breath,
the volume contained in the respiratory tract can nearly triple, vastly changing
the geometry of the air flow field during the course of a breath. Furthermore,
the air flow rate drawn into the lungs and the change in geometry are coupled
to the solid mechanics problem of muscles with finite strength expanding the
rib cage to inflate the lungs. The final complexity which prevents the solution
of the three dimensional air velocity field in the respiratory tract is the vari-
ation of lung geometry between people. Inter-person variability persists not
only in the fine details of the alveoli locations, but right up to the lengths,

diameters and branching locations of the large bronchiole airways. The effects

of airway diseases on the geometry of the tract is also known only in general

37

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



terms and so knowledge of the fine details of diseased lungs is poor at best.
Clearly, with our present lack of knowledge of the essential flow geometry and
current limitations of computing power, solving the relevant three dimensional
gas phase momentum equations is impractical if not impossible.

As a result of this difficulty in solving the complete problem, two main types
of lung deposition models have developed: empirical models and dynamical
models. Empirical models are curve fits based on experimental data or on
data from more complex dynamical models. Dynamical models predict particle
deposition based on the equations of motion for the fluid and particle phases
(although drastic simplifications are often employed).

There are a wealth of models in the literature for predicting the deposition
of aerosols in the respiratory tract. Heyder and Rudolf " review the aerosol
deposition models for the human respiratory tract and list 27 different de-
position models published prior to 1984 with the original work being that of
Findeisen in 1935.47

Empirical models are the simplest and generally require the least compu-
tational time. As they are typically empirical fits to a set of experimental, in
vivo deposition data, they form a set of algebraic equations and so are easily
implemented. They do not explicitly differentiate between the mechanisms
causing the deposition and so do not allow for easy extrapolation beyond the
parameters tested in the data set they are based upon which may limit their
applicability. Examples of empirical models include those of Davies ** and Hey-
der et al.5” whose models give the total deposition the respiratory tract as a
function of particle diameter and breathing parameters. Multi-compartmental
models such as those of Rudolf et al.,'3%133 Yu et al.'"® and the ICRP (Inter-
national Commission on Radiological Protection) % predict regional aerosol
deposition in a few regions, for example Rudolf’s model 1** gives deposition

predictions for four regions: extrathoracic, bronchial, bronchiolar and alveo-
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lar.

Dynamical models base their predictions of aerosol deposition on the equa-
tions of motion for the particle and gas phases, using the available experi-
mental data for validation of the deposition model. Dynamical models can
be further categorized based on the reference frame of the equations into La-
grangian models where the aerosol is analyzed in a frame that travels with an
individual particle and Eulerian models where the aerosol is analyzed from a
stationary reference frame.

The current Lagrangian models in the literature form the next step up
in computational complexity from empirical models. Langrangian dynamical
models published since Heyder’s 1984 review ° include those by: Finlay and
Stapleton,® Darquenne and Paiva,?? Persons et al.,'?® Ferron et al.,*>*® and
Koblinger and Hofmann.®® They are typically one dimensional, following an
aerosol as it proceeds along the dimension of depth into the lung. The fluid
flow in the lung is assumed to be either plug flow or Poiseuille flow in each
generation. Deposition probabilities are calculated for each generation based
on deposition mechanisms like sedimentation, diffusion and inertial impaction
similar to those derived in sections 2.4, 2.5, and 2.6. Typically idealized,
symmetrical lung geometries are uséd, although asymmetrical geometries have
been considered.®®

Eulerian models which have been published since 1984 include those of:
Edwards,? Egan and Nixon,*® and Scott and Taulbee.!*? All present Eulerian
models are one dimensional, similar to Lagrangian models, with depth into
the lung forming the dimension of interest. The general idea of the models
is to solve a convective-diffusive equation for the aerosol in an idealized lung
geometry. The aerosol is both convected through the lung by the air mo-
tion and diffuses by Brownian motion relative to the air. The probability of

aerosol deposition in a given airway is again predicted using equations simi-
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lar to those of sections 2.4, 2.5, and 2.6. These deposition probabilities enter
the convective-diffusive equation for the aerosol motion via the terms for the
decrease in aerosol concentration due to flux of particles through the sides of
the control volume (ie. the airway walls).

Eulerian and Lagrangian dynamical models have their respective trade-
offs. Lagrangian models allow for easy incorporation of one-way and two-
way coupled hygroscopic effects but have difficulty incorporating the axial
diffusion of an aerosol bolus during a breath and any flow rates and aerosol
concentrations that vary during a breath. However, Eulerian models are able to
handle time-dependance and bolus dispersion much more easily but generally

have difficulty with two-way coupled hygroscopic effects.®®

2.9 Extrathoracic Deposition Models

Although much of the respiratory tract can be reasonably modelled as a series
of cylinders, bifurcations and spheres, greatly simplifying the solution of the
necessary equations, the geometry of the extrathoracic region is much more
complex and cannot be reduced to such simple geometric shapes. Although
the definition of the extrathoracic region varies slightly in the literature, it is
generally taken to include the nasal passages, oral (or buccal) cavity, pharynx,

larynx and upper part of the trachea.!4%147

2.9.1 Nasal Deposition

Deposition in nasal passages has been measured experimentally using monodis-
perse micrometer sized aerosol particles by numerous investigators. Pattle,
Fry, and Hounam ef al. evaluated nasal deposition by measuring the change
in aerosol concentration when an aerosol is drawn in through the nasal passages
and out through the oral passages while volunteers hold their breath.%6:7%122

External detection of deposited activity after inhaling radioactive labelled par-
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ticles was used to evaluate nasal, tracheobronchial and alveolar deposition by
Lippmann.®® Giacomelli et al. and Heyder et al. evaluated nasal deposition
during more realistic breathing patterns by assuming oral cavity deposition to
be negligible when breathing through large tubes and comparing the change in
aerosol concentration for nose-in, mouth-out to mouth-in, mouth-out breath-
ing.%%%9 Heyder also extended this technique to mouth-in, nose-out breathing
and showed that nasal deposition for inhalation was different than nasal depo-
sition for exhalation. Equations to predict the deposition efficiency of the nasal
passages based on this experimental data have been proposed.1*®1%? Cheng et
al. and Swift et al. have investigated the deposition of particles less than 0.5um

20-22,154 3nd developed a model based

in diameter in casts of the nasal passages
on the data.?> Martonen and Zhang summarized nasal deposition data and de-
veloped an empirical formula to predict nasal deposition over a size range of
0.005um to 7pm.'% Recent work has also used computational fluid dynamics
to predict particle deposition in a model of the nasal passages,'®® though the

numerical simulations were found to overpredict deposition for small particles

(0.5um and 1um) and underpredict particles for larger particles (5um).

2.9.2 Oral Deposition

Although aerosol deposition in the nasal passages during tidal breathing is
important when considering such issues as nasal sprays, drug delivery via face
masks, and the effects of pollution or second-hand cié;arette smoke on a person,
the majority of pharmaceutical aerosols use the oral route for administering
drug to the respiratory tract. The oral route generally causes far less aerosol
deposition than the nasal route. When plotted against the impaction param-
eter described in section 2.6, the data presented by such researchers as Yu et
al.,' Lippmann® and Stahthofen et al.'*® show significant nasal deposition

beginning at values of the impaction parameter at least an order of magnitude
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lower for nasal inspiration than for mouth inspiration.

Due to the complex geometry in the oral airways, the time varying nature
of the geometry and the large inter-subject variability, deposition modelling
in this region has proceeded primarily by means of empirical formulas based
on experimental data, similar to the modelling in the nasal cavity.

While not as plentiful as the nasal deposition data, a variety of in vivo
tests using monodisperse aerosol particles have been done in the oral airways.
In a series of papers Lippmann, Chan and Albert %979 did extensive in vivo
testing to investigate the deposition of spherical, monodisperse particles of iron
oxide tagged with *¥Au, ®'Cr or **™Tc ranging in size from 0.2 to 7.9 um in
diameter. Deposition in the extrathoracic region was quantified by measuring
the radioacti\;e counts in the head region and comparing to the radioactive
counts in the thoracic region. Unfortunately, their stomach detector could not
provide quantification of the amounts cleared to the stomach from the oral
airways prior to the head measurements as can occur even when the subject
tries to avoid it.9714% As well, Gebhart et al.%° found iron oxide to be mildly
hygroscopic iwith possible large effects if care was not taken to thoroughly
dialyze the iron oxide colloid. The ICRP model '?° proposes a method for
predicting a time dependent aerodynamic diameter for the particles. S‘tapleton
149 corrected their data for hygroscopic growth in the tracheo-bronchial region,
but not in the extrathoracic region.

Emmett et al.*? measured the regional deposition of radioactively labelled,
monodisperse polystyrene particles in vivo with aerodynamic diameters rang-
ing from 3.5 um to 10.0 pum. They found the majority of extrathoracic de-
position was located in the throat (larynx and trachea) and the percentage
increased with increasing particle diameter.

Foord et al.5? performed in vivo tests measuring the total and mouth de-

position of a radioactively labelled, monodisperse polystyrene aerosol. They
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used a 10 mm diameter inlet and inserted it typically 60 mm into the oral cav-
ity. Mouth deposition was quantified by having the subject gargle three times
and measuring the amount of radioactivity in each of the three washings. The
authors recognized that laryngeal deposition might not have been removed by
mouth washings and the need for standardized methods for in vivo deposition
tests through mouthpieces.

Stahlhofen et al. performed tests on volunteers measuring the regional de-
position of radioactively labelled aerosols made of iron oxide or di-2-ethylhexyl
sebecate.'*147 The flow rate that the subjects inhaled at was carefully mon-
itored and controlled to be uniform over most of the inhalation time. The
volunteers inhaled through a 16 mm ID mouthpiece and regional deposition
was determined by measuriﬁg radioactive counts in the various regions of the
body after inhalation. Tissue attenuation factors were generated using human
shaped phantoms constructed of polyethylene and polyurethane and interfer-
ence factors between extrathoracic and chest as well as chest and stomach
regions. In this way extrathoracic deposition including any aerosol cleared to
the stomach prior to counting was accurately determined.

Svartengren et al.'>!

measured the deposition of monodisperse Teflon parti-
cles with aerodynamic diameters of 3.6 um in asthmatic subjects. They found
considerable scatter in the data but were able to correlate some of the high
mouth and throat deposition values to qualitative measures of constriction of
the pharynx and larynx during inhalation. There are concerns raised by the
author about the accuracy of the extrathoracic deposition measurements be-
cause of the possibility of swallowing between measurements causing aerosol
to be measured twice. As well, the mouth and throat deposition amount is a
combination of 3 separate measurements, leading to extra error. No indication

of the mouthpiece used or inlet conditions for the aerosol is given, nor were

tests verifying the size distribution of the particles prior to inhalation reported
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to ensure adequate drying of surfactant and water mixture from the surface of
the Teflon particles.

Bowes and Swift?’ studied monodisperse aerosol deposition in the oral
airways in vivo. The majority of tests were done without a mouthpiece, but a
few tests were'perférmed with two mouthpieces, a 25 mm diameter tube or a
rubber mouthpiece. They observed that aerosol deposition in the mouth was
lower for either mouthpiece than for no mouthpiece. They also observed that
during oral nasal breathing with no mouthpiece, the aerosol deposition pattern
was reasonably uniform throughout the oral regions, but with the addition of
a mouthpiece or when the mouth opened widely, the deposition was reduced
and the pattern changed.

Significant variation in the extrathoracic- deposition data is seen when the
data from a number of these tests are plotted in figure 2.2. As is common
practice in the above references, the deposition data is plotted against the
impaction parameter p,d2Q (or equivalently d2,Q) described in sections 2.6
and 5.2.2.1.

Based on various portions of this data set of in vivo measurements, numer-
ous empirical fits have been proposed by various authors.17»%2,99,105,112,148,165,169
In figure 2.3 a number of these empirical fits are plotted along with the raw
data from figure 2.2. The deposition models in this section are typically lin-
ear and non-linear regression fits to the sections of the total data set that
the author considers. As such, all predict extrathoracic deposition as a single
function of the impaction parameter ppd;",Q.

Rudolf et al. 1317134148 have developed an algebraic model for predicting the
deposition of aerosol particles in various sections of the respiratory tract in-
cluding the extrathoracic region. Their model has been adopted by the Task
Group of the International Commission on Radiological Protection (ICRP)

80,120,134 and treats each region of the respiratory tract as a filter with a pre-

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100 o
IS o
c 3 o a
-g) ] ® Chan & Lippmann 1980 20 s o e
2 ] W Emmett etal. 1982 s a0
T 807 * Foord etal. 1978 o Ak N
3 ] A Lippmann 1977 o °
£ I o a
: ] o Stahlhofen et al. ° o, o
g i o] 1980, 1981, 1983 : .
< 60 —: O a c'o 5]
3 I
Z 7 s tafi .,
£ 3 o ¢ ap .
£ 40 L
- ]
8 ] Z ot A .
@ 7 Aq ‘A .
Q 7 A A
£ ] . e & 0, 4,
20 Oa 7 4 03 4 4
C 3 -
S ] o °f o®, .
£ B 8 s o’ b .
o ] N
o E & ah oA g © 8o .,
) B A oA o0%0 eb ¢ A3 o A
2 ] v o & e 8° D P
T T L] T T T ¢ 7 [ T T T T T L) I T T T T T T 1t I
2 3 4 5 6 789 2 3 4 5 6 7889 . 2 3 4 5 6 7889 5
10° 10 10

impaction Parameter, ppdp2 Qgum’s™
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dictable efficiency at removing aerosol particles for given flow rates, volumes
and particle diameters. Rather than plotting extrathoracic deposition versus
the impaction parameter, Rudolf argues that oral cavity and pharyngeal de-
position are negligible relative to laryngeal deposition and since the opening
of the target organ, the larynx, changes with increasing flow rate, the rele-
vant parameter for impaction in the extrathoracic region is p,d2Q*V %2, not
ppd’Q. This leads to a slight decrease in the scatter of the data of Stahlhofen
et al. ¥4 where the breathing patterns are carefully controlled and docu-
mented, but no decrease in the scatter for the data of other researchers who
did not document the tidal volume for all patients. Since the curve fits for their
models are based on data from many researchers, only marginal improvement
in the data scatter is visible by using this new form of an impaction parameter.
A major drawback of this model for application to in vitro tests such as those
performed in this manuscript is that the parameter tends to zero for large tidal
volumes. So it is unclear what tidal volume to use when comparing to tests at
steady (non-cyclic) flow rates.

In order to avoid the problem of incorporating tidal volume into a non-
cyclic flow pattern and because the larynx in the extrathoracic geometry tested
does not have a cross sectional area that varies with flow rate and due to the
limited improvement in data collapse afforded by these models, the deposition
tests reported here are compared to models based on the original impaction
parameter definition, p,d>Q.

Recent work in the oral airways with micrometer sized particles includes
deposition testing in vitro using casts of the oral airways. Cheng et al!
investigated deposition in a cast based on dental impressions of a volunteer
connected to a cast from a cadaver. A range of particle diameters and flow rates
were investigated for a single 22 mm diameter inlet. Results showed deposition

efficiency to be an increasing function of the particle Stokes number calculated
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based on the minimum hydraulic diameter and the velocity calculated from
the mean flow rate and the mean cross sectional area in the region. Their
data exhibits far less data scatter than the in vivo tests described above as is
expected due to the fixed geometry. However, the effects of inlet conditions
were not investigated.

A recent paper by Lin et al.% investigated the effect of mouthpiece diameter
on the deposition in the extrathoracic region during oral breathing. They
investigated three particle sizes, four flow rates and three different inlets with
internal diameters of 14 mm, 19 mm and 26 mm. They found lower deposition
for the larger diameter inlets in certain impaction parameter ranges. However,
the geometry of the oral airways was also different with each different inlet and
the velocity profile at the inlet was not characterized. Although the tested flow
rates were chosen based on high flow rates often seen with dry powder inhalers,
the inlet diameters do not cover the range of small inlet diameters often seen
with these devices. This work is also discussed in detail in section 5.2.2.3.

To the author’s knowledge, there currently exists no data on the in vivo
deposition of ultrafine particles (with d, < 0.1 wm) in the oropharyngeal

region. However measurements in oral casts have been made 12

and relatively
high deposition of the ultrafine particles has been observed with Cheng et al.
reporting 48% to 78% deposition in the oral airway of particles between 1.2 and
1.7 nm in diameter. The dominant mechanism for ultrafine aerosol deposition
in the oral airways is believed to be diffusion and deposition data is generally

plotted against a diffusional parameter of the form Q °D® where Q is the

volume flow rate and D is the particle diffusion coefficent.
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Chapter 3

Total Extrathoracic Deposition
Tests 1

3.1 Introduction

Determination of the dose of drug delivered to a patient by means of an inhaled
aerosol is difficult. While the dose of drug placed in a medical device may be
directly measured, the actual dose that the patient receives depends both on
the efficiency of the device in aerosolizing the drug and on the subsequent
deposition of the aerosol. Many parameters affect the location and efficiency
of aerosol deposition in the human respiratory tract.*® Properties of the aerosol
material (e.g. density and shape) and characteristics of the aerosol cloud (e.g.
particle size distribution, number density and charge) combine with patient
variables (e.g. lung morphology, breathing pattern and ambient conditions) to
determine the quantity of drug delivered to the lung in a particular setting.
In vivo testing using radioactively labelled aerosols has been shown to be ef-
fective for measuring the total and regional deposition of aerosols in humans.*2
However, besides being expensive, labour intensive and time consuming, in
vivo tests are intrinsically reactive. They give information on the deposition

patterns only for the specific parameter setting tested. Extrapolation of the

LA version of this chapter has been published. DeHaan and Finlay 2001. Journal of
Aerosol Medicine. 14,3:361-368

49

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



data and empirical models developed from the data to different parameter
settings is difficult since only limited information on the mechanisms which
govern the deposition can be inferred from the data. There are many addi-
tional variables which cannot be controlled in the in vivo setting and it is
generally not feasible to test for the effects of all of them. In order to predict
what would happen with a slightly different set of parameters, in vivo tests
must be combined with predictive mathematical models.

In vitro aerosol tests have been used to determine important aerosol char-
acteristics such as particle size distributions, static charge and number density
necessary to describe their behaviour.’®? A predictive tool results when these
aerosol parameters are used in combination with computer modelling of aerosol
behaviour once the aerosol enters a simulated human respiratory tract. The
accuracy of this predictive method may then be validated against in vivo de-
position data.

The physics governing aerosol behaviour in the bronchial and alveolar re-
gions of healthy patients is well established. However, theoretical modeling of
the aerosol behaviour in the extrathoracic region based on physical laws is dif-
ficult due to the complex and time varying geometry of the region and due to
the presence of turbulent and transitional flows. Instead, deposition modeling
in this region has been based on empirical correlations derived from in vivo
test data. Empirical equations have been proposed by various investigators for
industrial hygiene applications.!12:133,148,169 Tn general, the deposition data on
which the empirical correlations are based has been gathered by subjects in-
haling radioactively labelled monodisperse aerosol particles through large bore
tubes as discussed in section 2.9.2.

Clark and Egan?® suggest that the application of these empirical correla-
tions to pharmaceutical aerosols is based on two assumptions: that the corre-

lations may be extrapolated to higher flow rates of up to 120 L /min and that
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the geometry of the mouthpiece does not significantly affect the deposition in
the extrathoracic region.

Recently, Clark et al.?" compared reported oropharyngeal deposition from
seven gamma camera deposition studies (for subjects inhaling through vari-
ous inhalers) with that predicted by the empirical oropharyngeal deposition
equation proposed by Rudolf et al.'3® for polydisperse aerosols. They found
experimental oropharyngeal deposition to be 60% to 70% higher than that
predicted by the empirical equation, a difference that may be attributable
to differences in the fluid motion when inhaling through an inhaler versus a
straight tube. In the present work, the effect of mouthpiece geometry on the
deposition of aerosols in the mouth and throat region is examined. Variations
due to patient dependent parameters were removed by testing the deposition
in vitro with identical, realistic mouth and throat geometries at controlled in-
halation flow rates. Monodisperse aerosols were used for the tests in order to
control aerosol characteristics that affect deposition. Only the inlet flow con-
ditions of the aerosol at the mouth and throat region were varied by having
the aerosol enter through a variety of pharmaceutical devices. In this manner,
variations in the deposition in the mouth-throat region could be attributed to
the different flow patterns set up in the mouth and throat downstream of the

mouthpiece geometry.

3.2 Experimental Setup

In order to test the effect of the fluid entry conditions generated by various
medical devices on the deposition of aerosol particles in the mouth and throat

region, the experimental system illustrated in Figure 3.1 was assembled.
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Figure 3.1: Experimental setup of total extrathoracic deposition tests for
monodisperse aerosols entering through a variety of pharmaceutical inhalers.
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3.2.1 Aerosol Generation and Size Verification

Monodisperse aerosol particles of dl-a tocopheryl acetate were generated us-
ing a vibrating orifice aerosol generator (VOAG) (Model 345001; TSI Incorpo-
rated, St. Paul, MN). The residual charge on the particles was neutralized us-
ing a radioactive charge neutralizer (Model 3454; TSI Incorporated, St. Paul,
Minnesota). Dl-a tocopheryl acetate was used because it is a non-volatile lig-
uid at room conditions, visible to UV spectroscopy, inert to plastic surfaces,
and soluble in a large number of solvents including methanol, isopropyl alcohol
and heptane.

The operating principle of the VOAG is well known and relatively sim-
ple.11:18 A solution is created with a known concentration of the aerosol ma-
terial (in our case dl-« tocopheryl acetate) as the solute and a volatile solvent
(in our case isopropyl alcohol). The solution is placed in a syringe and the
syringe is uniformly advanced using a stepping motor. The liquid at high
pressure is forced through a small diameter orifice to form a thin liquid jet.
The orifice is connected to a piezoelectric crystal in order to disturb the jet
at a high frequency, breaking it into uniform sized droplets. The size of the
primary droplets can be controlled by adjusting the liquid feed rate (which is
calibrated in situ) and the oscillatory frequency of the orifice according to the

equation given by Berglund and Liu:!!

1/3
ddroplet = 104 (10Q7rf> (31)

where Q is the liquid feed rate in cm®/min and f is the vibrating frequency in
Hz.

The stream of primary droplets is then mixed with dilution air, allowing the
volatile solvent to evaporate until only the solute remains. The final diameter
of the solute aerosol can then be calculated from the primary droplet diameter

and the solution concentration by volume (including impurities in the solvent)

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



via:
dp = (C + 1) Pdaropiet (3.2)

The aerosol particles tend to be highly charged due to triboelectric charging
effects as they pass through the orifice and need to be brought back to charge
equilibrium. The radioactive charge neutralizer used for this purpose contains
Krypton-85 which ionizes the air in order to bring the surface charge on the
particles back into equilibrium.

The size distribution of the aerosol was verified using a time-of-flight parti-
cle measurement system (Aerosizer Mach II; TSI Incorporated, Particle Instru-
ments / Amherst, Amherst, MA). A small sample stream allowed continuous
monitoring of the aerosol particle size distribution during all tests. The three
tested aerosol particle sizes had calculated mass median diameters of 2.5, 5,
and 7 micrometers. They were verified as monodisperse with a measured ge-
ometric standard deviation of 1.07 +/- 0.03 (Mean +/- Standard deviation)
and a density of 953 kg/m?.

The operating principle of the Aerosizer is based on the original work of
Dahneke et al.3%3! and is reviewed by Baron et al.®

Briefly, a sample of the aerosol is drawn into an inner capillary tube and
particle free sheath air forms an annulus around the tube. The air and the
particle streams are accelerated through a convergent nozzle with a 15° half-
angle into a partially eVacuated chamber. The pressure in the chamber is
maintained sufficiently low by means of a diaphragm vacuum pump to ensure
that the flow through the nozzle reaches sonic velocity. As the flow exits the
nozzle, the air continues to expand into the chamber and a supersonic free-jet
is formed. The particle reaches a terminal velocity shortly after exiting the
nozzle.3! This terminal velocity is obtained by measuring the time it takes
for a particle to cross two laser beams with a known separation. Two laser

beams from a 5mW He-Ne laser are spaced about 1 mm apart and two separate

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



photomultiplier tubes are used to detect particles passing through each beam.
With knowledge of the particle shape and the density of the aerosol material,
the particle’s geometric diameter can be obtained from the measured time of

flight,.

3.2.2 Tested Devices

The tested devices included two dry powder inhalers: a Turbuhaler® (Astra
Pharma Inc., Mississauga, Ontario) and a Diskus® (GlaxoWellcome Inc., Mis-
sissauga, Ontario), one pressurized metered dose inhaler (Ventolin®, Glax-
oWellcome Inc., Mississauga, Ontario) with an attached holding chamber
(Aerochamber®, Trudell Medical, London Ontario), one vented, valved jet neb-
ulizer (Pari LC STAR®; Pari Respiratory Equipment, Starnberg, Germany),
one unvented nebulizer (Hudson T Up-Draft II®; Hudson Respiratory Care,
Temecula, California), and a straight aluminum tube with an inner diameter
of 1.7 cm.

The tested devices were connected to the idealized mouth and throat geom-
etry by sealing them to small individually manufactured adapters. In all cases,
the entire medical device was used for the tests. No pieces were discarded. The
adapters were sealed to the end of the device mouthpiece proximal to the oral
cavity and then bolted to the front of the throat models. This ensured that
the only air entering the mouth and throat models was that which exited the
device. It also ensured that the exit of all devices was located in the same
plane perpendicular to the direction of mean air velocity. Since the monodis-
perse aerosol was well mixed with the dilution air and passed through the
whole device prior to entering the throat model, it was deemed important to
maintain realistic entrance conditions for the aerosol entering the devices as
well. This was achieved by containing the dilution air entrances to the device

within large diameter cylinders (9 cm inner diameter). For the dry powder
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inhalers, this implied that the whole device was contained in the cylinder (see
Fig. 3.1) while for the nebulizers and metered dose inhaler only the entrance
to the device was inserted into the cylinder.

In order to diminish variations caused by slight fluctuations in the gener-
ated aerosol’s size distribution and environmental conditions, it was desirable
to test all six devices simultaneously. Therefore a system was designed to di-
lute the generated aerosol with ambient air and split the resulting flow into
six separate streams (see Figure 3.1). Connecting one stream to each device

allowed all six devices to be tested simultaneously.

3.2.3 Mouth and Throat Models

The geometry of the mouth and throat region used for testing was based
on the work of Stapleton et al.!*® They generated an idealized geometrical
model based on computed tomography scans (CT), magnetic resonance scans
(MRI), information available in the archival literature and direct observation of
healthy, living subjects. This geometry was replicated into six identical mouth
and throat models using three-dimensional computer assisted drafting (CAD)
and stereolithography (FDM 8000, Stratasys, Eden Prairie, MN). Each model
consisted of two halves, which could be firmly connected along the sagittal
plane (Figure 3.2). The resultant models were surface coated with an airtight
epoxy layer which was found to have high chemical and physical resistivity to
washing with heptane. In order to reduce inter-model variability, the tested
device connected to each mouth and throat model was systematically varied
between runs.

The geometry of the mouth and throat used in these tests and throughout
this thesis was not coated with any liquid for simulating the saliva and mucous
layers as is often done when testing dry powder or polystyrene microsphere

aerosols. The presence of a liquid layer on the surface of the throat could affect
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Figure 3.2: Idealized geometry of extrathoracic region in a healthy adult male.
Geometry split along sagittal, symmetry plane.
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the deposition in the oral airways in one of three ways. If the layer is moving
on the surface of the mouth and throat, the air flow field no longer has a no
slip condition at its boundary, the liquid surface. This will affect the velocity
profile at the wall and may affect the curvature or the magnitude of the mean
streamlines. Additionally, the presence of saliva and mucus in the region will
narrow the cross sectional area for the air flow and so increase the air velocity
in the region and therefore affect particle deposition. Finally, the surface of
the liquid layer will alter the surface roughness seen by the air flow, making it
smoother if the liquid is calm and rougher if surface waves are present. None
of these three effects are expected to be significant for the deposition tests
performed in this thesis for the following reasons.

The liquid layer is not expected to flow along the wall as a result of an
inhalation. Physiology dictates that the saliva and mucous mixture should not
flow into the tracheobronchial airways during an inhalation otherwise foreign
matter would be presented to the lungs. In fact, the cilia in the conducting
airways continuously move the mucous layers there up and out of the thoracic
region. If the high air speeds in the larynx then do not cause significant motion
of the liquid layers (and this is borne out by feel at high flow rate inhalations),
then the lower velocity air in the rest of the extrathoracic region will not cause
significant liquid motion and the no slip condition at the wall is still a good
assumption.

In the extrathoracic region, the presence of a thin liquid layer on the surface
of the geometry will not significantly affect the cross sectional area of the flow.

In the oral cavity, Schroeder!4?

gives the maximum thickness of the whole
epithelium as 580 pm with the outermost fluid layer (the stratum corneum)
having a typical thickness of only 15 ym. In our model, typical cross sectional
areas and perimeters for the oral cavity are on the order of 4 cm? and 8 ¢cm

respectively. The addition of a 15 pm layer would cause a decrease in cross
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section area of 0.012 ¢cm? or 0.3 % which will cause negligible effects on the
velocity in the region.

Finally, the surface roughness changes could cause variations in the particle
deposition if the deposition was dominated by surface effects, such as is the
case in fully developed pipe flow tests where the predominant mechanism for
depositing moderately sized aerosol particles is the turbulent eddies generated
in the turbulent boundary layer. As will be seen in the remainder of this
thesis, the deposition in the oral cavity and extrathoracic region is dominated
by inertial impaction due to the curvature of the mean flow streamlines near
the wall. Since the length scales of the jet flows and curvature of the soft
palate are so much larger than the changes in surface roughness, it will not
have any significant effect on the mean streamlines and so will not affect the.
particle deposition in the extrathoracic region.

The aerosol mass which passed through each mouth and throat model was
collected on a bacterial / viral filter (Respirgard - II®; Marquest Medical
Products, Englewood, CO). As illustrated in Figure 3.1, a vacuum pump was
used to drive the air flow through the entire system. A bank of rotameters
(Omega, Stamford, CT) was calibrated and used to both measure and regulate

the steady flow rate through the individual mouth and throat models.

3.2.4 Assay

After the completion of a run, the mouth and throat models were disassem-
bled to allow for assaying. The total mass of aerosol that deposited in the
model was determined using UV spectroscopy (HP 8452A, Hewlett Packard,
Waldbronn, Germany). The halves were washed with a measured volume of
heptane. A clean throat model was washed in an identical manner to de-
termine the spectral absorption of the matrix. The concentration of the test

heptane solution was calculated by comparison with standard solutions of dl-a
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tocopheryl acetate in heptane. From this concentration and the volume of the
wash solution, the mass of dl-o tocopheryl acetate that deposited in a given
mouth and throat model was determined.

The mass of aerosol that passed through the model and deposited on the
downstream filter was also determined using UV spectroscopy. The filters were
washed with measured volumes of methanol. Blank solutions were made by
washing unexposed filters with methanol. Again the mass of dl-a tocopheryl
acetate was determined from the volume of the wash solution and compar-
ison of the UV absorption with standard solutions. Statistical analysis was

performed using multivariate ANOVA and Student’s t tests.

3.3 Results

The percentage of aerosol mass that deposited in the mouth and throat re-
gion is shown in Figure 3.3. Data points in the figure represent mean values
of five tests for the 5 and 7 micrometer aerosols and three tests for the 2.5
micrometer aerosols. Error bars refer to standard error of the tests. Since the
major deposition mechanism believed to be at work in these tests is that of
inertial impaction, the deposition has been plotted as a function of a parame-
ter (ppd2Q) proportional to the Stoke’s number, where p, is the particle mass
density, d is the particle geometric diameter and @ is the volume flow rate of
the aerosol.

No significant differences (p>0.10) in mouth-throat deposition were found
at any of the flow rates and particle sizes for either nebulizer when compared
to the straight tube. As well, comparison of the nebulizers to each other also
yielded no significant differences in mouth-throat deposition (p>0.10) at any
of the test conditions.

Compared to the straight tube, the metered dose inhaler with attached

spacer was found to have a significantly higher deposition (p<0.05) for only
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Figure 3.3: Total deposition of monodisperse aerosols in an idealized extratho-
racic geometry after entry through different pharmaceutical inhalers.

one case with the 5 micrometer diameter aerosol and one case with the 7
micrometer diameter aerosol, but was not significantly different for any of the
other cases. Considering the two dry powder inhalers, the Diskus® was found
to cause deposition in the mouth and throat region that was significantly
different (p<0.05) from that occurring with the straight tube for all cases
except two of the 2.5 micrometer particle cases at low ppdf,Q = 1137 and
4190. The Turbuhaler® was found to have significantly different deposition
(p<0.05) from the straight tube for all cases of the 7 micrometer particles, all
but the lowest flow rate test with 5 micrometer particles, but not for either flow
rate with the 2.5 micrometer aerosol. The significant difference in deposition
(p<0.05) for the dry powder inhalers as compared with all the other tested
devices for values of p,,df,Q > 9000 is quite apparent in Figure 3.3. It can

also be seen from Figure 3.3 that the dry powder inhalers begin to deviate
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dramatically from the straight tube data at lower values of p,d>Q than the
other devices. For the Diskus®, all tests with p,d2Q > 10954 and one set
at ppd2Q = 3399 showed significantly higher deposition (p<0.05) than the
straight tube, while for the Turbuhaler® all tests with ppdf,Q > 9435 yielded
higher deposition than the Straight tube (p<0.05). However, the MDI with
attached holding chamber showed significantly higher deposition (p<<0.05) only
at two discrete values of ppdf,Q while the jet nebulizers never showed any
significant, differences compared to the straight tube over their entire tested

range of 590 < ppde < 11375.

3.4 Discussion

Inertial impaction has been cited as the dominant mechanism for deposition
in the mouth and throat 1'%13% 148,169 31,4 hence parameters of the form p,d2Q
have been used to plot the deposition data from in vivo studies breathing
through large bore tubes. Recently Cheng et al.?* tested deposition in an
airway replica with monodisperse aerosol particles entering through a large
tube. They also found impaction to be the dominant deposition mechanism
since the deposition efficiency was a unique function of Stokes number.

The model proposed by Stahlhofen et al.'%® and the data on which it is
based are displayed in Figure 3.4. Our data for deposition in the throat when
inhaling through the straight tube is also plotted in figure 3.4 and shows good
agreement with both the model of Stahlhofen et al. and the data that it is
based upon. The correlation of deposition with the parameter ppd?,Q strength-
ens the claim that impaction is the dominant mechanism in the straight tube
tests.

The deposition data from the nebulizers and the pMDI with attached hold-
ing chamber also appear to follow well an increasing function of ,opdf,Q as seen

in Figure 3.3, and appear to be dominated by inertial impaction as well. How-
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Figure 3.4: Comparison of straight tube extrathoracic deposition data from
current tests and the model of Stahlhofen et al**® along with the in vivo,
straight tube inlet data on which it is based.
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ever, the dry powder inhaler deposition data is much more scattered and does
not follow the parameter ppdeQ as obviously as the other devices. This varia-
tion is due to the presence of an additional important deposition mechanism
independent of the impaction parameter ppdf,Q.

This mechanism was initially believed to be associated with turbulence,
since the dry powder inhalers were expected to generate elevated turbulence
levels to increase powder deagglomeration. The work done with deposition in
an oral cavity using various diameter inlets described in Chapter 5 has shown
that similar elevated levels of deposition can be obtained by the generation of
a high speed jet in the oral cavity, independent of the turbulence levels at the
inlet of the region. However, increasing the inlet turbulence was also tested
in Chapter 5 and found to increase the deposition in the oral cavity, despite
being a smaller effect than the inlet diameter change. It is therefore likely
that the increased deposition seen in these tests for the dry powder inhalers
is due to the combination of high velocities impinging on the walls of the oral
airways and elevated turbulence levels at the exit of the devices. However,
without reference to the underlying mechanisms, it is clear from our data that
the deposition with the tested dry powder inhalers was both elevated and more
poorly correlated with ppde than that with a straight tube entrance.

From the above results, it is seen that caution is needed before using de-
position data from straight tube breathing to predict mouth-throat deposition
during inhalation from some pharmaceutical aerosol inhalation devices, par-
ticularly the dry powder inhalers investigated here.

It should be noted that the data presented deals with the special case
of stable monodisperse liquid aerosols flowing through medical devices and
depositing in an idealized replica of the mouth and throat region. This was
intentionally done in order to highlight the effect of the device geometry on

the air flow and hence on the deposition of aerosol in the mouth and throat
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region. Clearly the case of a patient inhaling a medical aerosol is more complex
than the conditions tested here. Factors such as aerosol polydispersity, shape
factors, hygroscopicity, bolus effects, Stefan flow conditions, and dense cloud
interactions as well as dynamic patient related variables such as breathing
pafterns and time varying respiratory tract geometries may all come into play
in finally delivering pharmaceutical aerosols to patients. However, this work
clearly demonstrates that the geometry of the device that the pharmaceutical
aerosol is inhaled from may have a significant effect on the deposition of the
aerosol in the mouth and throat region. When predicting the extrathoracic
deposition from a medical device, care must be taken to choose a model based

on data collected from inhaling through similar devices.
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Chapter 4

Regional Extrathoracic Deposition
Tests

As discussed in Chapter 3, the total deposition of aerosol particles in the ex-
trathoracic region was found to be elevated by the presence of some medical
devices. In particular, two dry powder inhalers were found to cause signifi-
cantly higher deposition than the other inlets in a large number of cases. In
this chapter, the two dimensional deposition pattern in the extrathoracic re-
gion was quantified using gamma scintigraphy for radioactively labelled aerosol
particles for five of the devices. The goal of these tests was to determine the
location in the oral airways where the deposition was elevated for the dry
powder inhalers in order to determine the dominant mechanisms causing this

observed increase in deposition.

4.1 Experimental Setup

A diagram of the experimental setup for this set of tests is illustrated in figure
4.1. The monodisperse aerosol is generated using a condensation monodis-
perse aerosol generator (TSI Model 3475). The basic operating principle of
the generator is as follows. Compressed nitrogen is fed through an atomiser
containing a dilute (20 mg/L) saline solution. The polydisperse aerosol pro-

duced is passed slowly through a drying tube filled with desecant in order to
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Figure 4.1: Experimental setup for quantitative, regional, radioactively la-
belled monodisperse aerosol deposition tests.

evaporate all the water and leave only sodium chloride crystals. Concurrently,
nitrogen is bubbled through a reservoir of Di-2-ethylhexyl-sebecate (DEHS)
which is being heated by a temperature controlled heater. The vapour laden
flow is mixed with the salt crystal laden flow and reheated to vapourize all
liquid DEHS present. The mixture is then allowed to cool in a laminar flow,
causing condensation of DEHS onto the salt nuclei. This results in the pro-
duction of particles composed primarily of sebecate oil with a nearly uniform
particle size.

For these tests, radioactive 9°Tc was mixed with the dilute saline solution
to form the condensation nuclei for use with the generator. In this way, the

radioactivity was associated with the condensation nuclei which formed the
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core of the final DEHS aerosol, giving good association between the radioac-
tivity and the particle. With an identical aerosol generation and conditioning
system, Grgic found good agreement between the aerosol deposition measured
using gamma scintigraphy and that measured using gravimetry.® The ratio of
measured aerosol deposition on two filters in series was found to differ by an
average of 7.8% for the two measurement techniques.

The radioactively labelled aerosol was diluted with ambient air in a 30.6
cm long 7.8 cm diameter mixing chamber. From the mixing chamber a sample
stream was taken to an Amherst Aerosizer where it was continuously monitored
before and during the tests. The operating principle of the Aerosizer is given
in section 3.2.1. The remainder of the aerosol was drawn into a chamber 15
cm long and 9 cm in .diameter. This chamber served to decelerate the particles
and allow them to enter the dilution air of the tested device with conditions
similar to air inhaled through the device from stationary room air.

The dilution air entrances for each device were inserted well into the cham-
ber at the end opposite of aerosol entry as illustrated in figure 4.1. The exit of
the device was connected to the front face of the extrathoracic geometry via
four small bolts and a rubber o-ring to ensure an airtight seal.

A new model of the extrathoracic region was created using a three dimen-
sional CAD (Computer Aided Drafting) program and stereolithography. The
internal geometry of the extrathoracic geometry was identical to that described
in section 3.2.3 but the wall thickness was set to 6 mm throughout except for
the inlet flange which was 50 mm by 50 mm and 7 mm thick. The purpose
of the uniform wall thickness was to decrease the effects of signal attenuation
by the walls. Again the region was built as two halves split along the sagittal
plane. Three acrylic pins were placed in the wall of the oral airways to allow
alignment of the two halves, one in the plane of the inlet flange, the second 4

mm above the entrance to the pharynx and a third 8 mm above the base of the
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trachea. During tests, the halves were sealed and wrapped with parafilm and
the inlet device bolted onto the inlet flange. Three disposable filters (Respir-
gard - II®; Marquest Medical Products, Englewood, CO) were connected in
series immediately downstream of the trachea. The flow rate through the sys-
tem was driven by a vacuum pump, adjusted by a control valve and monitored
by a field calibrated rotameter as illustrated in figure 4.1. An absolute filter
(Model CCO5LGH13, Pall, Covina, California) was situated upstream of the
rotameter to prevent any aerosol from being vented to the room both prior to
testing while the particle size was stabilizing and during the tests.

Due to the surface characteristics of the ABS plastic extrathoracic geom-
etry and the DEHS, depositing aerosol was found to rapidly wet the surface,
spreading in seconds along all expoéed surfaces. In order to prevent this, the
throat model was coated with Fluorad Conformal Coating FC-725 (3M, St.
Paul, MN) which both created an airtight surface and caused the DEHS to
bead on the surface. The gravimetric tests of section 5.2 found that the DEHS
remained beaded on the surface for concentrations up to 13 g/m? which was
adequate for these tests. As the coating fluoresces under ultraviolet light, the
surface integrity was verified prior to each test.

It was necessary to verify that the particle size distribution exiting the
pharmaceutical devices was the same as the distribution upstream of the de-
vices where it was monitored during the tests. A sample port was drilled
into the oral cavity 20 mm from the inlet flange face and 13 mm above the
tongue upper surface. This location was chosen as it was found in the tests
to be in the region of the majority of oral cavity deposition caused by the
dry powder inhalers. A sample stream was measured with the Aerosizer Mach
II and the particle size distribution recorded over the course of the 8 minute
tests used with the devices. Prior and after this 8 minute interval the particle

size distribution was measured upstream of the dry powder inhaler. The mass
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median diameter (MMD) of the particle size distributions measured inside the
oral cavity and upstream of the DPI were 4.44 £+ 0.06 ym and 4.50 £ 0.06
pum respectively for the Turbuhaler and 4.63 + 0.04 pm and 4.64 + 0.05 pym
for the Diskus. The geometric standard deviations (GSD) of the distributions
were 1.123 £ 0.012 inside the oral cavity and 1.053 4 0.005 upstream of the
device for the Turbuhaler and 1.147 £ 0.023 and 1.055 + 0.006 respectively
for the Diskus. The slight broadening of the distribution in the oral cavity is
probably due to a limited number of particle-particle collisions in the device
and at the exit due to the high velocity gradients expected in the flow. How-
ever, the maximum measured GSD of 1.16 inside the oral cavity is still within
the range defined by Fuchs as monodisperse (GSD<1.22).5® So it can be seen
that after exiting the dry powder inhalers, the ae‘rosol is still monodisperse
with essentially the same mass median diameter as measured upstream of the
devices.

These measurements also show that while deposition of the aerosol was
observed in the dry powder inhalers, no significant re-entrainment of the liquid

is occurring during the complete test time.

4.1.1 Tested Device Connections

The five devices tested included a Turbuhaler, a Diskus, a Hudson Updraft I1
jet nebulizer, a pMDI with attached Aerochamber and a 17 mm ID straight
tube. The devices were emptied of drug and the test aerosol entered through
the dilution air of the device, exiting through the mouthpiece of the device.
No modifications were made to either the Turbuhaler or the Diskus except
that the entire device was mounted onto the center of a disk to connect the
reservoir chamber to the oral cavity. The connection between the dry powder
inhaler and the disk was air tight so that the only passage for airflow into

the oral cavity was out the mouthpiece of the device. Using this technique,
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the exit plane of the device mouthpiece was located parallel and mated to the
front face of the inlet flange on the extrathoracic geometry. The center of each
mouthpiece was located at the same point in the plane. Prior to testing, both
dry powder inhalers were actuated once and the drug tapped out and disposed
of. Air at 90 L/min was blown through the devices for half an hour to ensure
no residual drug remained. For the nebulizer, the reservoir was left empty,
but a compressor (PulmoAid, model # 5650D, DeVilbiss, Somerset, PA) was
connected and allowed to run throughout the test to replicate the mixing
conditions of normal use in the “T” section upstream of the mouthpiece. The
aerosol was again introduced through the dilution air. For the pMDI and
attached holding chamber, the body of the pMDI protruded into the reservoir
chamber while the Aerochamber was sealed to the pMDI extefnally using
silicone sealant. The high flow whistle was also sealed to prevent accidental
venting of radioactive aerosol into the room Which was deemed to be a minor
modification of the airflow pattern in the device at the 32 L/min flow rate
tested. The drug canister was in place during the tests but was not actuated.

Due to time constraints, only two repeat experiments were performed for
each device with the exception of the Turbuhaler where three repeats were

performed.

4.1.2 Radioactivity Measurements

The aerosol deposition test time was set iteratively for each device, allowing
sufficient time for measurable quantities of the radioactively labelled aerosol
to deposit in the extrathoracic region, but limited by overloading any site of
deposition in the region which would cause the DEHS to drip or run within the
model. Test times ranged between 5 and 9 minutes during which the particle
size and flow rate was held constant and measured throughout.

Upon completion of the test time, the extrathoracic region was discon-
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nected from the device, unwrapped, unsealed, split in half along the sagittal
plane and carefully laid into a styrofoam form. The form was 375 mm by 375
mm and 35 mm thick and had been carved to hold the two halves level, with
the surface formed by the split plane 3 mm above the top surface of the form.
Three holes near the top of the form were used to insert the three disposable
filters with their filter media held level and 10 mm above the top surface of the
form. A sketch of the form is shown in figure 4.2. The purpose of the form was
to ensure precise location of all the deposition surfaces on the collimater face
during imaging. Alignment marks on the collimater face and the form allowed
repeatable positioning of all 5 parts to within 1 mm. This was necessary as
identical regions of interest were applied to all images during analysis and the
analysis software did not allow for easy movement of the regions of interest in
an image. Proper positioning was verified during data analysis for all tests.
The imaging of the filters and throat halves was performed using a single
photon emission gamma camera (Prism Axis 2000, Picker, Cleveland, OH)
with low energy high resolution collimation with appropriate background and
uniformity corrections. Typically tests were performed in the late afternoon
and imaging was allowed to run overnight to ensure adequate radioactive
counts to minimize counting errors. Typical imaging times ranged from 5 to
12 hours. Tests of the uniformity of response across the camera’s surface were
performed daily by imaging a unifbrmity standard and all data was corrected
for non-uniformities based on the calibration of the testing day. Background
levels were measured simultaneously by specifying 15 circular regions of in-
terest scattered around the image sufficiently far from all edges and radiation
sources to prevent elevated readings due to scattering of the photons. The
location of the background regions in the image can be seen in figure 4.3. The
counts from the 15 background regions were first corrected for the camera’s

non-uniformity based on that day’s calibration and then averaged to give the
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Figure 4.2: Form for repeatable location of filters and throat halves on colli-
mater surface for radioactively labelled monodisperse aerosol deposition tests.
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Figure 4.3: Definition of regions of interest for radioactive aerosol deposition
tests.

mean background count per pixel.

The standard deviation of the measured counts per pixel in the 15 regions
was taken as a measure of the error resulting from subtracting off the back-
ground counts per pixel for all the oral airway and filter regions. Other error
sources which were quantified in the analysis were: the error caused by the
statistical nature of radioactive sources emitting photons which is commonly
estimated as equal to the square root of the total number of counts observed,

the error caused by the non-uniformity of the camera in each region, and the
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error caused by overlap of regions in their definition. The error due to region
overlap was found to be < 1.5% for all tests.

Since all components for each test were imaged simultaneously by the same
camera, only relative measurements of the radioactive counts in each region
were required. No calculations of the actual amount of radioactive material
deposited were necessary, thus drastically simplifying the procedure and im-
proving the accuracy of the measurements.

Once the radioactive counts in each region were corrected for camera non--
uniformity and background levels, the percentage of aerosol depositing in any
given region could be directly calculated from the percentage of corrected

counts in that region.

4.2 Results and Discussion

The main results of this series of tests are a series of images which give both
a qualitative and a quantitative picture of the aerosol deposition pattern for
each of the five tested devices.

In order to accurately define the boundaries of the filters and the oral
airways, the halves of the model were placed in the styrofoam form, the inlet
and outlet were sealed with tape and the regions were filled with a dilute
saline solution mixed with **Tc. The solution was also administered to the
three filters using a syringe until the surface of the filter media was fully
covered. The form was carefully located on the collimater surface and imaged.
The outer boundary of the mouth and throat halves and of the filters were
sketched based on the image. The image used to define the region boundaries
is seen in figure 4.3 where the intensity of the dark regions is proportional to
the counts per pixel at each pixel and the blue lines show the regions sketched
during the analysis. The filters were located right to left in the image with

the filter immediately after the exit of the trachea placed in the furthest right
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location, the second filter placed in the middle location and the third filter
placed in the location furthest left. As we ran low on the radioactive mixture
and had to dilute it further in order to cover the third filter surface, the count
intensity of the third filter is significantly lower than that of the other filters
and is quite visible when the intensity scale is turned way up. The throat halves
were further subdivided into smaller regions for analysis. The oral cavity was
divided into 5 regions on either side, showing the upper surface of the tongue,
the anterior section of the hard palette, two middle sections of the hard palette
and the posterior section of the oral cavity. The pharynx is divided into two
sections on each side, the upper pharynx and lower pharynx (sometimes called
the oropharynx and hypopharynx respectively.!®®) The larynx region is not
further subdivided. The trachea is subdivided into 3 sections on either side,
proximal, mid and distal to the mouth. The 15 background regions are also
indicated in figure 4.3.

This template was applied to each of the tested devices and the radioactive
counts in each of the regions were recorded and analyzed. The deposition in
the oral airways was calculated for the total deposition in the extrathoracic
region, for the deposition in the major regions (oral cavity, pharynx, larynx
and trachea) and for the deposition in the sub regions listed above.

A plot of the total deposition in the extrathoracic region is given in figure

4.4, Bach bar represents one test and the error bars represent the measurement
uncertainty in determining the deposition percentage from an error analysis
based on the errors discussed in section 4.1.2. The small error bars in this
figure (having a maximum value of 1.1% of the total deposition) illustrate that
for a given test condition (actual flow rate and particle size), the accuracy of
the measurement of the deposition is quite good. The data is re-plotted in
figure 4.5 where each bar is the mean deposition for all tests with the given

device and the error bars represent one standard deviation. While the nominal
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Inlet Run Impaction | Extrathoracic
Device Number | Parameter | Deposition

@um?s )| (%)
17 mm Tube 1 11194 8.9
17 mm Tube 2 10880 6.9
Hudson Updraft IT Nebulizer 1 11835 12.4
Hudson Updraft 1T Nebulizer 2 11104 10.7
pMDI with Aerochamber 1 11059 11.6
pMDI with Aerochamber 1 12162 14.3
Diskus DPI 1 11149 81.5
Diskus DPI 2 11742 83.1
Turbuhaler DPI 1 11330 91.3
Turbuhaler DPI 2 11239 96.8
Turbuhaler DPI 3 11421 93.5

Table 4.1: As tested impaction parameter values for gamma scintigraphy tests

impaction parameter for all tests was 11 375, the actual test conditions caused
the impaction parameter to vary between 10 830 and 12 162. The actual test
impaction paramter and the deposition for each run is given in table 4.1.

Similar to the results of Chapter 3, slight increases in the extrathoracic
deposition from the 17 mm inlet case are seen for the nebulizer, and pMDI with
attached holding chamber while the dry powder inhalers show significantly (p
< 0.05) higher total deposition.

Plotting the total deposition measured for the straight tube inlet against
the impaction parameter in figure 4.6 shows good agreement between the total
deposition measurement for this set of tests, for the total deposition tests of
Chapter 3 with the 17 mm pipe inlet and the empirical fit of in vivo data
from Stahlhofen et al.'*® The regional deposition pattern for the straight tube
inlet seen in figure 4.8 also shows qualitative agreement with the results of
Stahlhofen.!*® They reported that the bulk of the extrathoracic deposition for
mouth breathing through a tube occurs in the larynx and our results show
deposition primarily centered around the larynx with some deposition slightly

upstream and downstream of it.
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Figure 4.4: Total deposition of aerosol particles in the extrathoracic region for
all radioactive aerosol deposition tests. Bars are measured values, error bars
are experimental error estimates which include counting errors, background
compensation errors, and camera uniformity compensation errors. All tests
were at ¢ = 30 L/min, d, = 5 pm and p, = 9.1 g/cm?®
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Figure 4.6: Total deposition of aerosol particles in the extrathoracic region for
radioactive aerosol deposition tests with tube inlet, tests from Chapter 3 with
tube inlet and empirical model of Stahlhofen et al.1*®

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

80

17 mm Pipe
Hudson Updraft i Nebulizer
B pMDI with Aerochamber

B GlaxoSmithKline Diskus

M Astra Turbuhaler

S
[=}

Regional Deposition in the Mouth and Throat (%)
N
o

ford
o
NN RNENE I T R ETEN NS AR RN FEN SN RN RS KRS BN

Oral Cavity Pharynx Larynx Trachea

[=]

Filters

Figure 4.7: Regional deposition of aerosol particles in the oral cavity, pharynx,
larynx and trachea for radioactive aerosol deposition tests. Bars are mean
values, error bars are standard deviation.

The regional deposition data for the major regions of the oral cavity, phar-
ynx, larynx and trachea are shown in figure 4.7. Bars indicate the mean
deposition in the region for the tests performed and error bars indicate one
standard deviation of the tests. From this figure it is clear that the major
differences between the dry powder inhaler extrathoracic deposition and the
extrathoracic deposition from the other devices is due to elevated deposition
in the oral cavity with the dry powder inhalers.

Qualitatively, the shift in major deposition from the filter to the oral cavity
is seen in figures 4.8 to 4.12 where a representative image from the gamma,
camera, 1s shown. The slight enhancement in oral cavity deposition with the
nebulizer and pMDI with holding chamber are also visible in figures 4.9 and
4.10.
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Figure 4.8: Regional deposition of 5 ym monodisperse aerosol particles in
the extrathoracic region and after filters after entry through a 17 mm inner
diameter pipe.
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Figure 4.10: Regional deposition of 5 um monodisperse aerosol particles in the
extrathoracic region and after filters after entry through a pMDI with attached
holding chamber.
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Figure 4.11: Regional deposition of 5 um monodisperse aerosol particles in the
extrathoracic region and after filters after entry through a Diskus dry powder
inhaler.
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Figure 4.13: Regional deposition of 5 yum monodisperse aerosol particles in the
extrathoracic regions after exiting the oral cavity for all 5 different devices.

In order to compare the deposition pattern in the extrathoracic region qual-
itatively, the deposition patterns are indicated in figure 4.14 for all of the tested
devices without the filters. The dry powder inhalers’ deposition is centered
in the front of the oral cavity with little aerosol and radioactivity penetrat-
ing through the oral cavity to deposit in the larynx and trachea. Analysis of
the deposition in the regions downstream of the oral cavity appears to show
slightly elevated deposition in the pharynx, larynx and trachea for the dry
powder inhalers as well (see figure 4.13), however the low radioactive counts
in these regions make the measurement uncertainty relatively large and the
results inconclusive.

As previously discussed, the oral cavity, pharynx and trachea were di-
vided into subregions in order to quantitatively consider the deposition pattern

within the regions. The oral cavity was split into 5 regions and the measured
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Figure 4.14: Regional deposition of 5 ym monodisperse acrosol particles in the
extrathoracic region after entry through all 5 different devices.
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Figure 4.15: Deposition of 5 um monodisperse aerosol particles in the five
subregions of the oral cavity after entry through all 5 devices.

aerosol deposition for each of the five inlets is shown in figure 4.15. Each plot-
ted deposition value is the sum of the deposition for the right and left sides
and is given as a percentage of the total aerosol delivered to the extrathoracic
region and the filters.

As can be seen in figure 4.15, oral cavity deposition is very low for the
straight tube, nebulizer and pMDI with holding chamber. However, slight
enhancement of depoéition is seen for the nebulizer and pMDI with holding
chamber in the anterior region of the oral cavity. This forms the primary
difference between the deposition patterns of the three entrances in the ex-
trathoracic region as can be seen qualitatively from figure 4.14. While the
deposition in the anterior of the oral cavity is relatively low in all three cases,
the deposition in this region with the nebulizer is significantly higher (a <

0.01) than the deposition with the straight tube inlet. Similarly, the depo-
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sition with the Aerochamber inlet is significantly (« < 0.01) higher than the
straight tube inlet. The deposition in the region with the nebulizer inlet is also
significantly (o < 0.05) higher than that of the Aerochamber, although with
slightly less confidence. The location of the aerosol deposition in the anterior
of the oral cavity for these three inlets was observed, both from figure 4.14
and visibly during the tests to be predominantly on the side wall of the oral
cavity, immediately distal to the exit plane of the mouthpieces and centered
around the horizontal symmetry plane of the mouthpieces. It is likely that this
deposition was then a result of the larger width of the nebulizer mouthpiece
(26 mm) and the Aerochamber mouthpiece (25 mm) which brings the issuing
aerosol into close proximity with the side wall of the oral cavity. Impaction of
the aerosol on the side wall is expected to be enhanced for the aerosol exiting
the nebulizer mouthpiece due to the expanding width of the mouthpiece as the
aerosol proceeds through it. This expansion causes a component of velocity
towards the wall.

The majority of the deposition after the dry powder inhalers is in the oral
cavity (ranging between 77% and 93%) while only a small amount (ranging
between 0.5% and 0.8%) is deposited in the oral cavity with the straight tube
inlet. As a result, the deposition in all 5 oral cavity regions is significantly
higher (a < 0.05) for the dry powder inhaler inlets compared to the straight
tube inlets.

From figure 4.15 it can be seen that in general the deposition for the dry
powder inhalers decreases with increasing distance from the inhaler exit. Large
amounts of aerosol deposit in the anterior and tongue regions of the oral cavity
with decreasing amounts in the middle and posterior regions. The Turbuhaler
showed more pronounced decrease in deposition with distance than the Diskus
as seen from the figure. This decrease in deposition is expected to be a re-

sult of a combination of factors including: decaying turbulence intensity levels
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downstream of the inhaler exit, deceleration and breakup of high speed fluid
structures such as jets and swirling flow by the fluid viscosity and decreasing
aerosol concentration entering each subsequent region due to the deposition in
the previous region. Although the fluid velocities inside the oral cavity were
not investigated in this set of tests, an inspection of the inhaler mouthpieces
show that the flow will be complex and three dimensional. Schematics of the
Turbuhaler and Diskus are illustrated in figures 4.16 and 4.17 respectively.
The Diskus outlet includes a central jet issuing from a 6 mm hole and two in-
tersecting, impinging jets from 1.5 mm holes. The Turbuhaler outlet includes
a 2.3 mm central hole surrounded by a 10 mm double helix. Both mouthpieces
are expected to cause exit velocities with large radial (and in the case of the
Turbuhaler circumferential) components of velocity. The tests of Chapter 5
investigate the effect of inlet nozzle diameter and iniet turbulence intensity for
flows entering the oral cavity with no mean radial or circumferential veloci-
ties and show the majority of deposition in the posterior of the oral cavity.
However, in the current tests with the Turbuhaler and Diskus, the flow is not
likely to form a single turbulent jet inside the oral cavity, but a complex, three
dimensional flow with high radial and circumferential velocities which appear
to cause high levels of mixing and impaction beginning right at the anterior
of the oral cavity.

The deposition pattern through the pharynx, Iarynx and trachea is quanti-
fied in figure 4.18. The general pattern for all devices is that there is moderate
deposition in both regions of the pharynx followed by an increase in the de-
position in the larynx, a further increase in deposition in the anterior portion
of the trachea and then a rapid decrease in deposition further downstream in
the trachea. This trend is visible for all the tested devices including the dry
powder inhalers. However, in the cases of the dry powder inhalers, so much

of the aerosol is deposited in the oral cavity that little is left to deposit in the
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Figure 4.16: Schematic of Turbuhaler inhaler (AstraZeneca, Sweden) from de
Koning® used with permission.
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Figure 4.17: Schematic of Diskus inhaler (GlaxoSmithKline,UK) from de Kon-
ing%® used with permission.

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



10F 7

) 5 5
@ = ]
@ - 3
= E 1
= s 3
Q X ]
& 8 3
R - ® 17 mm Pipe Inlet 2
‘s E A Hudson Updraft I Nebulizer 4
2 3 ¥ pMDI with Aerochamber :
g F 4 GlaxoSmithKline Diskus v 1
2 sF - Astra Turbuhaler ]
] = i
g- b N
3 r A 3
g f 4 ]
= 8 N
2 A 1
L] 5 ® A
g 8 v ° .
g 2fF . v 3
a f oo’ .Y .
g Coan,” v ¢ .. o ®a :
- Oghdy - P ]

5 Coos sehaY 0. . - ) ‘".,’ :
0k - -> : - - ]

J Oropharynx Hypopharynx Larynx ]Anterior Trachea' Middle Trachea Posterior Trachea

Figure 4.18: Deposition of 5 pum monodisperse aerosol particles in the subre-
gions of the pharynx, larynx and trachea after entry through all 5 devices.

later regions, causing greatly decreased deposition percentages in these regions
and high experimental uncertainties because of the few radioactive counts in
the regions.

The deposition on the three filters placed in series at the exit of the ex-
trathoracic geometry is shown in figure 4.19 for all 5 inlet devices. From this
plot it can be seen that essentially all the aerosol exiting the mouth-throat
region was collected on the first filter. Essentially no aerosol passed through
the first filter to deposit on the subsequent two filters.

In summary, the experimental procedure for the radioactively labelled
aerosol deposition tests was validated by comparing the total deposition in
the extrathoracic region to that measured in the independent tests of Chap-
ter 3. Agreement between the tests was good as seen in figure 4.6 and the

deposition pattern agrees well with the mainly laryngeal deposition reported
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Figure 4.19: Deposition of 5 pm monodisperse aerosol particles on the exit
filters after mouth entry through all 5 devices.

by Stahlhofen et al.*® Deposition results with an unvented jet nebulizer and
a pMDI with attached holding chamber showed slightly elevated total depo-
sition, located predominantly in the anterior of the oral cavity. Deposition
results with two dry powder inhalers showed dramatically different extratho-
racic total deposition and regional distribution of the deposition. The majority

~ of aerosol deposition (78.5 % for the Diskus and 91.4 % for the Turbuhaler)
occurred in the oral cavity.

From these results it can be seen that further research on predicting depo-
sition in the oral cavity is crucial to understanding deposition from dry powder
inhalers. Stahlhofen et al. highlighted the fact that the in vivo deposition tests
from section 2.9.2 give estimates primarily of laryngeal deposition and little is
known about mouth deposition.

As a result, the remainder of this work focuses on deposition in the mouth
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region alone. Experiments with a variety of inlet conditions including con-
traction nozzles, pipe flows, enhanced turbulence pipe flows are investigated
in Chapter 5. Chapter 6 investigates the flow field and particle deposition
patterns inside the oral cavity using computational fluid dynamics and finally
in Chapter 7 a model for predicting the extrathoracic deposition after dry

powder inhaler inlets is proposed and validated.
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Chapter 5

Oral Cavity Deposition Tests

As discussed in Chapter 3, the total deposition of aerosol particles in the ex-
trathoracic region was found to be elevated by the presence of some medical
devices. In particular, two dry powder inhalers were found to cause signif-
icantly elevated deposition in a large number of cases. In Chapter 4, the
two dimensional deposition pattern in the region was quantified using gamma
scintigraphy for radiolabelled aerosols after five of the devices. The images
clearly showed that the major difference in the deposition pattern between the
dry powder inhalers and the other inlets was the deposition in the oral cavity.
Because of these results, deposition tests were performed in a model of the

oral cavity to determine the major mechanisms at work in this region.

5.1 Oral Cavity Geometry

A model of an adult oral cavity was constructed for these tests. The geometry
previously described in section 3.2.3 was truncated 9 mm above the entrance to
the pharynx and a short (14 mm) connector length was added to allow direct
connection of the disposable filters. One side of the completed geometry can
be seen in figure 5.1. Two acrylic pins 2 mm in diameter were added to ensure
proper alignment, of the halves when assembled. The first pin was located on

the upper surface (hard palette) and 3 mm from the mouthpiece connection
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Figure 5.1: Oral cavity geometry used for deposition tests. Only half of ge-
ometry is illustrated, split down the symmetry, sagittal plane.

plane. The second pin was located 48 mm from the mouthpiece connection
plane and on the lower surface of the model (upper surface of the tongue).
Prior to all tests, the halves were assembled, the seam between them was
sealed with wax and then a parafilm wrap was applied to prevent any wax
from coming off during the course of the test.

Data from section 4.2 for the oral cavity deposition of a 5 micrometer di-
ameter aerosol drawn from a 17 mm inlet through the complete extrathoracic

model at 30 L /min was compared to the results of equivalent gravimetric tests
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Figure 5.2: Effect of truncating the extrathoracic region on the oral cavity
deposition for a 17 mm inlet, 5 micrometer diameter acrosol at 30 L,/min.
Gravimetric tests were performed with the truncated model (oral cavity only)
while gamma scintigraphy tests were performed with the full extrathoracic
model and the oral cavity deposition calculated as part of the total extratho-
racic deposition. Error bars are experimental uncertainty in the calculated
deposition value based on an uncertainty analysis.

using this truncated model (only the oral cavity). The data points are plotted
in figure 5.2 where the error bars correspond to the uncertainty in the mea-
sured deposition reading calculated from an uncertainty analysis. A student—t
test was performed and no significant difference (t > 0.1) was found between
the deposition measured in the oral cavity when it was part of the complete
extrathoracic model and the deposition measured in the oral cavity when it
was connected directly to the exit filters. Therefore, the aerosol deposition in
the oral cavity model alone is seen to be equivalent to the oral cavity deposi-
tion in the complete extrathoracic model and the truncation of the model has

not significantly affected aerosol deposition.
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As with the total extrathoracic model, no substances were applied to the
inner surface of the oral cavity model to simulate mucous or saliva in the region.
As was explained in section 3.2.3, no substance is needed since the presence
of a thin liquid layer will not affect the mean streamlines in the region. Since
the deposition in the region is dominated by inertial impaction (which will
be illustrated in the remainder of the thesis), particle deposition will not be
affected by very subtle changes near the wall which do not affect the mean

streamlines of the flow.

5.2 Contraction Nozzle Inlets

In this series of tests, the aerosol entered the oral cavity through contraction
nozzles in order to generate top hat inlet velocity profiles with very uniform
inlet velocity and very low inlet turbulence intensities. Six different contraction
nozzles were constructed having outlet diameters of 17.1, 14.4, 10.9, 8.13, 4.95
and 3.18 mm. The contraction nozzles were designed as matched cubic arcs
based on the work of Morel.!** The nozzles have contraction ratios between 5
and 60 and have calculated outlet velocity non-uniformities of < 2% based on

the design charts presented in Morel’s work.

5.2.1 Experimental Setup

The experimental setup used for these tests is illustrated in figure 5.3. The
monodisperse aerosol is generated by the TSI Model 3475 Condensation Monodis-
perse Aerosol Generator. The basic operating principle of the generator is
given in section 4.1. Measurements using an Ambherst Aerosizer Mach II
showed particle size distributions with typical geometric standard deviations
(GSD) of < 1.06. By controlling the temperature of the reservoir, the flow
rate of nitrogen to the reservoir, and the number concentration of conden-

sation nuclei (set by varying the proportion of the salt crystal aerosol which
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Figure 5.3: Experimental setup for monodisperse aerosol deposition tests in
the oral cavity with contraction nozzle inlets.

passed through a filter to remove the crystals from the flow), the size distri-
bution could be shifted from smaller to larger particle sizes. For the tests in
this section, particle diameters were varied between 2.5 and 5.0 micrometers.

Immediately downstream of the aerosol generator is a large-bore three way
valve. It is used to vent unwanted aerosol. This allows time for the generator
to stabilize prior to the test and allows for clear definition of test start and
end times.

Since the aerosol generator provides a set mass flow rate of aerosol droplets
suspended in approximately 4 L /min of nitrogen, the test aerosol concentration
is set by drawing room air through the vent line to mix with the flow from the
generator. In order for the presence of the particle phase to have negligible

effects on the turbulence in the gas phase, the volume fraction of liquid droplets
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to the combined volume of liquid and gas must be less than 10-5.2%4! As the
output of the generator often produced higher concentrations of aerosol than
this, a dilution pump was connected to the system to decrease the aerosol
concentration at the test location. A tee was placed after the three way valve
and the dilution pump and filters connected to the arm normal to the main
flow direction. Turning on the dilution vacuum pump causes additional air
to be drawn through the vent line and mixed with the generator output thus
decreasing the concentration of the aerosol. A measured volume flow rate of
this dilute aerosol is then drawn to the test section while the remainder is
diverted to the dilution filters and pump.

Once the aerosol stream has passed by the dilution pump, the size dis-
tribution of the particles is measured using a phase doppler anemometer of
PDA (Dantec Dynamics, Skovlunde, Denmark). The operating principle of the
phase doppler anemometer has been previously described.®?36:38136 Briefly,
the diameter of a spherical particle of known refractive index can be calcu-
lated from the phase shift in scattered light incident on two photodetectors
located at different angles to the plane created by the intersection of two laser
beams when the particle passes through the intersection volume (see figure
5.4). A linear relationship between the phase shift and the particle diameter
occurs when one mode dominates the observed scattered light at the pho-
todetector location. In our case the major mode is second order refraction
of light by the particles with the photodetectors located at 73.5° which is
near the Brewster angle of 69.6° for DEHS with a refractive index of 1.41 at
room conditions. Other modes of light scattering include first order refraction,
diffraction, and reflection. A previously described optical attachment'4® was
used to allow non-obtrusive, online measurement of particle size distributions
with high data rates (typically 1-5kHz) during sampling. The PDA calibration

was verified by measuring polystyrene microspheres of known diameter and by

102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Laser Beam

: Measurement
Transmitting 73.5° Laser
Opfics Beams

Receiving |

Optics
Photodetectors

Figure 5.4: Schematic of the operation of a phase doppler anemometer.

comparison with online measurements using the Amherst Aerosizer Mach II
which had been previously calibrated with the vibrating orifice aerosol gener-
ator described in section 3.2.1 with a DEHS aerosol.

After exiting the PDA’s measurement volume, the aerosol enters a paral-
lelepiped mixing chamber with inside dimensions of 295 mm by 305 mm by
305 mm. The aerosol is then drawn out of this chamber through a long, large
bore copper pipe. The pipe was designed to keep the Reynolds number of
the gas phase based on the pipe inner diameter to be less than 2000 and so
to cause the flow in the pipe to be laminar. For flow rates of 30 L/min and
below, a 920 mm long pipe with an inner diameter of 26 mm was used while
for flow rates between 30 and 90 L/min, a 1860 mm long pipe with an inner
diameter of 74.5 mm was used. The pipes were designed to smoothly connect
to the entrance of the various contraction nozzles used in these tests.

The air flow rate entering the oral cavity was controlled by a vacuum pump
(Model LR 22132, DOERR, Cedarburg, WI, USA) connected to a control valve

as indicated in figure 5.3. The flow rate during the test was measured using a
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pneumotachometer (Series 4719, Hans Rudolph, Inc, Kansas City, MO) con-
nected to a pressure transducer (Model DP45-16; Validyne Engineering Corp.,
Northridge, CA) and then recorded using a data acquisition system. Depo-
sition was measured for flow rates ranging between 15 and 90 L/min which
covers the rangé of flow rates typically seen with pharmaceutical inhalers.
The halves of the oral cavity were coated with Fluorad Conformal Coating
‘ FC-725 (3M St. Paul,MN) to allow much higher deposition on the oral cavity
surfaces prior to the DEHS beginning to flow. Wax was used to create an
airtight seal between the halves and then the model was wrapped in parafilm
to prevent any mass loss from the wax during the test. The total aerosol de-
position in the oral cavity and on the filters was determined gravimetrically
by weighing the components before and after the tests. A balance (Sartorius
GMBH, Germany) with a resolution of 0.0001 grams was used for the mea-
surements. Since the tests are performed at steady flow rates, the test times
were set to allow sufficient aerosol deposition to cause measurable changes in
the mass of the oral cavity.
The deposition efficiency of the oral cavity with the tested contraction

nozzle mouthpiece was calculated as follows:

AmOral Cavity
A"nOral Cavity + A'rnfilters

Deposition Ef ficiency = * 100 (5.1)

Qualitative deposition patterns in the oral cavity were obtained by blotting
the inner surface of the halves with Kimwipes after disassembly of the oral

cavity.
5.2.2 Results and Discussion

The flow rate range tested in this set of experiments ranging from 15 L /min to
90 L/min is typical of the inhalat_ion flow rates observed for many dry powder

inhalers. The range of nozzle exit diameters from 3 mm to 17 mm also spans
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Dry Powder Company Exit Diameter
Inhaler (mm)
Easyhaler Orion 54
Inhalator (Single Dose) | Boehringer Ingelheim 5.9
Inhalator (Multiple Dose) | Boehringer Ingelheim 7.9
Aerolizer Novartis 10.7
Diskhaler GlaxoSmithKlein 12.0

Table 5.1: Diameter of aerosol flow path at exit of a sample of dry powder
inhalers

much of the range of exit sizes seen in dry powder inhalers. A small sample
of commercially available dry powder inhalers and the measured diameter the
aerosol flow exits the device through is shown in Table 5.1. For non-circular
exits, the diameter listed is that of a circular exit with the same cross-sectional
area as the device exit.

At each test parameter location (nozzle diameter, aerosol diameter, and
flow rate) a minimum of three measurements were taken to ensure repeatability
of the data.

The contraction nozzles were used as inlets for the oral cavity in order to
test the effect of high velocity jets expected at the outlet of many dry powder
inhalers without the complication of turbulent inlet velocity profiles. In this
way, the effects of high mean inlet velocities and varying turbulence intensities
could be tested for independently. The effect of varying levels of turbulence
intensity being advected into the oral cavity is explored in section 5.4. Tur-
bulence is expected to be produced by the shear layer between the jet and
the slow moving fluid in the oral cavity for all the tested entry nozzle diam-
eters since the Reynolds numbers for the jets based on the nozzle diameters
range from 2608 to 14494, but the contraction nozzles ensure that very little
turbulence is initially in the flow as it enters the oral cavity.

For the particle diameters tested (nominally 2.5, 3.8 and 5.0 micrometers),

diffusion and sedimentation of the particles is expected to be negligible in
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the oral cavity. Because of the small settling velocities of the particles listed
in Table 2.1, the relatively large vertical distances involved and the relatively
short residence time of the fluid, deposition due to gravitational settling should
be negligible. For example, from Table 2.1 the highest settling velocity occurs
for the 5.0 micrometer DEHS particle and is 0.706 mm/s. Since the oral cavity
has a volume of 49.2 mL and the lowest flow rate tested was 15 L/min or 250
mL/s, the shortest average residence time is expected to be 0.2 seconds during
which the 5 micrometer particle would settle 0.14 mm. However, the height of
the roof of the oral cavity above the tongue ranges from 22 mm to 29 mm in
the idealized geometry, so only particles which are first transported very close
to the bottom surface will deposit due to gravity. Similarly, for the smallest
particles (2.5 micrometers) the root mean square displacement of the particle
caused by Brownian diffusion from equation 2.37 is expected to be 2.0 x 107¢
m. Again comparing this to the large distances in the oral cavity, deposition

due to diffusion is expected to be very low, found in section 2.5 to be on the

order of 0.09%.
5.2.2.1 Impaction Parameter

Inertial impaction was hypothesized to be the major mechanism for parti-
cle deposition in the oral cavity for these tests. Whether the impaction was
caused by high mean fluid velocities, large secondary flows and vortices or high
turbulent transport in the region was unclear. However, if impaction is the
dominating mechanism, then the Stokes number should be the governing non-
dimensional number. Since the oral cavity geometry is the same for all tests,
if the velocity and length scales in the Stokes number are taken to be set by
the flow rate and the flow geometry in the oral cavity, then the Stokes number
should be proportional to the impaction parameter psz used to plot in vivo

deposition tests by many authors!?-52,99,105,112, 148,165,169 5nd ysed in sections
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Figure 5.5: Variation of monodisperse aerosol particle deposition in the oral
cavity entering through contraction nozzles with the impaction parameter

ppd,%Q‘

2.9.2 and 3.3 to plot total extrathoracic deposition. The oral cavity deposition
results of all the contraction nozzle deposition tests are plotted against the
impaction parameter pd>Q in figure 5.5.

It can be seen from the figure that aerosol deposition in the oral cavity is
not a unique function of the impaction parameter. The deposition does appear
to be a monotonically increasing function of the impaction parameter for each
individual inlet nozzle, but the slope of the function is dramatically different
between nozzles, with the smallest diameter nozzles having the steepest slopes.
The clear trend of increasing deposition with increasing impaction parameter
for a given inlet nozzle does indicate that inertial impaction is the major
mechanism of aerosol deposition. However, no consideration has been given

to the effect of the nozzles on the flow in the oral cavity. By plotting the
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impaction parameter, all flows which have the same particle diameter and
flow rate will be predicted to have the same deposition, regardless of the size
of the inlet. Cleéxrly from figure 5.5 this is not true.

The trouble comes from using the dimensional impaction parameter rather
than the non-dimensional Stokes number. Whether or not a particle will have
sufficient momentum to deposit as it nears a wall can be calculated from the
particle momentum equation (Equation 2.24) if the full solution of the air
flow field and the particles initial velocity is known. Otherwise the proba-
bility of the particle depositing can be estimated from the particle’s Stokes
number since the Stokes number may be interpreted as the non-dimensional
distance or time it would need to stop after the fluid makes a sudden turn
(such as at a solid barrier or wall). For flow iﬁside a pipe, the typical length
and velocity scales used for the Stokes number are the pipe diameter and the
average velocity in the pipe. For example the Stokes number is often cal-
culated for each generation of a lung model based on the predicted airway
diameter and average velocity in generation. The Stokes number formulated
in this manner is then used to predict the deposition due to impaction in that
generation.16:17,46,86,90,120,155, 166

When considering the extrathoracic region, an added complication is the
varying cross sectional area throughout the region. Trying to calculate the
Stokes number for this region as if it were a pipe of varying cross section for
a set volume flow rate and particle size leads to a different particle Stokes
number at every different cross section in the region, making prediction of
deposition very difficult. The impaction parameter avoids this problem by
dropping the length and velocity scales completely. This leads to only one
value of the parameter throughout the region for a given particle size and flow
rate. Thus the need for the local cross sectional area throughout the region is

eliminated and allowing comparison of data despite the inter- and intra-person

108

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



variability of the geometry. This works well if the impaction is dominated by
an effect based on the mean flow within the tube. For example deposition in
a pipe caused by a bend in a pipe (such as the curve in the path between the
oral cavity and the pharynx) or deposition caused by a constriction in the pipe
(such as the larynx) will all be well modelled using the impaction parameter
since the Stokes number that should be used is based on the average velocity
in the region (in the curve or in the larynx) and the equivalent diameter of
the region (diameter of the conduit or diameter of the larynx). However, if
. the aerosol impaction is caused by a flow structure inside the region and not
dependant on the overall diameter of the region itself at the impaction location,
then the impaction parameter cannot account for the substructure and so does
not necessarily predict deposition. |
This is believed to be the problem in these tests. The aerosol flow is entering
the oral cavity through relatively small diameter nozzles. These nozzles cause
a high velocity jet to form inside the cavity and the aerosol tends to deposit
where the jet impinges on the walls and due to flows within the cavity set up
by the presence of the jet. This means that the aerosol impaction is dominated
not by the average flow through the whole region, but by the substructure.
The length and velocity scales of interest for the particle Stokes number are
then not the éross sectionally averaged velocity and equivalent diameter of the
region, but are the diameter and velocity of the jet. When the jet impinges on
a wall, the particle will see a change in the fluid velocity on the order the jet
velocity (since it goes to zero at the wall) in a distance which is of the order
of the jet diameter.
The deposition pattern observed for nearly all the cases with the exception
of the 17 mm inlet support this idea. A typical deposition pattern for the 3-14
mm nozzles is shown in figure 5.6. No deposition is visible in the first 35-40

mm distal to the nozzle outlet. The deposition is then seen to be located on

109

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 5.6: Typical deposition pattern observed through blotting of oral cavity
after deposition test for inlets ranging from 3 to 14 mm in diameter.

the upper surface of the oral cavity, centered about the location 60 mm distal
to the nozzle exit, where the oral cavity curves down towards the pharynx,
forming the back wall of the region. Additional deposition tailing off around
the corner is probably due to centrifugal effects as the high speed jet rounds
the corner. The jet is expected to be nearly adhered to the back wall, causing
inertial impaction of the particles due to the rapid change in direction of the

fluid.
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5.2.2.2 Stokes Number at Nozzle

If the elevated deposition in the oral cavity is caused by an impinging jet
for the small inlet nozzles, then the Stokes number based on the jet velocity
and diameter should collapse all the deposition tests onto a single curve. A
difficulty occurs in calculating the Stokes number since the the velocity and
length scales to be used should be indicative of the velocity and length scales
of the flow ‘near’ the impaction site. Since the impaction site is located well
inside the oral cavity, it is not obvious how to predict the velocity and length
scales of the turbulent jets inside the region. In the tested oral cavity geometry,
the predicted impaction site was chosen on the rear wall of the cavity where
wall crosses the nozzle axis. This was measured to be 60 mm from the outlet
of the nozzle. Since the nozzle diameters range from 3-17 mm, the impaction
location is anywhere from 3.5 to 19 nozzle diameters downstream of the nozzle
exit. As a first approximation, the length and velocity scales for the particle
Stokes number were taken as the average velocity at the nozzle outlet and the
nozzle diameter respectively. The deposition data is plotted against the Stokes
number based on the velocity and diameter at the nozzle exit in figure 5.7.
Comparing figures 5.5 and figure 5.7, it can be seen that the data collapses
much better when plotted against the Stokes number at the nozzle exit. As
expected, the data does not collapse exactly onto a single curve since the
velocity and length scales at the nozzle exit may be quite different from the
scales at the impaction sites for the small diameter nozzles due to their distance
from the site of up to 19 diameters. The deposition curves for the smaller
diameter nozzles appear to be shifted to the right of the larger diameter nozzle
curves. This would indicate an over-prediction of the velocity scale or an
under-prediction of the length scale for the small nozzles. This agrees with

the above theory as the jet leaving the small nozzles is expected to be gradually
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Figure 5.7: Variation of monodisperse aerosol particle deposition in the oral
cavity entering through contraction nozzles with the Stokes number based on
average inlet velocity and nozzle exit diameter.
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deceleratéd by the surrounding fluid and widened out by the entrainment of
air. This idea will be investigated further in section 5.2.2.4.

One major advantage of calculating the Stokes number based on the flow
conditions at the inlet of the region is that no information about the location
of the impaction site or the geometry of the oral cavity was required. The
geometry of the oral cavity varies significantly from person to person. Ori-
entation of the inhalation device may also vary between people and between
uses, all of which result in a change in the location of the jet impingement site.
For designers of inhalation devices, the location of the jet impingement site
and the oral cavity geometry may only be roughly known. However, the exit
diameter and exit velocity of the aerosol flow as it leaves a pharmaceutical de-
vice can be easily determined. The reasonably good collapse of the deposition
data based on only the particle Stokes number at the exit of the contraction
nozzles is encouraging and may be quite useful for determining rough deposi-
tion predictions when designing new devices. However, caution must be given
before applying the results of figure 5.7 directly to medical devices. The data
presented is for dilute monodisperse aerosols entering an idealized geometry
with uniform, top hat velocity profiles. While the effect of higher turbulence
intensity at the nozzle exit is examined in section 5.4, and the applicability
to polydisperse aerosols is investigated in section 7.2.1, the effects of higher
volume fractions of aerosols, variations of oral cavity geometry and variations

of inlet orientation are necessary but lie beyond the scope of the present work.
5.2.2.3 Limit of Oral Cavity Jet Effects

The case of the 17 mm diameter nozzle has some characteristics that set it
apart from the other inlets. The deposition patterns obtained by blotting the
oral cavity surface after each test were quite different for this inlet compared to

all the smaller diameter nozzle tests. The major location of deposition was no
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longer at the projected jet impingement location, but was concentrated near
the exit of the region where the cross section of the region narrows to its mini-
mum. Traces of aerosol deposition were also visible along the upper surface of
the tongue (the bottom surface of the oral cavity) throughout the region. This
agrees qualitatively with the deposition pattern measured in the radioactive
aerosol tests of Chapter 4. Quantitative deposition amounts also show very
good agreement between the oral cavity tests for the 17 mm contraction nozzle
at 32 L/min and the radioactive aerosol tests with a 17 mm long tube entrance
at 32 L/min. The gravimetric oral cavity tests gave 0.42% =+ 0.14% while the
radioactive aerosol test gave 0.65% + 0.20%. As will be discussed in section
5.3, the radioactive tests were expected to show slightly higher deposition in
the oral region because the inlet had a fully developed turbulent velocity pro-
file instead of the uniform profile seen with the contraction nozzle. From the
radioactive tests, the hot spot at the back of the oral cavity accounted for
approximately half of the oral cavity deposition with the majority of the rest
being on the upper surface of the tongue. This would indicate that particles
are impacting in the back of the oral cavity due to the acceleration of the fluid
into the narrowing flow channel and gravitationally settling onto the tongue
surface. The computational fluid dynamics solution of the flow field in the
oral cavity for the 17 mm inlet in section 6.7.1 indicates that the flow near the
tongue surface is moving very slowly, allowing particles which reach this region
to have long enough residence times for measurable amounts (approximately
0.2% of the aerosol entering the oral cavity) to deposit by sedimentation for
the 5 micrometer, 32 L/min case.

The evidence that the aerosol depositing from the curve at the back of the
oral cavity is due to inertial impaction caused by the mean fluid flow (and
not an inlet jet effect) comes from a number of sources. First, the deposition

is in the wrong location for it to be caused by a high speed jet due to the
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entrance condition. For all of the other contraction nozzles, the major aerosol
deposition was centered around the nozzle axis on the upper, rear surface of
the oral cavity. The deposition with the 17 mm nozzle was located nearly 30
mm below the predicted jet impingement location as illustrated in figure 5.8
and was roughly uniformly distributed around the perimeter at that location.
Second, as the flow rate was increased from 32 to 60 and then to 90 L /min, the
deposition on the upper surface of the tongue was no longer visible as much
shorter test times were required to obtaln measurable quantities of aerosol
depositing in the region and deposition in the narrow base of the oral cavity
became more pronounced. Thus the deposition at the base of the oral cavity
must be due to impaction since at higher flow rates and shorter test times
the amount depositing there increased. If the deposition was due to diffusion
or sedimentation, the amount depositing would have decreased with increased
flow rate and decreased test time. Third, the results of the CFD simulation
in figure 6.19 shows no indication of deposition due to a high speed jet along
the upper rear surface of the oral cavity while the simulations of the other
entrance nozzles did. (see figures 6.19, 6.20, and 6.21)

This is important because it indicates an upper limit for the inlet nozzle
diameter where high speed jet effects are important. Increasing the diameter
of the inlet beyond 17 mm should not significantly reduce the oral cavity
deposition for flow rates up to 90 L /min and particle sizes up to 5 micrometers
since the deposition was observed to be governed primarily by the mean flow
conditions and not a high speed jet phenomena. Therefore the impaction
parameter works well for modelling deposition after a 17 mm inlet as was
seen 1n section 4.2 where good agreement was observed with the model of
Stahlhofen et al.'*® and the deposition should be nearly independent of the
inlet conditions. Therefore decreasing the inlet velocity any further is expected

to cause only very marginal decreases in deposition in the oral cavity.
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Figure 5.8: Typical deposition pattern observed through blotting of oral cavity
after deposition test for 17 mm diameter inlet.
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In apparent contrast to this, Lin et al. recently found decreased deposition
in a cast of the oral cavity, pharynx, larynx and trachea for certain cases of
flow rates and particle sizes when changing from inlets with inner diameters
of 14, 19 and 26 mm.* Unfortunately, no deposition patterns nor details of
the primary location of aerosol deposition in the tests are given. The results
that they tabulated are plotted in figures 5.9, 5.10 and 5.11 against the particle
Stokes number based on nozzle diameter and velocity, the impaction parameter
and the Stokes number based on the reported larynx dimensions. From figure
5.9 it can be seen that the deposition does increase with increasing particle
Stokes number for each of the three inlets. However, the inability of the Stokes
number based on the inlet velocity and diameter to collapse the data onto a
single curve does indicate that the major effect is not a jet phenomena in the
oral cavity for at least two of the inlets. As shown in figures 5.10 and 5.11,
the data collapses much better when plotted against the impaction parameter
and the Stokes number based on the conditions in the larynx. This would
indicate that the primary deposition location is in the larnyx for the 19 and 26
mm cases. The slight increase in slope of the 14 mm inlet data when plotted
against the impaction parameter could be evidence of increased deposition due
to a jet in the oral cavity as a similar effect was seen when our data was plotted
against the impaction parameter in figure 5.5.

Decreased deposition due to a decrease in jet effects in the oral cavity
when moving from the 14 mm inlet to the 19 mm inlet in Lin et al’s data
agrees with the results obtained here as elevated deposition due to jet effects
in the oral cavity were observed in an 14.4 mm inlet. However, the decrease in
deposition from a 19 mm inlet to a 26 mm inlet is surprising, even if only for
a limited number of particle size and flow rate cases. There are a number of
possible reasons for this observed decrease in deposition. The first is that the

oral cavity geometry was not identical for the different diameter inlets. Three
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Figure 5.9: Effect of inlet diameter and mouth opening on particle deposition
in the extrathoracic region. Plotted against particle Stokes number at the exit
of the inlet tube. Data from Lin et al.?® Error bars are standard error.
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in the extrathoracic region. Plotted against impaction parameter pdf,Q. Data
from Lin et al.® Error bars are standard error.
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different casts of the subjects oral cavity were made. For the larger inlets,
the subjects mouth was open further, presumably increasing the oral cavity
dimensions well into the region, possibly decreasing the oral cavity deposition.
Second, the connection between the oral cavity cast and the separate cast of
the pharynx to trachea is not well defined. In our tests with both the 17
inlet in the oral cavity and in the radioactive deposition tests, this region held
significant amounts of the oral cavity deposition and the way that the wax
connection between the regions was formed for each of the three inlets may
have affected deposition here. Third, the entrance length of the inlets is very
short at only 13 mm, less than one inlet diameter in all cases. The effect of
inlet turbulence, though discussed, was not measured. Apparent step changes
" from their air inlet piece to the mouthpiece less than one diameter upstream
from the inlet may have significant effects on the velocity profile at the mouth

inlet and so on the deposition as will be seen in sections 5.3 and 5.4.
5.2.2.4 Stokes Number Based on Free Jet Theory

In order to refine the predictions of aerosol deposition for the 3-14 mm cases,
the length and velocity scales in the Stokes number need to be refined. In order
to precisely define them, the behaviour of turbulent jets in the confined three
dimensional geometry would have to be analyzed. An analytical solution of
this problem is nearly impossible due to the random nature of turbulence and
our limited understanding of turbulent flows. In section 6.7.1 an approximate
solution of the flow field for the 32 L/min cases is calculated numerically using
by solving the Reynolds averaged Navier-Stokes equations with a k-¢ model for
the turbulence. This solution is still only approximate and requires significant
computational time and power to achieve.

A simpler method of predicting the velocity and length scale of the flow

near the impaction location is to neglect the presence of the confining walls
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and consider the deceleration of a turbulent free jet. Although the assumption
of the walls not, influencing the jet is probably not valid for the larger diameter
entrances where the oral cavity has an equivalent diameter of approximately
two times the jet diameter, for the small diameter jets (3-5 mm) it may be a
valid assumption. Since the major discfepancies were seen for the 3 and 5 mm
nozzles using the Stokes number at the mouthpiece, this free jet assumption
appears reasonable.

The classical theory and experiments for single phase round free jets issuing
into either a still fluid or into a secondary stream is reviewed by Hinze.”! The jet
structure can be split into three components. In the initial region, turbulent
mixing between the slower fluid outside the jet and the fluid inside the jet
causes a mixing layer to form and gradually increase in width Wit;h increasing
distance from the nozzle exit up to a point z. where the mixing zone covers
the entire jet. For x < z., a potential core region exists from the jet axis out
to the edge of the mixing layer where the fluid velocity is equal to the nozzle
discharge velocity U,. Next comes a transition region where the centerline
axial velocity of the jet decreases with increasing distance from the nozzle
exit. Finally comes a fully developed region where the jet velocity profile is
similar at subsequent axial locations.

The classical theory applies primarily to the fully developed region far
enough from the jet orifice for the jet to be similar. For a jet issuing from
a nozzle of diameter D with uniform velocity U, into a stream with unform
velocity U,, Hinze gives the axial velocity of the jet above the free stream

velocity, U,, as:

0.-0, (*5%) 1) (52
where
B r/D
©= (@ ra/Dp (5:3)
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and = = —a is the “origin of similarity”. For U,/U, > 1, the exponents p and

q are found to be p = —1 and ¢ = 1, giving:

U, =U, (x z; a) &) (5.4)
and
B r/D
b2 = (x+a)/D (5-:5)

Therefore the lines of similarity form rays outward from the virtual origin at
r = 0 and z = —a, yielding a jet radius which increases linearly with = + a
and a jet velocity which decreases hyperbolically with x + a.

Experimental work with gas jets issuing into air in the fully developed
region of the jet flow are numerous and reasonably old.?130:13%:164 They gen-
erally support the theory of the jet radius increasing linearly and the velocity
decreasing hyperbolically in the fully developed region. Similar results have
been found for submerged water jets.>® Forstall and Shapiro®-®? did extensive
tests on the more general case of jets issuing into a secondary, slower stream,
where the assumption U, /U, > 1 is not valid. More recently Hussein et al.
re-examined the far field of turbulent gas jets issuing into large rooms with
LDA and found that most earlier works were not free from influences of the
surrounding walls and their results differed in level and shape of the profiles,
especially for turbulent higher moments and off the center axis.” However, as
our flow involves relatively close surrounding walls and predictions for mean
velocities along the jet centerline, results from the earlier works are deemed
adequate for our model.

Measurements by Hinze and Van der Hegge Zijnen” give the length of
the potential core region as z. ~ 6 to 8D depending on the thickness of the
boundary layer at the jet orifice. The boundary layer thickness is expected
to be quite thin due to the presence of the contraction nozzles for our test

setup so that despite the relatively low Reynolds numbers at the nozzle exit,
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an estimate of x, = 7D is believed to be reasonable.

Hinze™ notes that the transition region is quite short and states that be-
yond z = 6 to 8D the velocity distributions were similar. For this reason, in
our model of free jet turbulence the transition region will be neglected and the
jet will be assumed to switch directly from having a potential core to being
fully developed at x = 2. =7D.

In the fully developed region, the centerline (and maximum) axial velocity

decreases with distance from z + a as:

Uz max D
3 — A
U, z+a

(5.6)

where A and a are experimentally determined. The values of A and a vary
between investigators and depend on the jet initial conditions and Reynolds
number. The results of Hinze and Van der Hegge Zijnen’s’ measurements
were used which gave A = 5.9 and a = —0.5D since they considered the region
10 < (z + a)/D < 50 which covers much of the region prior to impaction of
the jets we are considering.

Based on the above theory, the velocity scale for the particle Stokes number
was chosen to be equal to the predicted centerline velocity of a free jet issuing
into stationary air at x = 60 mm where z is along the nozzle axis and z = 0
is at the exit plane of the nozzle. Therefore if x = 60 mm corresponded to
z < 7D where D is the nozzle diameter, then a potential core region was
assumed to exist and the velocity scale was set equal to the discharge velocity

at the exit of the nozzle:

Ucjer = U, (5.7)

If x = 60 mm corresponded to = > 7D, then the velocity scale was set equal
to:
U,D

UC,jet = 59—‘“‘——“$ ~ 05D

(5.8)
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Figure 5.12: Variation of monodisperse aerosol deposition in the oral cavity
with the particle Stokes number. Stokes number calculated from the nozzle
diameter and the velocity near the impingement location predicted from free
jet theory.

Difficulties were encountered using this theory to predict the length scale
of the jet at the location z = 60 mm. The theory predicts nearly identical
diameters of the jet for the 8, 5 and 3 mm nozzles varying from 9.75 mm
to 10.15 mm. This is unrealistic for the confined jets as indicated by the
CFD flow fields which showed quite different jet diameters for the three cases
near x = 50 mm in part (c¢) of figures 6.8, 6.9, and 6.10. Due (o the k-
¢ model’s tendency to overestimnate the jet diameter as discussed in section
6.7.3.1, the CFD predictions of jet diameter were not used for the Stokes
nuimber calculation. Lacking a clear theory from predicting the expansion of
the confined turbulent jets, the length scale was left equal to the diameter of
the nozzle exit.

The results of plotting the oral cavity deposition against the Stokes number
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based on the predicted velocity scale from free jet theory are presented in figure
5.12. The results are quite encouraging considering the number of assumptions
made in the predictions of velocity and length scales for the various inlets.
The collapse of the data for the various inlet nozzles diameters, flow rates and
particle sizes gives credence to the theory that for inlet diameters below 17 mm,
a high velocity jet can cause significantly elevated deposition in the oral cavity.
Based on the discussion of section 5.2.2.3, the data is re-plotted in figure 5.13
without the results from the 17 mm inlet nozzle since the jet effect with this
large nozzle is not significant enough to cause elevated deposition at the jet
impingement site. This lack of elevated deposition at the jet impingement site
was observed both with the qualitative deposition patterns visible in the tests
of this chapter and in the deposition results from the CFD analysis of section
6.7.3.2.

Although figure 5.13 shows a much better collapse of the deposition data
than simply using the particle Stokes number at the exit of the nozzle, knowl-
edge of the location of the jet impingement site in the oral cavity is required.
This may cause difficulties in some cases where the patients oral cavity geom-
etry or inhaler orientation is unknown. However, in cases where orientation
and geometry are well known, this free jet theory model greatly reduces the

uncertainty in the prediction of oral cavity deposition.

5.3 Fully Developed Pipe Flow Inlets

In the preceding section, the inlet velocity profile was carefully controlled as
a uniform, top hat profile by the use of contraction nozzles at the oral cavity
inlet. While useful for testing the effect of the inlet diameter and velocity
on deposition, this restriction limits the applicability of the data to predict
deposition from pharmaceutical devices as commercially available devices do

not use top hat velocity profiles or contraction nozzles at their exit.
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Figure 5.13: Variation of monodisperse aerosol deposition in the oral cavity
with the particle Stokes number. Stokes number calculated from the nozzle
diameter and the velocity near the impingement location predicted from free
jet theory. 17mm inlet nozzles neglected due to lack of jet effects observed.
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In order to relax the velocity profile restriction on the predictive model for
oral cavity deposition, a series of tests was done testing the effects of a variety
of inlet velocity profiles. In this section, the first set of tests is presented.
Straight tubes were used as inlets for the oral cavity in order to generate
turbulent velocity profiles at the inlet of the oral cavity.

Under normal engineering flow circumstances, transition to turbulence oc-
curs in pipe flows for Reynolds numbers Re ~ 23005 where:

_ VD
a

Re (5.9)

and D is the inner diameter of the pipe, V is the average air velocity in the
pipe, and p, and p, are the density and viscosity of air. For a flow rate of 32
L/min used in this set of tests, this corresponds to D < 20 mm. Therefore
turbulent flow is expected for all the entrance tubes which range in diameter
from 3.18 mm to 17.1 mm and have Reynolds numbers which range from 2550
to 13 700.

An entrance length is required in order for the velocity profile in a tube
to reach a fully developed state (so that it is unchanging at locations further
downstream). For flow entering a tube with an initially uniform velocity pro-
file, Fox et al. states that the velocity profile will be fully developed within 25
to 40 diameters from the entrance.>* In our test setup, the flow enters the inlet
tubes from a long (approximately 50 diameters) 19 mm diameter tube where
the velocity profile is already a well developed turbulent profile. Because of
this, the entrance length required for fully developed turbulent flow is expected
to be much shorter and the 20 diameters of inlet tube sufficient to produce a

fully developed flow profile at the inlet of the oral cavity.
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Figure 5.14: Experimental setup for monodisperse aerosol deposition tests in
the oral cavity with turbulent pipe flow inlets.

5.3.1 Experimental Setup
5.3.1.1 Aerosol Deposition Tests

The equipment setup for this series of tests with turbulent pipe flow entering
the oral cavity is shown in figure 5.14. The setup is similar to that of the
contraction nozzles’ test setup described in section 5.2.1. The monodisperse
aerosol is again generated with the TSI model 3475 Condensation Monodis-
perse Aerosol Generator although only particles nominally 5 ym in diameter
were tested. The aerosol size distribution was again verified using a phase
doppler anemometer or PDA (Dantec Dynamics, Skovlunde, Denmark). Flow
through the system was driven by a vacuum pump with a pneumotachometer
used to measure the flow rate and a control valve used to adjust it.

No mixing chamber was used for these tests. The flow moved directly from
the conducting 19 mm diameter tubing into the entrance tubes via a gradual,

axis symmetric contraction with a slope of 7°.
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5.3.2 Inlet Conditions from Turbulent Pipe Flow

Hinze™ has compiled experimental data on mean and turbulent velocity pro-
files in fully developed pipe flow. The mean velocity profile in a pipe may be
characterized as a power law function such that:

U _ (%) l/n (5.10)

U:::,ma:z:

where x is the axial direction, r is the radial coordinate measured from the
pipe wall towards the center, D is the pipe diameter, U, is the axial velocity
at the radial location r, Ugc,max is the maximum axial velocity which occurs at
the centerline of the pipe and n is a function of the pipe Reynolds number.
Nikuradse'® 11 found that n = 6 at Rep = 4 x10%, n = 7 at Rep = 10°, n
= ~ 9 at Rep = 10% and n = 10 at Rep = 3 x10%. Averaging the velocity

profile over the pipe cross-section gives:

_ In? _
U avg — Uz maxr
LT m+ D20+ 1) "

(5.11)

where Uz,m,g is the average velocity across the cross section which is calculated
from the measured volume flow rate and the calculated cross sectional area of
the pipe.

Extensive measurements of the turbulent quantities in fully developed pipe
flow were performed by Laufer®! in 1954 and since then have been repeated and
extended by many authors, see for example Lawn.? The turbﬁlence intensity
in terms of the maximum axial velocity for the three components at the pipe
centerline from Laufer’s data are given in table 5.2.

While Laufer’s data was collected with a much larger pipe diameter than
we are using (247 mim versus our 3-17 mm) and at Reynolds numbers approx-
imately two orders of magnitude higher than seen in our tests, if both flow are
fully developed, it should give a reasonable estimate for the turbulent fluctua-

tions in the current setup. From these predictions, the maximum value of the
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T

Investigator U:i.u UT":ZM U::iT Pipe Diameter (mm)
[ Laufer | 0.0283 ] 0.0249 | 0.0258 | 247 ]

Table 5.2: Relative turbulence intensity measurements in pipe flows at pipe
centerlines

square root of the turbulent kinetic energy, k'/? which will be used in section
5.4.2 to modify the particle Stokes number for the inlet turbulence, is only 4
% of the average inlet velocity. This means that the particle Stokes number
changes by a maximum of 7.5 % with the inclusion of the fully developed pipe
flow turbulence levels. With this small of a correction to the Stokes number,
the errors introduced by using the data of Laufer to predict the turbulence in
our Reynolds number range will be negligible.

In his discussion of experimental results for pipe flows, McComb!!® points
out that it is not surprising that the axial component . is the largest at all
radial locations since only u/* is produced from the direct conversion of kinetic
energy of the mean motion while w2 and u’j are generated by inertial transfer
from /2. Since the production of 42 occurs primarily near the wall where the
Reynolds stress and the mean velocity gradients are large, the turbulent energy
is both transported in the radial direction and transferred from u? to u,? and
u.2. Thus the further from the wall, the more homogeneous is the flow (as the
transport of energy nears completion) and the more isotropic (as the transfer
of energy nears completion). The data of Laufer is used here to predict the
centerline values of the radial and circumferential turbulence intensities for
our test conditions. Since our pipes are smaller diameter than those on which
Laufer’s data is based, it is expected that the prediction for /2 will be a slight
underestimate while the predictions for u;” and > will be slight overestimates,
such that the turbulent kinetic energy calculated from the three components

should still be good. The calculation of the velocity fluctuations is then as
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Pipe Diameter | Uz avg | Uzmaz | ¥ u, uy, | Turbulent Kinetic Energy
(mm) (m/s) | (m/s) | (m/s) | (m/s) | (m/s) (m®/s?)
17.1 2.32 | 2.93 | .0851 | .0822 | .0807 0.00684
14.4 3.28 4.15 120 116 114 0.0136
10.9 572 | 7.23 2210 | 203 | .199 0.0415
8.13 10.3 | 131 379 | .366 | .359 0.135
4.95 27.8 | 35.2 1.02 | 982 | .964 0.976
3.18 66.4 83.6 2.42 2.34 2.30 5.55

Table 5.3: Calculated oral cavity inlet conditions at centerline of turbulent
pipe flow jets

follows:

., = 0.0283U, maz
u. = 0.0249U, maz

ul, = 0.0258U; mas (5.12)
and the turbulent kinetic energy k is given by:
k . 1( 2 4 ul? 4 u12) (5 13)
= 5(us . g .

Based on the above analysis, the mean axial velocity (Uy maz), turbulent
velocity fluctuations (uf, v, and u,) and turbulent kinetic energy (k) at the
centerline of the pipe prior to exiting into the oral cavity were predicted for all
the test conditions. The results based on the pipe diameter and the average
flow rate across all tests are listed in table 5.3. Centerline values were chosen
as a reasonable indicator of the inlet conditions to the oral cavity since the
three types of inlets profiles used (top hat jets, turbulent pipe flow jets and
the jets with greatly enhanced turbulence due to the turbulence generator) are
expected to have quite different radial distributions of mean and fluctuation

velocities.
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Figure 5.15: Variation of monodisperse aerosol deposition in the oral cavity
due to entry from various diameter pipes. Stokes number calculated based on
average velocity in pipe or from free jet theory.

5.3.3 Results and Discussion

The deposition in the oral cavity for the six different inlet diameters at a flow
rate of 32 L/min and a particle diameter of 5 micrometers is shown in figure
5.15. The deposition increases with decreasing inlet diameter and so shows a
monotonic increase with the particle Stokes number calculated based on length
and velocity scales at the tube exit or calculated near the impaction site based
on predictions from free jet theory as described in section 5.2.2.4.

Again, this demonstrates the dependence of the deposition within the oral
cavity on the inlet conditions of the region. The same nominal average flow
rate, particle density and particle diameter for all tests gives similar values of
the impaction parameter with an average value across the tests of 12166 + 576

(mean + standard deviation). Using an empirical deposition model yields a
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single value for the deposition for each value of the impaction parameter. For
the tested range of impaction parameters, the deposition model of Stahlhofen

et al.1*®

gives a range of deposition for the full extrathoracic region to be
22.1% to 25.0% , with oral cavity deposition expected to be negligible. How-
ever, these tests show that oral cavity for this parameter value can range from
0.45% = 0.09% with a 17 mm inlet to 94.1% =+ 1.3% with a 3.2 mm inlet. The
17 mm inlet is similar in diameter to those used to collect the data on which
Stahlhofen’s model is based and the small oral cavity deposition of 0.45% with
it supports his assumption of negligible oral cavity deposition. Compared to
the predicted average extrathoracic deposition of 23.6%, the oral cavity deposi-
tion is less than 2% of the the deposition in the extrathoracic region. However,
an oral cavity deposition of up to 94% is clearly no longer negligible and needs
to be incorporated into the predictive model for extrathoracic deposition.

The deposition in the oral cavity for the turbulent pipe flow jets is compared
to that of the uniform velocity (‘top hat’) jets from the contraction nozzle tests
in figure 5.16 for the tests performed at nominally 32 L/min. It can be seen
from the figure that in general the oral cavity deposition is slightly higher
for the turbulent pipe flow inlets. Student-T tests with a = 0.05 found that
the deposition for the turbulent pipe flow entrances was significantly greater
than for the contraction nozzle entrances for the 10.9, 8.1 and 3.2 mm inlets.
However, compared to the increase in deposition caused by varying the inlet
diameter, the effect of small levels of inlet turbulence is relatively minor. The
effect of increasing the inlet turbulence levels further is investigated in section
5.4 where a relationship between the deposition and the turbulent kinetic
energy per unit mass at the inlet is developed and further discussion of this
topic is deferred to there.

Non-linear regression was performed for a large number of function families

to determine a functional best fit curve for the data. A functional form similar
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Figure 5.16: Effect of jet type (top hat jet or pipe flow jet) on monodisperse
aerosol deposition in the oral cavity. Stokes number calculated based on av-
erage velocity in pipe or nozzle exit. Nominal flow rate is 32 L/min for all
tests.
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to that used by Stahlhofen et al.**® in the extrathoracic region for the impaction
parameter was chosen for predicting oral cavity deposition based on the Stokes
number. Here the Stokes number is calculated near the impaction location
based on free-jet theory as described in section 5.2.2.4. This functional form
was chosen both because it gives a good fit for the data (r* = 0.953) and
because it satisfies the limiting conditions of the system which require that
the deposition goes to zero as the Stokes number approaches zero and goes to
100% as the Stokes number goes to infinity.

Based on the experimental oral cavity deposition tests of sections 5.2 and
5.3, the following equation was determined for predicting the oral cavity depo-
sition based on the particle Stokes number near the impaction site predicted
from the conditions at the exit of the inlets and the free jet theory of section

5.2.2.4:

B 100
(454551191 1)

(5.14)

Depositionoral cavity = 100

where Depositionora cavity Tefers to the percentage by mass of the aerosol
entering the oral cavity which deposits in the region and the Stokes number,
St is calculated from equation 2.25 using the velocity scales from equations
5.7 and 5.8. |

The function for predicting oral cavity deposition from contraction nozzle
inlets and straight pipe inlets is shown in figure 5.17 along with the data on
which it is based. Also shown in the figure are the prediction intervals for 95%

confidence.

5.4 Enhanced Inlet Turbulence Levels

In the preceding two sections (5.2 and 5.3) the deposition of aerosol particles

in the oral cavity was investigated for inlet conditions of uniform velocity
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equation 2.25 using the velocity scales from equations 5.7 and 5.8.
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profiles and turbulent pipe flow profiles. However, many dry powder inhalers
produce enhanced levels of turbulence in order to deagglomerate the drug
containing powder. For example, Voss'>” measured a turbulence velocity u,
of 1.95 m/s with LDV on the centerline 18 mm downstream of the exit of a
Diskhaler® exiting into a 19 mm diameter pyrex tube for a 60 L/min flow
rate. As the Diskhaler® has a measured cross sectional area of 133 mm?, a
pipe with the same equivalent diameter and flow rate would have a centerline
turbulent velocity of u/, = 0.32 m/s based on the analysis of section 5.3.2.
This enhanced turbulence is expected to be due to the presence of a grid
lbcated 24 mm upstream of the exit plane and two holes on opposite sides
of the mouthpiece causing two high velocity impinging jets 17 mm from the
exit plane. Many other dry powder inhalers contain mechanisms which may
greatly disturb the fluid velocity levels near the exit of the device such as grids,
torturous flow pathways through capsules, swirl generators and impinging jets.
The operating principles and methods used for dispersion of powder of a large
number of dry powder inhalers are given by Dunbar.?”

In order to model the deposition of aerosols exiting dry powder inhalers,
expansion of the deposition data and prediction model to inlet turbulence
levels higher than that seen with simple turbulent pipe flow was required. This
section describes a series of tests undertaken using a previously documented
turbulence generator!®” to measure the effect of highly elevated inlet turbulence

levels on aerosol deposition in the oral cavity.

5.4.1 Experimental Setup
5.4.1.1 Aerosol Deposition Tests

The experimental setup for this series of tests was identical to that of the tur-
bulent pipe flow tests in section 5.3.1 except for the inclusion of the turbulence

generator, inserts and related equipment. The full setup is illustrated in figure
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Figure 5.18: Experimental setup for monodisperse aerosol deposition tests in
the oral cavity with enhanced turbulence pipe flow inlets.

5.18. The monodisperse aerosol is created by the condensation monodisperse
aerosol generator (TSI model 3475), particle size is monitored using the phase
doppler anemometer (Dantec Dynamics, Skovlunde, Denmark), total flow rate
through the system is generated using a vacuum pump and monitored with
a pneumotachometer (Series 4719, Hans Rudolf Inc., Kansas City, MO) con-
nected to a data acquisition system.

The main addition to the setup is the turbulence generator described by
Voss! illustrated in figure 5.19. The generator consists of 4 high speed im-
pinging jets spaced equally around the perimeter of the inlet tube, 37 mm
upstream from the entrance into the oral cavity. Filtered compressed air from
a wall source was supplied to a rotameter which was used to monitor the flow
rate to the jets. A pressure gauge was attached to the discharge of the rotame-

ter to ensure repeatable operation of the system. After leaving the rotameter,
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Figure 5.19: Sketch of turbulence generator designed by Voss.! The insert
contains 4 impinging jets 1.0 mm in diameter.
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the compressed air entered an annular plenum from which four tubes separated
by 90° led in toward the pipe centerline. The plenum and tube assembly was
connected to either a 17.1 mm inner diameter inlet pipe or a 10.9 mm inner
diameter inlet pipe. An acrylic sleeve was machined to fit over the outside of
the 10.9 mm pipe to connect to the plenum assembly. finally four matching
holes of 0.9 mm diameter were drilled through the pipe (pipe and sleeve for
the 10.9 mm case) along with a thin groove 1.7 mm by 0.8 mm around the
pipe outer perimeter to prevent overpressuring in case of slight misalignment
of the plenum assembly.

Oral cavity deposition was determined by gravametric analysis of the sealed

oral cavity and the downstream filters before and after each run.
5.4.1.2 Velocity Measurement Tests

Measurements of the mean velocity and turbulent fluctuations in one dimen-
sion were performed at the entrance of the oral cavity using Laser Doppler
velocimetry. The setup for this part of the tests is shown in figure 5.20. The
flow was seeded using 2.5 ym diameter monodisperse particles using the same
generator as in section 5.3.1.1, maintaining the volume fraction of particles
less than 1075 to prevent the particles presence from affecting the flow field

turbulence®®4t

as discussed in section 5.2.1. The measurement volume of the
LDA was located along the axis of the entrance pipe, 5 mm into the oral cavity.
As illustrated in figure 5.21, an identical copy of the oral cavity geometry was
generated using stereolithography with the following modifications: the oral
cavity was created as a single piece rather than split into 2 halves along the
sagittal plane, a section of the flat lower surface of the oral cavity (the upper
surface of the tongue) was removed and replaced with a flat piece of optical

glass as illustrated in the figure, and finally the region was painted flat black

to decrease reflection of the laser at the wall.
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Figure 5.20: Experimental setup for velocity measurements inside the oral
cavity model. Two intersecting laser beams lie in the plane indicated by the
red line.

The basic technique of laser doppler velocimetry was developed by Yeh and
Cummins'®” in 1964 and then expanded to turbulence measurements by Gold-
stein et al.®! As the technique is quite widely used and well documented, the
reader is referred to reviews by Durst et al.3® and Buchhave.!® The essence of
the technique is illustrated in figure 5.22. A continuous laser beam is produced,
split into two beams (so that they are in phase with each other) and then the
two beams are intersected at small angles (an initial beam separation of 74
mm with a focal length of 310 mm was used in our tests). The measurement
volume is formed by the intersection of the two beams. Here, the interference
patterns of the beams form a series of bright and dim planes parallel to the
bisector of the laser beams and perpendicular to the plane formed by the two
beams. The behaviour of particles greater than a few wavelengths of the light
can be described using geometric optics and a fringe model of the interference

planes. In our tests the laser had a wavelength of 632.8 nm and a Gaussian
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Figure 5.21: Geometry produced by stereo-lithography for velocity measure-
ments inside the oral cavity model.
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Figure 5.22: Operating principle of the Laser Doppler Anemometer based
on geometrical optics. Dimension a is the Gaussian beam diameter while
dimension b is the separation between bright interference planes. The ellipse
represents the measurement volume (ellipsoid in 3D) formed by the intersection
of the two laser beams.

beam diameter of 0.68 mm, giving 75 bright planes spaced 2.67 pm apart in
the measurement volume. A photodetector is focused on the measurement
volume so that as particles enter, the light they scatter in the direction of
the photodetector is recorded. As a particle passes through the bright and
dim interference planes, the detector will record a series of flashes. The time
between the flashes is proportional to the particle’s velocity in the direction
perpendicular to the fringes divided by the fringe spacing. In order to remove
the ambiguity of which direction the particle is passing through the volume,
the frequency of one of the beams is shifted by use of a Bragg cell (in our case
by 40 MHz) so that the fringes are moving with a known velocity.

For the velocity measurements, the photodetector was sct at 159° from
the forward scatter mode in order to measure light scattering primarily by
second order refraction for the DEHS aerosol and to allow both transmitting

and receiving optics access through the same planar window.
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Figure 5.23: Verification of the calibration of the Laser Doppler Anemometer.
Comparison to a pitot static tube for centerline velocity measurements in the
entrance region of a pipe flow.

The calibration of the LDA was verified by comparing to a pitot static tube
in the laminar entrance region of a pyrex tube across the expected range of
velocities. The calibration curve is shown in figure 5.23 and agreement was

found to be good.

5.4.2 Results and Discussion
5.4.2.1 Velocity and Turbulence Results

The measurements described in section 5.4.1.2 were performed and the result-
ing centerline mean and turbulent intensities along the pipe axis are presented
in table 5.4.

The turbulence intensities present at the inlet of the oral cavity in these
tests ranged from 25% to 116%, a large increase from the fully developed pipe

flow tests where the predicted centerline turbulence intensity was less than
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Inlet Turbulence | Total Volume | Calculated | Mean Centerline | Turbulence
Diameter | Generator Flow Rate | Avg. Velocity | at Centerline Intensity
(mm) Level (L/min) (m/s) (m/s)+ St.Dev. | (%) + St.Dev.
17.1 High 32.1 2.33 1.50+0.09 115.746.2
17.1 High 103.3 7.50 4.004+0.24 45.8+£1.9
10.9 High 32.0 5.71 4.04+0.15 44.3£5.1
10.9 Med 32.0 5.71 4.464+0.20 30.7+2.9
10.9 Low 32.2 5.76 4.7440.10 25.54+1.1

Table 5.4: Centerline mean and turbulence measurements in oral cavity after
enhanced turbulence inlets

3%.
5.4.2.2 Aerosol Deposition Results

In general, the results of the deposition tests showed elevated aerosol deposition
in the oral cavity for higher turbulence levels at the inlet of the region for a
given mouthpiece diameter, aerosol diameter and mean flow rate. The data is
plotted in figure 5.24 showing the deposition data for the runs plotted against
the particle Stokes number at the pipe outlet based on the average velocity and
the pipe diameter. The turbulence generator was run in one of three modes
labelled high medium and low in figures 5.24 and 5.25. High refers to 21.5
L/min of clean air entering through the jets, medium refers to 16.1 L/min of
air entering through the jets and low refers to 10.7 L/min entering through the
jets. The remainder of the total air flow rate drawn through the oral cavity
was laden with aerosol particles. The small variation in the Stokes number
between runs and between sets of runs is due to the combination of variations
in the mean particle diameter, measured flow rate and atmospheric pressure
from run to run. This slight variation was neglected in the statistical analysis
comparing the different inlet turbulence levels.

In figure 5.25 the highly turbulent inlets are compared to the pipe flow
and contraction nozzle inlet tests. All deposition data is plotted against the

particle Stokes number based on the free jet theory. As the free jet theory
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Figure 5.24: Effect of enhanced inlet turbulence levels on monodisperse aerosol
deposition in the oral cavity. Stokes number calculated based on average
velocity in pipe exit. High, Medium and Low refer to 21.5, 16.1 and 10.7
L/min flow through turbulence generator respectively.
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from section 5.2.2.4 only modifies the Stokes number for the inlets 8 mm in
diameter and smaller, the Stokes number for the 17 mm and 11 mm inlets
plotted is identical to the Stokes number based on the average velocity and
diameter at the pipe exit. This is important because the free jet theory as-
sumption that the jet has a potential core is drastically broken by the highly
turbulent inlets. Applying the free jet approximations for the deceleration of
the centerline velocity without further testing would be questionable. Signifi-
cant enhancement of the deposition of approximately one order of magnitude is
seen between the contraction nozzle test and the highest enhanced turbulence
test. For example the 17 mm contraction nozzle at nominally 32 L /min and a
5 micrometer diameter aerosol had an average of 0.41% with the contraction
nozzle inlet and an average of 3.43% with the high turbulent setting on .the
turbulence generator. |

Since there are no turbulence parameters in the particle Stokes number
based on the average velocity and pipe diameter, the Stokes number alone
as formulated is not capable of predicting elevated deposition resulting from
higher inlet turbulence levels. Either an additional non-dimensional parameter
is required to reflect the turbulence levels, or the Stokes number must be
modified to incorporate a turbulence parameter.

In our analysis, the latter option was explored in order to maintain the
simplicity of predicting the oral cavity deposition based on only one parameter
- a Stokes number. The turbulence was incorporated into the Stokes number
by means of the turbulent kinetic energy per unit mass ‘k’ and the velocity
scale of the Stokes number. Since it is again unclear how the presence of the
nearby walls will affect the spread of the jet in the oral cavity and whether the
enhanced mixing in the core of the jet due to the turbulence throughout will
cause a faster spread of the jet into the surroundings or if the lower velocity

gradient at the jet boundary with the turbulent case will cause lower shears
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Figure 5.25: Effect of enhanced inlet turbulence levels on monodisperse aerosol
deposition in the oral cavity. Comparison to pipe flow and contraction nozzle
inlets. Stokes number calculated based on free jet theory. High, Medium
and Low refer to 20, 15 and 10 sL./min flow through turbulence generator
respectively.
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and a slower spread of the jet, as in section 5.2.2.4 it was decided to leave the
length scale in the Stokes number fixed and modify only the velocity scale.
Using the procedure devised by Reynolds,'® the instantaneous velocity at
a point can be split into a mean component and a fluctuating component so
that:
U(Z,t) = U(Z,t) + u(Z,t) (5.15)

where U refers to the mean velocity at the point and u refers to the fluctuation
from the mean. The velocity at a point in time and space in a pipe is given

by:

U (2,t) = U (Z,t) + uy(F, 1)
Uy(Z,t) = U,(F,t) + uy(Z, )

Ul(Z,t) = U, (3, 1) + u(F, 1) (5.16)

in cartesian coordinates where the subscript x refers to the coordinate along
the axis of the pipe and y and z are in the plane of the pipe cross section and
the time dependance refers to slow variations compared with the fluctuating
components ug, uy, and u,. At the centerline of the inlet pipe for a stationary

process this gives:

U, +u
U

T
Y

f

=U,
Uy
U,

M

U, (5.17)

since U, and U, are equal to zero as the only mean velocity is directed along
the pipe axis. However, there may be random, turbulent fluctuations in all
directions.

The kinetic energy per unit mass of the turbulence is then given by:
1 2 2 2
k= 5(% + uy, + u;) (5.18)
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or equivalently for cylindrical coordinates by:
L o 2 2
k= -2—(ux + U, +uy) (5.19)

For the case of the fully developed pipe flow entrances investigated in sec-
tion 5.3, the values of the turbulent velocities were calculated based on the
experimental data of Laufer®® while for the enhanced turbulent tests of this
section, only the root mean square (RMS) value of the axial velocity fluctua-
tion (u2)'/? was measured and isotropy was assumed in order to calculate the
other two fluctuating velocity components.

Turbulence is by nature three dimensional even in flows where the mean
velocities can be represented as only one or two dimensional in character and
all of the fluctuating components u,, u,, or u, can be expected to be non-
zero in a turbulent flow. We therefore need a velocity scale related to the
turbulence in the flow which captures the three dimension_al character of the
turbulence to incorporate into the velocity scale of the Stokes number. By this
criteria, none of the fluctuating components u;, u,, or u, are appropriate as
they only capture the turbulence in a single dimension. Some combination of
the three appears to be a logical choice. The commonly used turbulent kinetic
energy per unit mass k is such a combination and a connection between the
extra energy of the flow due to the turbulence and elevated particle depositions
seems logical. However, k is not dimensionally correct to be a velocity scale
since it has dimensions of m?/s?. If we use instead a velocity scale proportional‘
to the square root of k& we get dimensional consistency and dependency on the

three dimensional nature of the turbulence so that:

Upiry < VE = aVk (5.20)

where a is an unknown constant. If we assume that the velocity scale in the

Stokes number is an analytical function of this turbulent velocity scale, then
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we can represent the Stokes number velocity scale as a power series expansion:

VStokes - f(Uturb) - f(a\/E) = BO + Bla\/_k? + BQ(G’\/E)Q +... (521)

For the case of the pipe flow jets, the effect of turbulence on the deposition
was seen to be only a slight increase in section 5.3 while large effects on the
deposition are only seen in figure 5.25 for very high inlet turbulence levels,
much higher than expected in commercially available dry powder inhalers.
For this reason, truncation of the series after the second term is believed to be

reasonable. This gives:

Vtokes = f(a\/ic_) ~ By + Biavk (5.22)

The determination of the constant By requires the application of a bound-
ary condition. The relevant condition here is that as the turbulent intensity
decreases to zero, we should recover the original Stokes number so that the
velocity scale for the Stokes number should go to the value calculated for non-
turbulent flows (ie. Upean from section 5.2.2.2). This gives that By = Usnean

and combining the two coefficients a and B; into B yields:

VStokes = Umean + B\/E (523)

where the coeflicient was found to have a value of approximately B = 2.
This value was found to best collapse the turbulence deposition data onto the
curve from the contraction nozzle tests.

The data from all oral cavity deposition tests including the contraction
nozzle, fully developed pipe flow and enhanced turbulence inlets are plotted in
figure 5.26. The turbulence correction from equation 5.23 is applied at the exit

plane of the pipe as the flow enters the oral cavity. Therefore it is calculated
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Figure 5.26: Effect of enhanced inlet turbulence levels on monodisperse aerosol
deposition in the oral cavity. Comparison to pipe flow and contraction nozzle
inlets. Stokes number calculated based on free jet theory modified for inlet
turbulence from equations 5.24 and 5.25. High, Medium and Low refer to 21.5,
16.1 and 10.7 L/min flow through turbulence generator respectively.

prior to the application of the free jet theory predictions. The final calculation

of the Stokes number is therefore given by:

_ PpdpCe
18;_LQD

St (Unwg + BE'?) (5.24)

for the cases where the jet is expected to still have a core region near the
impaction site (ie. 7D < 60 mm). For cases beyond this region the Stokes

number is calculated as:

5t = 2
18u,D

D
(Uavg + Bkl/Z)Ax—Jra (5.25)

where the experimental constants have values of A = 59, B = 2 and a =
—0.5D.

Considering the variety of inlet conditions considered in these tests, the
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good agreement of the data in figure 5.26 indicates that the theory presented
in this chapter adequately describes the major phenomena causing deposition
in the oral cavity. Those phenomena being impaction due to the formation
of a high velocity jet and enhancement of deposition due to increased kinetic
energy for highly turbulent inlets.

As was described in section 5.3.3, non-linear regression was performed to
determine a best fit curve for the data. Again a functional form similar to
that used by Stahlhofen et al.1*® in the extrathoracic region for the impaction
parameter was chosen for predicting oral cavity deposition based on the Stokes
number. Here the Stokes number is calculated near the impaction location
based on free-jet theory as described in section 5.2.2.4 with the inlet turbulence
modification described in section 5.4.2. This functional form again gave a good
fit for the data (r* = 0.946) and satisfies the boundary conditions of the system
which require that the deposition goes to zero as the Stokes number approaches
zero and goes to 100% as the Stokes number goes to infinity.

Based on the experimental oral cavity deposition tests of sections 5.2, 5.3
and 5.4, the following equation was determined for predicting the oral cavity
deposition. It is based bn the particle Stokes number near the impaction site
predicted from the conditions at the exit of the inlets and the free jet theory

of section 5.2.2.4 with the turbulence modification of section 5.4.2:

- 100
(44.5351191 4 1)

where Depositionora cavity Tefers to the percentage by mass of the aerosol

Depositionoral Cavity = 100 (5.26)

entering the oral cavity which deposits in the region and the Stokes number,
St is calculated from equations 5.24 and 5.25.

The plot of equation 5.26 for predicting oral cavity deposition from contrac-
tion nozzle inlets, straight pipe inlets and highly tubulent jet inlets is shown in

figure 5.27 along with the data on which it is based. Also shown in the figure
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Figure 5.27: Best fit curve of oral cavity deposition data from all contraction
nozzle, straight pipe, and enhanced turbulence inlets. The Stokes number, St
is calculated from equations 5.24 and 5.25.

are the prediction intervals for 95% confidence.
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Chapter 6

Computational Fluid Dynamics in
the Oral Cavity

6.1 Introduction

;I‘he deposition tests of Chapters 3 and 5 give total deposition of the monodis-
perse aerosol particles in the tested region, with only qualitative deposition
patterns within the region. The radioactive aerosol tests of Chapter 4 give
quantitative aerosol deposition patterns, but only as a two dimensional pro-
jection onto a plane. It would be beneficial to know the quantitative three
dimensional deposition pattern of the aerosol in the extrathoracic region and
specifically in the oral cavity to further our understanding of the effect of inlet
conditions on the deposition in the regions. Measurements of this 3D depo-
sition pattern are possible with such techniques as PET (Positron Emission
Tomography) however, the relatively high cost, long imaging times, low res-
olution and high radioactivity required made this unfeasible for the present
work. Instead, computational fluid dynamics, or CFD, was used as a means
to predict the three dimensional deposition pattern of aerosols in the oral cav-
ity for a range of monodisperse aerosols entering through a variety of inlet
diameters, similar to the test cases of Chapter 5.

Computational fluid dynamics (CFD) is a popular tool used in many engi-

neering fields. It complements experimental work by providing the ability to
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vary a large number of parameters individually (eg. inlet mean velocity, inlet
turbulence levels, inlet velocity profiles, particle concentration) while elimi-
nating experimental error and fluctuations in control parameters (eg. particle
diameter, particle size distribution, ambient air properties, flow rates). CFD
refers to the solution of the Navier-Stokes equations (see equation 2.8) by
numerical techniques. Typically, the time dependent, transient term is ne-
glected and the steady state solution is sought from CFD. The Navier-Stokes
equations are the governing partial differential equations of a single phase
Neutonian fluid. By solving the equations numerically on a three dimensional
grid, the flow field of a single phase fluid in a complex geometry can be de-
termined. The motion of a second phase such as aerosol particles can then be
determined by 'releasing individual particles at the flow inlet and tracking their
motion through the domain by solving the particle momentum equations.

Recently, CFD has become much more accessible as a research and in-
dustrial tool due to the development of commercially available CFD packages,
user friendly interfaces, robust solvers, inexpensive computers and higher com-
putational speeds. However, CFD is still not mature enough that calculations
can be performed without great care to verify and validate the results. A com-
plete discussion of the limitations and issues involved with CFD lies beyond
the scope of the present work. The reader is referred to textbooks on CFD
such as that of Wilcox %2 for a discussion of the major issues surrounding
CFD in general and to Finlay et al.®! for a discussion of the use of CFD in the
human respiratory tract.

Some of the major difficulties with CFD stem from the nature of the equa-
tions being solved. The Navier-Stokes equations are a three dimensional set of
coupled, nonlinear partial differential equations. They contain all the physics
for the motion of Neutonian fluids; however, without further simplifying as-

sumptions, they are very difficult to solve. Analytical solutions of the equations
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are possible only for a very few simple geometries (see for example Panton '?*)
and we must quickly resort to numerical techniques. However, with the speed
and memory restrictions of today’s computers, only the simplest of cases can
be solved in reasonable times. It is therefore necessary to model certain as-
pects of the flow, such as turbulence, in order to make numerical solutions of
the Navier-Stokes equations (with simplifying assumptions) possible. Because
the equations being solved are non-linear, extrapolation from one geometry to
another is very difficult and the solution for one geometry cannot generally be
applied to other cases with much certainty.

The purpose of the series of tests described in this chapter is to study the
usefulness of CFD for predicting the fluid flow and aerosol deposition in the
oral cavity. The two main goais of the section are to test the validity of the
velocity and length scales used for calculating the Stokes number based on the
free jet theory from section 5.2.2.4 and to obtain quantitative predictions of
the three dimensional deposition pattern in the oral cavity for tests similar to
those performed in Chapter 5.

A commercially available CFD software package (TASCflow3D, AEA Tech-
nology, Waterloo, ON) was used to study the fluid flow and aerosol deposition
in an oral cavity geometry described in section 5.1 with 5 different mouthpiece
inlet diameters. The software solves the Reynolds averaged Navier-Stokes
equations on block-structured, non-orthogonal, body fitted grids with equal
order velocity-pressure interpolation.!?

There are a number of factors which may affect the accuracy of the CFD
predictions in the oral cavity. The Reynolds number in the oral cavity is on the
order of a few thousand meaning that the flow in the region is probably neither
fully laminar, nor fully turbulent, and current turbulence models are known to
perform poorly in this case. The expected presence of free shear layers in the

oral cavity caused by the turbulent jets formed by the smaller diameter inlets

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



will probably cause a rapid transition to turbulent flow in the downstream
region of the oral cavity. This may reduce the effects of expected laminar
boundary layers near the mouth transitioning to turbulent boundary layers
further downstream. However, since the k —¢ turbulence model, which is used
in these tests, is known not to perform well in the presence of recirculating,
three-dimensional flows with free shear layers and curved streamlines®'162
and all of these phenomena are expected to be present in the current tests,
the fluid flow solution and especially the turbulence quantities may not be
well predicted by the simulation. However, due to budget, computational and
time constraints, more advanced techniques which may increase the accuracy
of the solution at greater costs such as second-order models which model the
correlations in the differential equation for thé Reynolds stresses rather than
the Reynolds stresses directly, non-linear eddy viscosity models, and large eddy
simulation (LES) which resolves the larger eddies and models only the finer
eddies were not implemented.

There are a growing number of studies in the literature using computa-
tional fluid dynamics to investigate the fluid flow and particle deposition in
the respiratory tract but still only a limited number using CFD in the oral
airways.

Fluid flow and particle deposition has been studied using CFD in bifur-
cations corresponding to the 3rd to 5th generation of the Weibel A lung'*’
(an idealized lung geometry for predicting airway lengths, diameters and num-
ber) by a large number of authors.*7 787,138 Deposition in a human nasal
passage has been studied by Sarangapani et al.!3® although their results un-
derpredict aerosol deposition for larger particles (d, = 5um) and overpredict
deposition for smaller particles (d, < 1pm).

Yu et al. have investigated the fluid flow and particle deposition for ul-

trafine particles (d, < 0.01pm) using CFD for a model including the nasal
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cavity, oral cavity, pharynx, larynx, and the first two generations of the tra-
cheobronchial airways.!”* Their results show reasonable agreement with exper-
imental studies of ultrafine particle deposition. They tested three inlet condi-
tions: nasal breathing only, oral breathing only and nasal and oral breathing.
Their oral cavity geometry is based on a person in a relaxed state, breathing
slowly with lips open slightly and sb their oral cavity has a much smaller open-
ing between the tongue and roof of the mouth than cases based on inhaling
through a mouthpiece.

Investigations of the flow in the larynx and trachea have been performed by
Katz and Martonen using a commercial CFD software package FIDAP (Fluid
Dynamics International, Inc., Evanston IL) which uses a finite element tech-
nique for solving the Navier-Stokes equations.®3 In a compaﬁion paper, they
tracked the motion of massless particles in the flow field® and later tracked
the deposition of monodisperse aerosol particles (primarily 10 um diameter but
also 0.1 um diameter).®®> They did not compare their results to experimental
work.

Li et al. have investigated the oral cavity, pharynx, larynx and trachea
using CFD.*:% Their analysis focused on determining the flow field, transport
properties and particle deaggregation phenomena in the oral cavity rather than
only on particle deposition in the region.

Stapleton et al. used a commercially available CFD software package
(TASCflow3D, Advanced Scientific Computing Ltd., Waterloo ON) to eval-
uate the flow field and particle deposition within an idealized, realistic adult
male extrathoracic model.’®® Their results showed good agreement between
the CFD and experimental tests for low flow rates and laminar flow, but the
CFD overpredicted the particle deposition for the higher flow rate, turbulent

case.
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6.2 Calculation of Particle Trajectories

In CFD, particle deposition is often calculated by tracking particles through
the flow field. A particle is released into the flow with appropriate inlet con-
ditions and its motion is tracked by solving the particle momentum equation
at each step along its path. Once a particle reaches a location of one parti-
cle radius from a wall, it is said to have deposited and its location is noted.
Releasing a large number of particles into the flow thus allows a statistical
description of particle deposition to be obtained.

The particle momentum equation was derived in section 2.3 and for the
CFD tests performed, the solved equations took the form of equation 2.18 as:

%dﬁpp% = %df’,ppg + %iuadpﬁmz

In order to account for the effects of turbulent fluctuations in the fluid
velocity field on the particle motion, an eddy interaction model is used. The
eddy interaction model is based on the work of Gosman and Ioannides ®? and
assumes that it is possible to define a single characteristic eddy for the flow
at a given location which has a characteristic fluctuating velocity v}, lifetime
7. and length I, calculated from the local turbulence properties of the flow.?
When a particle enters an eddy, the fluctuating component of the fluid velocity
(v}) is added to the mean component of the fluid velocity at that location to
obtain the instantaneous fluid velocity to enter into equation 2.18. The particle
remains in the eddy and is exposed to the same fluctuating fluid velocity as
long as the particle/eddy interaction time is longer than the eddy lifetime, 7,
and the displacement of the particle within the eddy is smaller than the eddy
length scale, I.. Once these conditions are exceeded, the particle is assumed
to enter a different eddy with new characteristics v}, 7. and [..

The characteristics of the eddy are obtained from the fluid turbulence quan-

tities by the following formulas:
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vy =T (%> (6.1)

3
03/4k3/4
le = "—6— (6.2)
_ L 6.3)
"= @ ¢

where k is the local turbulent kinetic energy, ¢ is the local energy dissipation
rate, C, is a turbulence constant for the k — ¢ model and I' is a normally
distributed random number to account for the randomness of the turbulence.

The particles are tracked through the domain using an explicit Euler tech-

nique for a time step of 6t

o

dx?
L i L .y 6.4
T, =x; + ! (6.4)

where n refers to the new value, o refers to the old or previous value and
% = v, is the particle velocity in the ith direction. The particle velocity
is calculated using a temporal discretized version of the particle momentum
equation (equation 2.18) with the same time step 4t.

The time step used for the particle tracking code is independent of the fluid
flow solution time step and is limited by three criteria. First, the particle may
not travel through a flux element boundary during a time step. Instead the
particle will stop at the boundary and begin the next time step on the other
side of the boundary. Second, in one time step the particle cannot travel more
than 1/5 of the characteristic length of the flux element it is in. And third,
the time step cannot be larger than the eddy lifetime and the particle cannot
pass out of an eddy during a time step, but will stop at the edge of the eddy
and begin the following time step in a new eddy. Time steps continue until
the particle either deposits on the wall of the oral cavity or exits the region

through the outlet.
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Three variations of the particle tracking described above were implemented
in our tests. Stapleton ef al. used a similar procedure to the one described
above for a grid based on the complete extrathoracic region tested in Chap-
ter 3.14%150 They found that the CFD significantly overpredicted the particle
deposition in the region. The first method of particle tracking used was the
turbulent, eddy-interaction model built into the commercial software as de-
scribed above. The second method was to track the particles with the eddy
interaction model turned off so that the particles were influenced only by the
mean fluid velocities and not by the fluid turbulence.

The third particle tracking method has been developed in our lab and in-
volves an eddy-interaction model identical to the one proposed above but with
modified values of the turbulent kinetic energy near the walls of the geometry.

1197 and is based

This particle tracking algorithm is described by Matida et a
on the idea that while particle deposition is dominated near the wall by the
turbulent fluctuating components in the direction normal to the wall, the pri-
mary production of turbulence at the wall is in the direction parallel to the
wall. In section 5.3.2 it was noted that for fully developed pipe flow, the axial
component of the fluctuations was larger than either the radial or circumfer-
ential components across the cross section of the pipe. McComb ! points out
that it is not surprising that the axial fluctuating component is larger than the
other two since only the streamwise excitation (< u2 >) is produced by the
direct conversion of kinetic energy of mean motion. Experimentally, the classic
measurements done by Laufer®! clearly demonstrate that when approaching
the wall, the local intensity of the radial and circumferential fluctuations de-
crease while the local intensity of the axial component increases. For example,
in fully developed pipe flow at y* = 20 (where y* is the distance from the wall

in the radial direction) Laufer’s data gives values for the turbulent intensities

as: ul./U, = 0.05, u,/U, = 0.11, and u,/U, = 0.21. Therefore, at y* = 20 the
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axial fluctuating component is approximately four times greater in magnitude
than the component normal to the wall.

However, despite the majority of the turbulence near the wall being in
the axial direction for wall produced turbulence, the original eddy interaction
model generates the fluctuations for the turbulent eddy in all three directions
based on the same relation, equation 6.1. Therefore it is expected that near
the wall, the characteristic eddy generated by the original particle tracking
method will have significantly higher radial fluctuations and significantly lower
axial fluctuations than are present in the real flow. Because only the radial
component of the turbulence near the wall will affect the particle deposition,
it is reasonable to expect the particle tracking algorithm to overpredict aerosol
particle deposition as was observed by Stapleton et al.}415¢

In order to address this deficiency, Matida proposed using an equivalent
turbulent kinetic energy kg, instead of k in the eddy interaction model near
the wall for calculating the eddy characteristics. This kg, is calculated so that
when it is substituted for k in equation 6.1, the fluctuating velocity components
(without the random function I') are equal to predicted values of ] near the
wall. Wang and James'® introduced modifying functions for calculating the

fluctuating components from the turbulent kinetic energy, k approaching the

1/2
u; = fil (2k> (6.5)

€

wall as:

where f; is a function of the dimensionless distance from the wall y, and the

component perpendicular to the wall is:

w— (%) " 1= exp(—0.02,) (%) " (6.6)

B
Although this result is strictly only applicable to fully developed, vertical
channel flow where it was derived, it is believed to be a reasonable approxi-

mation for other flow geometries, at least better than the assumed isotropy of
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our earlier model. Using this result then, the value of kg, is calculated as:

2
3u? 3 2k \

kiep = == =73 {fr (g) = f2k =1 — exp(—0.02y, )]’k (6.7)

The new values of the eddy fluctuating velocities, eddy length, and eddy

life time are found by substituting kg4, from equation 6.7 into equations 6.1,

6.2 and 6.3.

6.3 Turbulence Models

When calculating the steady state solution of the Reynolds averaged Navier-
Stokes equations, it is necessary to determine whether laminar or turbulent
equations should be used. For the 5 inlet diameters used, at a flow rate of 32
L /min which corresponds to the flow rate used in the experimental tests we
wish to validate the CFD with from Chapter 5, the Reynolds number of the
flow at the inlet varies between 2377 for the 17.1 mm inlet and 12780 for the
3.2 mm inlet. Therefore the Reynolds numbers for all the inlets are higher than
the transition to turbulence values of a straight tube of 2300 and turbulence
may be expected to be present at the inlet. The flow at the front of the oral
cavity is expected to form a jet because of the rapid expansion after the inlet.
The presence of the free shear layer at the jet boundary causes instability in
the flow and a transition to turbulence at lower Reynolds numbers. Therefore,
the assumption of turbulence being present in the oral cavity for all the inlets
appears reasonable and the turbulent equations are the proper choice.

Once the presence of turbulence has been established, the choice of a
turbulence model is necessary to adequately solve the turbulent equations.
TASCflow3D comes equipped with three turbulence models. The first is the
standard k — € model, the most widely used model in engineering fields which
solves two differential transport equations for the turbulent kinetic energy, &

and the energy dissipation rate,e. The second is the k —w model which is also
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a two equation model and solves two differential transport equations but this
time for the turbulent kinetic energy, & and the vorticity, w. The third model
is a hybrid of the previous two and solves the standard k£ — ¢ model in the
main flow and the k£ — w model near solid boundaries.

For the work presented here, the standard k — ¢ model was used for all the
tests. The gas flow solution was obtained for one inlet and with one flow rate
using the k —w model and the particle deposition was calculated for 5 particle
diameters with similar results to those obtained with the use of the standard
k — € model.

It can be shown that when the no slip condition is imposed at the wall
and integrated through the viscous sub-layer, two-equation models do not
accurately predict the flow velocities near the wall.!%? Instead, the first grid
point from the wall should be placed outside of the viscous sublayer (y+ > 10)
and an algebraic expression called a wall function is used to calculate the values
of k and ¢ at the first grid point. In this manner, the well known “law of the

wall” is forced.

6.4 Geometry and Grid

One base geometry and grid was created for the oral cavity from the computer
files used for creating the oral cavity geometry model by stereolithography in
Chapter 5. The base grid consisted of 25 blocks with 169,200 grid points.
An additional 4 grids were generated by modifying the anterior 5 blocks to
incorporate varying diameter inlet regions. The base geometry had an inlet
diameter of 8.13 mm while the other grids had inlets of: 3.18 mm, 4.95 mm,
10.9 mm and 17.1 mm. Two additional grids were generated for grid conver-
gence tests which were a coarse, low resolution grid consisting of 84,240 grid
points, and a fine, high resolution grid consisting of 336,240 grid points.

The surface grid of the base grid for the 8.13 mm inlet is shown in figure 6.1.
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Figure 6.1: View of the surface grid of the base grid for the 8.13 mm inlet.

A cross section through the symmetry plane of the base grid is shown in figure
6.2 with the solution for the 8.13 mm inlet case in that plane superimposed
on the grid.

The geometry was slightly modified only in the anterior 8 mm of the re-
gion to allow for easier gridding of the region. The side walls were smoothed
marginally and the curved region directly posterior to the lower teeth was
truncated. Both modifications were expected to have little effect on the parti-
cle deposition as no deposition had been observed in these regions during the
experimental tests of Chapter 5.

Grid convergence tests were performed to demonstrate that both the fluid
flow solution and the particle deposition calculations were independent of the

number of grid points. In order to test the convergence of the gas flow solution
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Figure 6.2: Cross sectional view of base grid through the symmetry plane for
the 8.13 mm inlet. A fringe plot of the predicted air speed for the case is

superimposed over the grid.
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Figure 6.3: Effect on air velocity distribution predictions from CFD with in-
creasing grid refinement. Coarse grid corresponds to 84,240 grid points, base
grid corresponds to 169,200 grid points and fine grid corresponds to 336,240
grid points. The arc is a vertical line in the symmetry plane of the region,
parallel to the inlet face and 27 mm into the region.

with grid points, the gas speed was plotted along a vertical grid line in the
symmetry plane, 27 mm from the plane of the inlet. This grid line was chosen
for comparing the three grid densities since it intersected regions of interest in
the flow including slow moving flow near the walls, the high velocity gradient
free shear layers, and the turbulent jet axis. Figure 6.3 shows the calculated
air speed along the grid line for the three grid densities. It can be seen from the
figure that negligible improvement in the accuracy of the velocity is obtained
with the high resolution grid, demonstrating that the base grid is sufficiently
dense for the calculation.

Particle tracking was done using the eddy-interaction model with modified

turbulent kinetic energy near the walls described in section 6.2 for the coarse,
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Figure 6.4: Effect on aerosol deposition predictions from CFD with increasing
grid refinement. Coarse grid corresponds to 84,240 grid points, base grid
corresponds to 169,200 grid points and fine grid corresponds to 336,240 grid
points. :

base and fine grids using five different particle diameters (1, 2.5, 3.8, 5 and
6.5 micrometers). Figure 6.4 shows the effect on the deposition prediction
of increased grid density. From the figure it can be seen that the change in
particle deposition with the increased density grid is relatively small. The
deposition predicted with the fine grid which had nearly double the number
of elements differed from that with the base grid by less than 1% for 3 of the
5 cases and differed by less than 2% for the other two cases. Compared to the
expected errors introduced by the use of the k£ — e model for this geometry, the
use of wall functions and the approximations of the turbulence modifications
in the particle tracking code, the error introduced by the grid resolution is

seen to be small.
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6.5 Boundary Conditions

The inlet boundary conditions were chosen based on the measured flow rate
data from the oral cavity deposition tests in Chapter 5 which these CFD tests
were meant to simulate. The inlet velocity profile was set to a plug flow with
inlet flow rates of nominally 32 L/min (exact flow rate and velocities for each
diameter inlet is listed in table 6.1). The inlet turbulence intensity was set to

0.05 and the eddy length scale was set to 10% of the inlet diameter.

Inlet Diameter | Volume Flow Rate | Inlet Velocity
(mm) (L/min) (m/s)
3.18 32.3 67.8
4.95 32.1 27.8
8.13 326 10.47
10.9 32.0 5.72
17.1 31.8 2.31

Table 6.1: Inlet boundary conditions for the CFD tests simulating experimen-
tal measurements from section 5.3

6.6 Iterative Convergence

Iterative convergence was tested independently for the flow solution and the
number of particles released into the flow.

For the solution of the gas flow field, iterative convergence was considered to
be achieved when the RMS residuals over the entire flow field were all less than
1 x 1077, The number of iterations needed to achieve this level of convergence
from a uniform velocity initial condition varied depending on the inlet diameter
(with smaller inlets requiring more iterations to achieve iterative convergence)
and had a range of 300 to 1000 iterations. For all results given in this chapter,
iterative convergence was achieved by ensuring that the dimensionless RMS
residuals over the entire flow field were always less than 1 x 1077,

TASCHlow3D also outputs a report on the overall conservation of mass and
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momentum equations. A typical sample of the report is shown in table 6.2
for the converged single phase air flow field for the 8.13 mm inlet. The ‘Net
Flow’ reported in the table is a measure of the numerical accuracy of the cal-
culations. The conserved property (for example X-momentum) is calculated
for each boundary by summing the property at all the grid points on that
boundary. As there are no sources of momentum or mass in the flow field, the
total momentum and mass should be conserved so that the summation of all
the properties on all the boundaries should equal to zero. The ‘Net Flow’ is
this summation and so is a measure of the numerical errors caused by round-
off errors, and inaccuracies from the discretization and the finite differencing
scheme. As can be seen in table 6.2 the ‘Net Flow’ is approximately 4 or-
ders of magnitude less than the property for the X;momentum, Z-momentum
and mass. From the mass and momentum flow summaries and the iterative

convergence data, the flow solutions were determined to be converged.

Boundary or source | X-momentum | Y-momentum | Z-momentum |  Mass

B.C. # 1, WALL 6.112E-03 -2.186E-07 -2.532E-03 | 0.000E+-00

B.C. # 2, INFLOW -6.090E-03 -7.857E-09 4.253E-04 5.871E-04

B.C. # 3, OUTFLOW | -2.226E-05 2.085E-07 2.107E-03 | -5.871E-04

Particle sources 0.000E+00 0.000E+-00 0.000E+00 | 0.000E+00

] Net Flow [ 2.923E-09 | -1.796E-08 | 2.026E-08 | 2.910E-10

Table 6.2: Mass and momentum balances for CFD tests simulating experi-
mental measurements from section 5.3 v

The convergence of the particle deposition data was also checked to ensure
that a sufficient number of particles were released and tracked. For the deposi-
tion tests using the TASCflow3D particle tracking algorithms, 10,000 particles
were released for each test. However, the modified particle tracking algorithm
required significantly longer time periods to track each particle, limiting the
number of particles that could be analyzed. A typical plot of the convergence

of particle deposition data is given in figure 6.5. Based on these plots, a min-
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Figure 6.5: Aerosol deposition predictions from CEFD with increasing number
of particles tracked. The case plotted is the 8.13 mm inlet with the base grid
resolution and five different aerosol diameters.

imum number of particles tracked was set at 1500 although typically 5000
particles were tracked except for the 1 and 2.5 micrometer aerosol cases with

large diameter inlets.

6.7 Results
6.7.1 Fluid Flow Fields

Once the converged solufion for the fluid flow was obtained from the CFD, a
wealth of information about the air flow field becomes available. Not only are
the distributions of the mean quantities such as velocity, static pressure and
total pressure, but also the spatial distributions of the turbulence quantities
such as the turbulent kinetic energy, the dissipation rate and the turbulent

viscosity are accessible.
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Figure 6.6: Mean flow parameters for 10.9 mm inlet along central, symmetry
plane. (a) Air Speed in m/s, (b) Velocity vector plot in m/s, (c) Static pressure
in Pa, (d) Total pressure in Pa

In Figure 6.6, the flow field parameters of the 10.9 mm inlet case are exam-
ined. The values of the various parameters on the central symmetry plane are
plotted using coloured fringe plots to show the distribution of the parameter
in the plane. Clearly the three dimensional nature of the distributions of the
parameters will not be captured with this view alone. However, the number of
views and figures required to show the three dimensional fields of all the pa-
rameters for all five of the inlets is prohibitively large. Therefore, for one inlet
(the 10.9 mm inlet) the distributions of a large number of relevant parameters
will be illustrated along the central plane and the air speed will be considered
with multiple views to illustrate the three dimensional field and with the rest

of the inlets, only the velocity and speed of the air will be illustrated.
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In part a of Figure 6.6, the air speed along the central plane of the oral
cavity can be seen. The jet issuing from the inlet is initially uniform with a
speed of 5.716 m/s, but immediately begins to gradually decelerate and enlarge
in diameter. The structure of a jet flow is clear through most of the oral cavity. |
The jet lifts slightly towards the roof of the mouth and then appears to impinge
and attach to the upper surface of the oral cavity approximately 60 mm from
the inlet plane. It then follows the curve of the region along the back wall,
still not fully mixed with the rest of the flow as it exits the oral cavity through
the outlet.

In part b, a vector plot of the fluid velocity components tangential to the
central plane are shown. It was observed that the plot of the total velocity
vectors was nearly identical to that shown here. This was expected since the
illustrated central plane is a symmetry plane for the region. In addition to
the information obtained from part a, the vector plot gives the direction of
the fluid velocity at each grid point. For clarity, only every fifth grid point
is shown in the figure. One of the major advantages of this plot is its ability
to illustrate structures in the flow field. A small recirculation zone can be
seen to exist at the front of the oral cavity near the roof of the mouth. A
much larger recirculation zone centered above the base of the tongue is also
observed and flow can be seen to be flowing back towards the inlet along the
upper surfabe of the tongue and then curve upwards, becoming entrained in
the jet. A sﬁagnation point in the flow is observed down and to the left of
the large recirculating eddy near the base of the tongue where flow to one side
moves back towards the inlet along the bottom surface of the region and flow
on the other side of the stagnation point flow towards the exit of the region at
the outlet.

In part ¢ the static (or thermodynamic) pressure distribution in the oral

cavity is shown. Comparing parts a and c, it can be seen that the highest static
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pressure point occurs at the location where the jet impinges on the upper, rear
wall of the oral cavity. This can be understood when part d, the total pressure
distribution is considered. From the fluid momentum equation (equation 2.10)
it can be seen that the air momentum is affected by both gradients in static
pressure and velocity. For incompressible flow (ie. Mach < 0.3 which is true
for our tests), the total pressure is equal to the static pressure plus the dynamic
pressure, where the dynamic pressure is the increase in static pressure which

would occur if the air was decelerated to a stop given by Fox as:%
1 2
Ptotal = Pstatic + EIOV (68)

where V is the magnitude of the air velocity (ie. air speed). The increase
in static pressure at the impingement site corresponds to a decrease in the
dynamic pressure as the air is decelerated so that the total pressure plot of
part d of figure 6.6 shows little effect in the region.

Along the bottom surface of the oral cavity, a local static pressure max-
imum is visible in part ¢. This location corresponds to the stagnation point
observed in part b. An adverse pressure gradient is seen to exist across the
height of region which decelerates the air. At the bottom of the oral cavity, air
entering the region has low velocities and the pressure gradient is sufficiently
strong to reverse the flow of the air and for the 11 mm inlet air is seen to
flow back towards the inlet along the tongue surface. On the other side of the
pressure maximurn, the pressure gradient exerts a force on the air accelerating
it towards the outlet of the region.

Characteristics of the turbulence in the flow field are also generated as part
of the solution to the CFD problem and are displayed in figure 6.7. In part a,
the distribution of the turbulent kinetic energy (k) is illustrated. The core of
the jet is seen to be nearly free of turbulent energy (a 5% turbulent intensity

was specified across the inlet) while the turbulent energy is rapidly produced
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Figure 6.7: Flow turbulence parameters for 10.9 mm inlet along central, sym-
metry plane. (a) Turbulent Kinetic Energy in m?/s, (b) Dissipation Rate in
m?/s, (c) Turbulent Viscosity in m?/s

by the free shear layer between the high speed jet and the low speed flow in the
rest of the oral cavity. The maximum turbulent kinetic energy in the flow field
occurs in the region where the recirculation bubble intersects with the high
speed jet, pushing it up towards the wall. The interface between these two
large scale structures causes significant production of turbulent kinetic energy.

The dissipation rate ¢ is also calculated at every grid point during the so-
lution of the equations. The distribution of the energy dissipation rate looks
similar to that of the turbulent kinetic energy, with high dissipation in the
shear layer of the jet. In 1935, Taylor showed that for isotropic turbulence,

(and because dissipation occurs at very small scales, isotropy is a good as-

177

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



sumption for nearly all flows) the dissipation rate ¢ is proportional to the
square of the gradient of the turbulent fluctuating velocities. Since this gra-
dient is the largest in areas of high turbulence, high dissipation rates in these
areas are also expected. The distribution will not be identical however, since
turbulent energy is produced by large scale motion and the majority of the
energy is contained in reasonably large eddies while dissipation occurs at very
small scales and it takes time for the energy produced to cascade down to
the small scales and be dissipated. During this time, the fluid is in motion
so that the turbulent energy produced at one location will be dissipated at a
different location which may or may not be close by depending on the mean
fluid motion.

The turbulent viscosity vy, is calculated from the values for £ and € at
each grid location. The plot of the turbulent viscosity is shown in part ¢
of figure 6.7. The concept of a viscosity due to turbulence is based on the
idea that turbulence will be diffused in the fluid in a way similar to that of
molecular diffusion. For molecular diffusion, the important parameter is the
gas kinematic viscosity v and so an analogous viscosity based on the length and
time scales of the flow is introduced in order to model the Reynolds stresses
in the Reynolds averaged Navier-Stokes equations. This viscosity varies and
needs to be calculated at all locations in the flow.

The speed and velocity vector plots on the symmetry plane and the plots
of the speed along a number of planes perpendicular to the symmetry plane
for all 5 of the inlets considered are shown in figures 6.8 to 6.12.

The velocity field for the 3.18 mm inlet is shown in figure 6.8. A very high
speed jet (67.78 m/s at the inlet) is seen to impinge on the upper, rear surface
of the oral cavity. Notice that the colour scaling is different from figure 6.6,
the maximum velocity in figure 6.8 being > 10 times higher. From parts ¢

and d, it can be seen that the jet increases in diameter somewhat, spreading
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Figure 6.8: Plots of air velocity and speed in oral cavity for 3.18 mm inlet.
(a) Air Speed in m/s along symmetry plane, (b) Velocity vector plot in m/s
along symmetry plane, (c¢) Air speed in m/s in planes parallel to inlet plane
0.2, 20, 40, and 50 mm from the inlet, (d) Air speed in m/s for planes from
(c), symmetry plane and outlet plane
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more in width than in height. The centerline velocity of the jet decreases
significantly prior to impinging on the wall. The centerline speed of the jet in
a plane 60 mm from the inlet was found to be 16.6 m/s. This is lower than
the velocity scale used in the particle Stokes number from in section 5.2.2.4
estimated from free jet theory which was 21.3 m/s. Taking the diameter of
the jet to be the height between the points where the jet velocity falls below
50% of its maximum value, then at this same plane, the jet diameter has
increased from 3.18 mm to 7.9 mm. It should be noted however, that the
steady state solution of the Reynolds averaged Navier-Stokes equations does
not show the intermittency so often present in real turbulent flows (especially
jet flows). The real jet may be a narrower, higher velocity jet that oscillates
around in space and so the CFD diameter predictions should be taken to be a
maximum diameter for the jet. As discussed in section 6.7.3.1, the Reynolds
averaged equations can be expected to predict a broader jet which decelerates
faster than occurs in reality due in part to the introduction of the turbulent
viscosity. In this way, the CFD can be seen as giving a lower bound for the
fluid velocities near the impaction site. Throughout this section, the CFD is
seen to consistently underpredict the maximum speed of the jet relative to the
predictions of the free jet theory of section 5.2.2.4.

The flow field for the 4.95 mm inlet is shown in figure 6.9. The jet at the
inlet has a velocity of 27.80 m/s. Similar to the 3.18 mm inlet, the velocity
is decelerated prior to the flow reaching the wall. At a location 60 mm from
the inlet plane, the centerline speed of the jet was found to be 10.1 m/s.
The predictions that were used based on free jet theory gave 14.1 m/s as the
velocity scale near the impaction site which is again higher than predicted by
the CFD here. The measured length scale of the jet based on the 50% heights
previously defined is 8.0 mm which implies an increase of 62% from the inlet

of the oral cavity. It can be observed from parts ¢ and d of the figure that
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Figure 6.9: Plots of air velocity and speed in oral cavity for 4.95 mm inlet.
(a) Air Speed in m/s along symmetry plane, (b) Velocity vector plot in m/s
along symmetry plane, (c) Air speed in m/s in planes parallel to inlet plane
0.2, 20, 40, and 50 mm from the inlet, (d) Air speed in m/s for planes from
(¢), symmetry plane and outlet plane

the jet is expanding more in width than in height, so this diameter is likely
an underestimate of the jet diameter. The recirculation zone near the base of
the tongue, though slightly smaller than the one for the 3.18 mm inlet, is still
quite large and caused reversed flow throughout the bottom, front of the oral
cavity.

The cases of the 8.13 mm and the 10.9 mm inlets are shown in figures 6.10
and 6.11. Both are similar in structure to the flow fields for the two smaller
diameter inlets already discussed. They all show the jet to be reasonably
well defined throughout the front part of the oral cavity and to turn slightly

upwards towards the upper, rear surface of the oral cavity (due to the influence
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Figure 6.10: Plots of air velocity and speed in oral cavity for 8.13 mm inlet.
(a) Air Speed in m/s along symmetry plane, (b) Velocity vector plot in m/s
along symmetry plane, (c) Air speed in m/s in planes parallel to inlet plane
0.2, 20, 40, and 50 mm from the inlet, (d) Air speed in m/s for planes from
(c), symmetry plane and outlet plane

of the recirculation region) where they impinge on the surface. The jet then
appears to follow the curvature of the wall, remaining a defined region of high
velocity air right until it exits the region through the outlet. The jet never
appears to fully mix with the remainder of the flow in the region tested.

For the 8.13 mm inlet seen in figure 6.10, the maximum velocity of the
jet at a location 60 mm from the inlet plane was found to be 5.42 m/s. The
predicted value of the velocity near the impaction site based on the free jet
theory proposed in section 5.2.2.4 was 8.86 m/s, a difference of 39%. The
measured jet diameter from the CFD was 9.5 mm, an increase of 17% from

the initial diameter.
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Figure 6.11: Plots of air velocity and speed in oral cavity for 10.9 mm inlet.
(a) Air Speed in m/s along symmetry plane, (b) Velocity vector plot in m/s
along symmetry plane, (c) Air speed in m/s in planes parallel to inlet plane
0.2, 20, 40, and 50 mm from the inlet, (d) Air speed in m/s for planes from
(c), symmetry plane and outlet plane

For the 10.9 mm inlet seen in figure 6.11, the maximum velocity of the
jet at a location 60 mm from the inlet plane was found to be 3.61 m/s. The
predicted value of the velocity near the impaction site based on the free jet
theory proposed in section 5.2.2.4 was 5.72 m/s, a difference of 37%. The
measured jet length scale from the CFD was 10.9 mm which is identical to the

inlet diameter.

With the 17.1 mm inlet, the flow field appears different. From part b of
figure 6.12, the recirculation region is no longer visible. A stagnation point
in the flow is still present, however it is closer to the inlet than for the other

cases. Part d of the figure shows that the maximum velocity in the oral cavity

183

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 6.12: Plots of air velocity and speed in oral cavity for 17.1 mm inlet.
(a) Air Speed in m/s along symmetry plane, (b) Velocity vector plot in m/s
along symmetry plane, (c) Air speed in m/s in planes parallel to inlet plane
0.2, 20, 40, and 50 mm from the inlet, (d) Air speed in m/s for planes from
(c), symmetry plane and outlet plane

is no longer in the entrance jet, but is now in the exit region where the cross
sectional area decreases.

The final plots of the fluid flow in figure 6.13 show the air speed in the
symmetry plane for all 5 of the inlets. All are plotted using the same colour
scale to highlight the large differences in jet velocities between the cases stud-
ied. Since all five cases correspond to the same nominal flow rate of 32 L /min,
the pronounced effects of the inlet diameter on the local velocities in the oral
cavity are clearly visible. These effects are seen to penetrate deeply into the

region for all but the largest inlet diameter.
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Figure 6.13: Plots of air speed in oral cavity for the five different inlet diam-
eters. The air speed in the symmetry plane is plotted for all inlets with the
same colour scale ranging from 0 m/s to 70 m/s. (a) 3.18 mm inlet (b) 4.95
mm inlet (c) 8.13 mm inlet (d) 10.9 mm inlet and (e) 17.1 mm inlet

6.7.2 LDA Comparison

Measurements of the mean velocities were made inside the oral cavity using
laser Doppler anemometry in a second order refraction mode. The experimen-
tal setup for these tests is described in section 5.4.1.2.

The velocity was measured along the axis of the inlet nozzle, a distance of
5 mm from the plane of the inlet. With the 10.9 mm inlet, the CFD predicted
a centerline velocity of 5.774 m/s at this location. The values of the centerline
velocity measured with the LDA are illustrated in figure 6.14. The average
of the series of 5 measurements was 5.892 m/s with a standard deviation of
0.013 m/s. The difference between the measured and predicted velocity at this
point is then 2.0%, which is within the error of the flow meter for controlling

the flow rate at the 32 L/min used for these tests.
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Figure 6.14: Air velocity in the oral cavity 5 mm from the exit plane of the
10.9 mm nozzle along the nozzle centerline. The measured values were taken
using the LDA in backscatter mode.

186

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100 + T T T T 1T 1I°Y l T T T T T TTT ‘ T ¥ T ¥y r1rrrvt [ T T L} LB l+
N O &) E] E
= » A @
° o 3
g - A
2 80 =
% o A Experimental Data From Chapter 5 v A 7
2 o A Nozzle, Pipe and Turbulence Generator Inlets A ]
8 | v Modified Particle Tracking, 3mm inlet A ]
;-3 F 0 TASCflow3D Turbulent Particle Tracking, 3mm E
5 60 |- O TASCflow3D Mean Flow Particle Tracking, 3mm ‘ -
8 f ‘A ;
= o E
2 - A ]
8 4f AA o 3
& - ]
a g A Al i o 7
Z 3 Abgh
3 c F 3
(& 20 — A
i s A <o
o -
r

. apiet 3

0 ' Lot s vl [ IR w | Syl 1

0.0001 0.001 0.01 0.1
Predicted Particle Stokes Number Near Impaction Site, St= pdp2 CeUc jer/ (18 1Dt}

"‘:1||||l||||l|||Al

Figure 6.15: CFD particle deposition predictions for the 3.18 mm inlet using
the three particle tracking algorithms described in section 6.2. The same
converged fluid flow solution was used for all three cases.

6.7.3 Particle Tracking
6.7.3.1 Total Deposition in Oral Cavity

The total deposition of particles in the oral cavity was calculated using the
three different particle tracking algorithms described in section 6.2. The total
deposition for the three algorithms was tested for the 3.18, 8.13 and 17.1 mm
inlets using 2.5, 3.8 and 5 micrometer diameter aerosol particles. The results of
the tests are plotted in figures 6.15 to 6.17 and compared to the experimental
deposition values from chapter 5.

The particle tracking for the 17.1 mm inlet using the commercial tracking
software in either the turbulent or mean flow configurations overpredicts the
particle deposition for all three aerosol diameters. The modified turbulent

tracking routine overpredicts in this case as well, but it is the lowest and the
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Figure 6.16: CFD particle deposition predictions for the 8.13 mm inlet using
the three particle tracking algorithms described in section 6.2. The same
converged fluid flow solution was used for all three cases.
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Figure 6.17: CFD particle deposition predictions for the 17.1 mm inlet using
the three particle tracking algorithms described in section 6.2. The same
converged fluid flow solution was used for all three cases.
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best of the three.

For the 8.13 mm inlet, figure 6.16 shows that the turbulent tracking clearly
overpredicts the deposition, while both the modified turbulent tracking and
the mean flow tracking give results that agree with the experimental values
for some of the particle diameters, but not all. Finally, the 3.18 mm inlet
tests shown in figure 6.15 were found to be overpredicted by the turbulent
tracking and significantly underpredicted by the mean flow tracking. In this
case, the modified turbulent tracking algorithm performed the best. Based
on these results, the modified turbulent tracking algorithm appears to be the
most accurate of the three tested and gives relati\;'ely good agreement with
experimental data.

The results of all the particle tracking tests using the modified eddy-
interaction model described in section 6.2 are shown in figure 6.18. The total
deposition of the particles is calculated and compared with the experimental
values of the tests from Chapter 5.

All tests were performed at 32 L/min and 4 particle diameters are plot-
ted for each inlet in the figure. Good agreement is seen between the CFD
predictions and the experimental values.

It can be seen from the figure that though the agreement with experimental
values is good, there is a trend for the large particles to have their deposition
underpredicted and the small particles to have their depbsition overpredicted.
Similar effects have been seen by other authors'3® and are believed to be caused
by the use of the Reynolds averaged equations in solving the flow field. The
combination of the time averaging of the equations and the introduction of the
eddy viscosity tends to make the CFD predict broader and slower flow regions
than may occur in reality. In places where there may be high velocity jets fluc-
tuating in space, the CFD will smear out the oscillatory effects. For example,

in all the inlet cases, the jet in the oral cavity impinged and then followed the
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Figure 6.18: Deposition in the oral cavity of monodisperse aerosol particles.
Comparison of CFD particle tracking by modified turbulent tracking algorithm
to experimental values.
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curvature of the upper rear wall of the oral cavity. In a region such as this,
the CFD will predict a slightly wider and slower flow along the wall than may
really exist since the real flow will have intermittency and oscillations which
are not modelled in the CFD. For large particles, this lower mean velocity
will mean a decrease in inertial impaction relative to the real case. However,
small particles which have their deposition affected by diffusion, will have a
longer residence time near the wall in the slower CFD case and so more will

be predicted to deposit than do in reality.
6.7.3.2 Three Dimensional Deposition Pattern

The deposition pattern in three dimensions was obtained by recording the
coordinates of the location of deposition for all particles tracked. Once suffi-
clent particle numbers have been tracked, particle deposition patterns can be
observed by plotting all of the final locations of the aerosol particles.

While the data was plotted and inspeéted for all deposition tests, only a
few examples will be included here in the interests of brevity. In figures 6.19
to 6.21, a number of deposition patterns are presented covering the complete
range from the largest inlet diameter (17.1 mm) and smallest particle diameter
(1.0 um) where the least deposition is expected, to the smallest inlet diameter
(3.18 mm) and largest aerosol diameter (6.5 um) where the greatest deposition
is expected. In the figures, an orthographic view as well as a projection of
the particle deposition locations onto the central plane of the oral cavity are
presented for each case in order to allow a three dimensional understanding of
the data from the 2D plots.

In general, the CFD deposition patterns matched well with the qualitative
patterns obtained from the tests in Chapter 5. For the 3-11 mm inlets, nearly
no deposition was present in the first 30 mm of the oral cavity. This was also

observed in all the experimental tests of chapter 5 excluding the turbulence

192

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Final Location of 1 Micrometer Particles Final Localion of 1 Micrometer Purticles, Projection onto Central Plane.
e T T T T T -

S A -
o6
208
006
0.05 0.04
0.04 . i
ﬁ -]
H . §oos
goo . S
3 .
Mooz :
002,
.«
a0t N - ER——
o. . ,('/“/‘ 0.08 001
i 1] b
oo N -
[ PR 1)
o (O) b .01 002 0m 004 005 008 a07
X Coordinate
¥ Coordinate X Coordnate
Final Location of 5.6 Micrometer Porticles il Location of 5.0 Micrametor Parlcios, Projec:ion onto Cantrel fane
nas
.
f
oo 204
® P
2
E 0.03
i}
~ .
o
o2 o
I ™
P 1Y (d)
00 (C)
o S " n , P
X Coordinate a 0.1 0.02 D)(:cham\::'l 0.05 008 007
Fing) Lacation of 3.3 Micromeler Particles Final Location of 3 & Mlcrameter Perticles, Projection onto Centrol Plane.
ey ' i
0.06|
a0sh - o 1
008 R
005 | a0 o
° P e
004 g . -
2 N
g 3 0031 .
003 4 2
5] o
M ks
002 I
002} vf
001 - v .:'
’ T Bn
0. / 001
0 Y -
A [ 001 002 [ 004 005 ues 007
Y Coordinate X Coordinale

Figure 6.19: Computed deposition patterns in the oral cavity of monodisperse
aerosol particles for large inlets. Blue points indicate location of tracked aerosol
particle deposition, green points indicate location where tracked aerosol par-
ticle exits domain, red points indicate location of stagnant particles neither
depositing nor exiting the domain. Graphs on left side show 3D deposition
pattern. Graphs on right show projection of particle deposition onto central
plane of oral cavity for the same case. Cases plotted: (a) and (b) 17.1 mm
inlet, 1.0 pm aerosol; (c) and (d) 17.1 mm inlet, 5.0 um aerosol; (e) and (f)
10.9 mm inlet, 3.8 pm aerosol
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Figure 6.20: Computed deposition patterns in the oral cavity of monodisperse
aerosol particles for large inlets. Blue points indicate location of tracked aerosol
particle deposition, green points indicate location where tracked aerosol par-
ticle exits domain, red points indicate location of stagnant particles neither
depositing nor exiting the domain. Graphs on left side show 3D deposition
pattern. Graphs on right show projection of particle deposition onto central
plane of oral cavity for the same case. Cases plotted: (a) and (b) 8.13 mm
inlet, 2.5 pum aerosol; (c) and (d) 8.13 mm inlet, 5.0 um aerosol; (e) and (f)
4.95 mm inlet, 2.5 pm aerosol
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Figure 6.21: Computed deposition patterns in the oral cavity of monodisperse
aerosol particles for large inlets. Blue points indicate location of tracked aerosol
particle deposition, green points indicate location where tracked aerosol par-
ticle exits domain, red points indicate location of stagnant particles neither
depositing nor exiting the domain. Graphs on left side show 3D deposition
pattern. Graphs on right show projection of particle deposition onto central
plane of oral cavity for the same case. Cases plotted: (a) and (b) 4.95 mm
inlet, 5.0 pm aerosol; (c) and (d) 3.18 mm inlet, 1.0 pm aerosol; (e) and (f)
3.18 mm inlet, 6.5 um aerosol
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generator tests. The majority of the deposition then was spread from a point
on the upper rear surface of the oral cavity down towards the rear of the region.
The CFD predicts slightly more deposition than was observed on the upper
surface of the tongue. It also predicts a small amount of aerosol depositing on
the inlet face while no aerosol was observed to deposit here during the runs.

It is interesting to note that in parts (a) and (b) of figure 6.19, only 8.4%
of the 1.0 um diameter particles deposit in the oral cavity with the 17.1 mm
inlet. However, for the same flow rate and particle diameter, with the 3.18
mm inlet, 66.4% are predicted to deposit. In parts (c) and (d) of figure 6.21,
the majority of the deposition of the 1.0 micrometer diameter aerosol particles
is located along the upper, rear wall of the oral cavity where the high velocity
jet was seen to impinge in section 6.7.1. Thus, the major mechanism of the
aerosol deposition in this case is inertial impaction, despite the small mass of
the 1.0 um particles.

This result contrasts sharply with the widely held belief in the pharmaceu-
tical aerosol field that particles smaller than 5 um in diameter will have little
to no deposition in the upper airways regardless of the inlet geometry. And
this CFD simulation was at the relatively low flow rate of 32 L/min. Typical
flow rates for dry powder inhalers can range from 30 to 90 L/min. As was
seen in chapter 5, aerosol deposition in the oral cavity will significantly in-
crease at the higher flow rates, making the effect of inlet conditions even more
pronounced.

The effects of more complex inlet conditions similar to commercially avail-
able dry powder inhalers on aerosol deposition in the oral cavity is explored

experimentally in Chapter 7.
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Chapter 7

Prediction of Extrathoracic
Deposition After Dry Power
Inhalers

7.1 Monodisperse Oral Cavity Deposition Tests
with Pharmaceutical Device Inlets

7.1.1 Experimental Setup

The empirical predictions of oral cavity deposition from Chapter 5 were derived
primarily from the relatively simple inlet conditions of contraction nozzles and
pipe flows. While the relatively good agreement of the numerical results of
Chapter 6 gives additional evidence of the importance of inlet conditions on
the deposition in the extrathoracic region, the extension to more complex in-
lets such as commercially available pharmaceutical devices requires additional
verification.

In order to test the oral cavity deposition for inlet conditions similar to
those seen with pharmaceutical aerosol devices, monodisperse aerosols were
passed through the dilution air for a variety of dry powder inhalers. The ex-
perimental setup for this set of tests is illustrated in figure 7.1. The monodis-
perse aerosol was produced using a condensation monodisperse aerosol gener-

ator (Model 3475; TSI Incorporated, St. Paul, Minnesota). The particle size
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Figure 7.1: Experimental setup for monodisperse aerosol deposition tests in
the oral cavity with dry powder inhaler inlets.

and monodispersity was monitored using a phase doppler anemometer (Dan-
tec Dynamics, Skovlunde, Denmark), the air flow rate was monitored with a
pneumotachometer (Series 4719, Hans Rudolph, Inc, Kansas City, MO), the
static pressure just downstream of the oral cavity was monitored with a di-
aphragm pressure transducer (Validyne Engineering Corp., Northridge, CA)
and the flow through the system was driven by a vacuum pump (Model LR
22132, DOERR, Cedarburg, WI, USA).

Similar to the test procedures of Chapter 5, the oral cavity deposition was
determined using gravimetry, weighing the model of the oral cavity and the
filters before and after each run. All tests were repeated a minimum of three
times to ensure repeatability. Tests were performed for all devices with a

nominal aerosol diameter of 3.8 micrometers and at a flow rate of 30 L /min.
7.1.1.1 Tested Dry Powder Inhalers

The tested inlets consisted of a Diskhaler (GlaxoSmithKline, Mississauga,

Ontario, Canada), an Aerolizer (Novartis Pharmaceuticals, Dorval, Quebec,
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Dry Powder Inhaler | Cross Sectional Area | Mouthpiece Diameter
(mm?) (mm)
Digkhaler 113 12.0
Aerolizer 90.3 10.7
Inhalator (Single Dose) 7.3 5.89
Inhalator (Multi-Dose) 49.0 7.90
Easyhaler 22.6 ” 5.37

Table 7.1: Measured mouthpiece exit dimensions for tested dry powder inhalers

Canada), a single dose Inhalator (Boehringer Ingelheim, Ridgefield, Connecti-
cut), a multidose Inhalator (Boehringer Ingelheim, Ridgefield, Connecticut)
and an Easyhaler (Orion, Karlsruhe, Finland). All devices were sealed to a
disk 8 mm thick, ensuring that the monodisperse aerosol which entered a large
chamber 110 mm in length and 90 mm in diameter, passed through the dry
powder inhaler via the dilution air pathways and exited the dry powder inhaler
through its mouthpiece and into the oral cavity. The capsules were removed
from the single and multidose Inhalators and the Aerolizer to prevent excessive
deposition of the aerosol inside the devices.

The cross sectional areas of the dry powder inhaler mouthpieces were mea-
sured at the exit of the device. Table 7.1 summarizes the cross sectional
area and diameter of the dry powder inhalers at their mouthpiece exits. For
the Diskhaler which has an elliptic mouthpiece, the diameter presented is the
equivalent diameter for a circular mouthpiece with the same cross sectional

area.
7.1.1.2 Aerosol Monodispersity

The aerosol particle size distribution was monitored throughout all tests up-
stream of the dry powder inhalers using a phase Doppler anemometer (Dantec
Dynamics, Skovlunde, Denmark).

The particle size distribution was sampled inside the oral cavity for two

dry powder inhalers using an Aerosizer Mach II(TSI Incorporated, Particle
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Instruments / Ambherst, Amherst, MA) to ensure that it was unaffected by the
passage through the inhalers. Approximating the particle size distribution as
log normal, it was found that the mass median diameter of the aerosol changed
by less than 1.8 % while the geometric standard deviation of the particle size
distribution remained less than 1.16, indicating that the aerosol exiting the
dry powder inhalers was still monodisperse. These tests also demonstrated
that no re-entrainment of the aerosol material which deposited in the dry
powder inhaler was occurring in the size ranges measurable by the Aerosizer.
To ensure that large aggregates beyond the measurable range of the Aerosizer
were not building up inside the devices and splattering into the oral cavity,
all the inlet devices were thoroughly cleaned between runs and test times
were progressively decreased to ensure the measured oral cavity deposition
was independent of test run time. Additionally, the dry powder inhalers were
visually inspected after each test to ensure that there was no significant buildup

of aerosol material inside the device.

7.1.2 Results

The oral cavity deposition for the various inhalers was calculated and plotted
against the impaction parameter in figure 7.2. Because all tests were performed
at the same nominal particle diameter and flow rate, all the devices have
nominally the same impaction parameter. The variations in the parameter
from the nominal value are a result of slight variations in controlled parameters,
primarily the particle diameter since the iterative nature of the condensation
generator prevents exact specification of the aerosol diameter.

From figure 7.2,‘ it is clear that the impaction parameter is not a unique
determinant of the aerosol deposition in the oral cavity. This is similar to the
results of Chapter 3, where the dry powder inhalers tested _there were found

to have significantly higher deposition than other inlet conditions in the whole
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Figure 7.2: Deposition in the oral cavity of monodisperse aerosol particles after
entry through commercially available dry powder inhalers as a function of the
impaction parameter.
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Diskhaler

Dry Powder Aerolizer Inhalator Inhalator Easyhaler
Inhaler (Single Dose) | (Multi-Dose)

Diskhaler 1 0.293 9.8 x107% 1.8 x 1077 |3.0x 10710
Aerolizer 0.293 1 2.6 x 1077 5.0 x 1077 6.0 x 107!

Inhalator 9.8x 1078 | 2.6 x 1077 1 0.506 7.1x 1078
(Single Dose)

Inhalator 1.8x 1077 | 5.0 x 1077 0.506 1 3.0x 107
(Multi-Dose)

Easyhaler 30x10016.0x1071°] 7.1x107° 3.0 x 107° 1

Table 7.2: Comparative p-values for determining statistically significant dif-
ferences from multiple ANOVA calculation for tested dry powder inhalers. p
< 0.001 implies statistically significant differences while p > 0.05 implies no
statistically significant differences

extrathoracic airways. In the present tests, it can be seen that this applies also
to deposition in the oral cavity as well. A statistical analysis of the data was
performed using a multiple ANOVA with the Tukey HSD analysis. The output
table of the calculation showing the p-values for comparing all the devices to
eachother is included in table 7.2.

If we take as a measure of statistical significance p-values < 0.01, then
from table 7.2 it can be seen that there are significant differences in the oral
cavity deposition between many of the devices. The Easyhaler has an oral
cavity deposition which is significantly higher than all other devices. The
two Inhalator devices have oral cavity depositions which are not statistically
different from eachother, but are significantly higher than the Diskhaler or
Aerolizer and are significantly lower than the Easyhaler. Similarly, the oral
cavity depositions for the Diskhaler and Aerolizer at the test conditions were
not statistically different from eachother, but were found to be significantly
lower than all the other DPIs.

Clearly, as was demonstrated in Chapter 3, discussed in section 5.2.2.1
and again illustrated with the current data, the impaction parameter is of-

ten not an ideal measure of the probability of aerosol deposition. As it is
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based on cross sectionally averaged values of flow rate and conduit diameter,
it cannot predict deposition as a result of high momentum structures such as
turbulent jets within the conduit (in our case the oral airways). Predicting
extrathoracic deposition for dry powder inhalers based on empirical models
like that of Stahlhofen et al.}*® which depend only on the impaction parame-
ter, such as recommended by Clark et al.?® can be expected to underpredict
the extrathoracic deposition. This type of model would predict that all de-

. vices would have identical extrathoracic deposition for the same impaction
parameter value, but from figure 7.2 it is clear that this is not likely to be
the case. As demonstrated throughout this work, the mouthpiece geometry
can have significant effects on the aerosol deposition in the oral cavity. Figure
7.2 shows that dry powder inhaler mouthpiece geometries must be included
in the prediction of extrathoracic deposition for inlets typical of commercially
available dry powder inhalers.

Instead of plotting the deposition against the impaction parameter, the
oral cavity deposition is plotted against the particle Stokes number (modified
to near the impaction location as in section 5.2.2.4 and for inlet turbulence as
in section 5.4) in figure 7.3. As the inlet turbulence was found in section 5.4
to be a relatively small correction for all but very high levels of turbulence,
inlet turbulence levels of 10% were assumed for all dry powder inhalers. In
figure 7.4, the oral cavity deposition is re-plotted with error bars indicating
the change in the particle Stokes number due to varying the inlet turbulence
intensity from 10% down to 0% and up to 20%. It can be seen from the
figure that relative to the scatter in the experimental data, the effect on the
turbulent particle Stokes number of doubling the turbulence intensity is not
large. Based on this, the estimate of an inlet turbulence intensity of 10% for
all the dry powder inhalers appears to be reasonable.

The measured oral cavity deposition for the monodisperse 3.8 um diameter
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Figure 7.3: Deposition in the oral cavity of monodisperse aerosol particles.
Comparison deposition after DPI’s to deposition from tests in Chapter 5. Par-
ticle Stokes number calculated from equations 5.24 and 5.25.
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Figure 7.4: Deposition in the oral cavity of monodisperse aerosol particles.
Comparison deposition after DPI’s to deposition from tests in Chapter 5.
Particle Stokes number calculated from equations 5.24 and 5.25. Error bars
represent 0% to 20% turbulence intensities at inhaler outlet.
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aerosols entering through the dry powder inhalers is compared to the predic-
tions for oral cavity deposition from equation 5.26 in figure 7.5. Also shown
in the figure are the predictions for the total extrathoracic deposition from a
number of the models in the literature discussed in section 2.9.2. Although
oral cavity deposition is not calculated directly in the literature models, it is a
part of the extrathoracic deposition along with pharyngeal and laryngeal and
tracheal depositions. In this way, the total extrathoracic deposition predic-
tion gives an upper bound for what the models could predict for oral cavity
deposition (ie. if all the deposition in the extrathoracic region occurred in the
oral cavity). Compared to predicting oral cavity deposition with the archival
models, the predictions of equation 5.26 is seen to be quite good. The mod-
els are seen to dramatically underpredict the extrathoracic deposition for the
smaller inlet DPIs since the laryngeal deposition still needs to be added to the
measured oral cavity deposition to get the total extrathoracic deposition. The
overestimation of the oral cavity deposition for the larger diameter DPIs is
expected since the measured deposition does not include the pharynx, larynx
or trachea.

The equation for predicting the oral cavity deposition derived in section
5.4.2 based on contraction nozzle and straight pipe inlets is seen to predict oral
cavity reasonably well. Although it underpredicts the oral cavity deposition
for all the tested devices, it appears to capture the trend of the data and
appears to be a significant improvement over all other published models the

author is aware of.
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Figure 7.5: Predicted and measured deposition in the oral cavity of monodis-
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Comparison of deposition prediction using equation 5.26 and total extratho-
racic deposition models from the archival literature. Error bars represent one
standard deviation for the measured data.
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7.2 TExtension of Model to Predict DPI Deposi-
tion In Vivo

7.2.1 Extension to Polydisperse Aerosols

The extension to polydisperse aerosols for the prediction of first oral cavity
and then total extrathoracic deposition is relatively straightforward with a few
simplifying assumptions.

The calculation of the oral cavity deposition of polydisperse aerosols can be
achieved by discretizing the aerosol distribution into a finite number of bins,
determining the deposition probability for each bin and then calculating the
resultant deposition probability of the entire distribution. This assumes that
the aerosol can be treated as an ensemble of monodisperse aerosols which do
not interact with eachother. Some caution is required here as there often may
be particle-particle interactions during inhalation with dry powder inhalers,
especially when there are large lactose carriers with smaller drug particles still
undergoing deaggregation as the aerosol exits the device and enters the oral
airways. However, as a first approximation, the distribution is treated as an
ensemble of independent monodisperse aerosols.

Also neglected in this analysis is the influence of the particle field on the
turbulence levels of the flow field which can become important for high number
concentration aerosols seen in some dry powder inhalers.*® However, it was
determined in Chapter 5 that inlet turbulence levels had a much smaller effect
on oral cavity deposition than inlet diameter and mean velocities, so this
assumption is believed to be reasonable.

A number of other factors such as static charge and hygroscopicity of the
particles have been neglected here which may be important for predicting
deposition from some dry powder inhalers. Further work is required to extend

the current model to include these effects.
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7.2.2 Extension to Total Extrathoracic Deposition

In order to calculate the total extrathoracic deposition, an oral cavity predic-
tion model based on equation 5.26 needs to be combined with a prediction
model for the rest of the extrathoracic region.

The model of Stahlhofen et al.'*®was chosen to represent the deposition
in the remainder of the extrathoracic region. As discussed in section 2.9.2,
their model is based on a large number of available test data. As it is based on
deposition data from patients inhaling through large bore tubes, the deposition
in the oral cavity was quite minimal. The authors propose that the oral cavity
and pharyngeal deposition are negligible relative to laryngeal deposition for
these tests and their model gives an estimate primarily of laryngel deposition.
If this is true, then combining the oral cavity deposition prediction from section
5.4.2 with the deposition model Stahlhofen et al. for pharyngeal, laryngeal and
tracheal deposition should give negligible overlap and should accurately predict
the deposition of monodisperse aerosols (or bins of polydisperse aerosols).

The total extrathoracic deposition of a monodisperse aerosol is then given

by:
Nestrathoracic = Noral cavity T+ (100 — Noral cavity)maryngeal (71)
where from equation 5.26,

100
(445354191 4 1)

Toral cavity = 100 (72)

with the Stokes number, St calculated from equations 5.24 and 5.25 and

Maryngeal is given by

100
(35 x 10-5(p,d2Q)17 + 1)

Maryngeal = 100 —

209

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dry Powder Author MMAD | GSD | In vivo Extrathoracic
Inhaler (pm) Deposition

(% of Emitted Dose)
Turbuhaler | Warren et af.1%° 16.8 | 3.43 80.5
Spinhaler | Newman et al.'*® | 154 | 2.10 90.8
Pulminval | Pitcairn et al.?** | 153 | 2.67 84.4
Leiras mDPI | Pitcairn et al.'® | 2.93 | 3.26 56.0
Clickhaler | Warren et al.'®° 13.9 | 3.28 70.9
Easyhaler | Newman et al.''" | 194 | 3.73 79.4

Table 7.3: Particle size distribution data measured in vitro and corresponding
in vivo extrathoracic deposition data for polydisperse drug aerosols from six
dry powder inhalers.

In order to test the usefulness of equation 7.3 for predicting extrathoracic
deposition using polydisperse aerosols, the equation was used to predict the
deposition for a number of in vivo deposition studies using dry powder inhalers.
The reported particle size distribution measured in vitro was used for each de-
vice to predict the extrathoracic deposition and was then compared to the re-
ported in vivo extrathoracic deposition of the efnitted dose in each study. The
dry powder inhalers which were studied are the Turbuhaler® (AstraZeneca,
Herts, U.K.), the Spinhaler® (Fisons PLC Markham, Ontario, Canada), the
Pulminval® (Chiesi Farmaceutici S.p.A, Italy), the Leiras multidose dry pow-
der inhaler (mDPI) (Leiras Oy, Turku, Finland), the Clickhaler® (Innovata
Biomed Ltd., St. Albans, U.K.) and the Easyhaler® (Orion Pharma, Kuopio,
Finland). The calculated MMAD and GSD for the emitted doses measured
in vitro and the corresponding in vivo extrathora,cic depositions are given in
table 7.3 for the published studies.

As was noted by Clark et al.,?” current extrathoracic deposition models
greatly underpredict the deposition seen with dry powder inhalers. As well,
the qualitative deposition patterns are different with much more oral cavity
deposition observed with the DPIs than predicted.

Similar to the methods of Clark et al., smooth curves were fit to the cu-
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mulative percentage by mass undersize curve calculated from the measured
particle size distribution. This fit curve was used to partition the particle size
distribution into smaller 0.2 micrometer width bins. This particle distribution
was then used to predict the extrathoracic deposition using two different depo-
sition models. The model of Rudolf et al.'3* was used to compare with Clark’s
results and good agreement was found, suggesting that the high resolution
particle size distribution was very similar to the one they calculated indepen-
dently. This model also predicts the deposition to be primarily laryngeal while
the in vivo studies showed significant oral cavity deposition.

The tested cases are shown in figure 7.6 where the predictions of Rudolf’s
model and the predictions based on equation 7.3 are compared to the experi-
mentally measured deposition for the polydisperse aerosols. in vivo.

While the new model still underpredicts the in vivo deposition data in some
cases, it is no longer the consistent underprediction seen with the predition
model of Rudolf et al.}?? illustrated in figure 7.6 and observed by Clark et al.
In figure 7.7, the deposition in the oral cavity and larynx are differentiated for
the model based on equation 7.1. Clearly, the primary deposition location has
shifted fof the DPIs from the larynx as predicted exclusively by Rudolf’s model
to the oral cavity which agrees more with the deposition patterns observed in
vivo.

As is seen in figure 7.6, the predictions of the new model for total extratho-
racic deposition are, on average, quite good and a marked improvement over
the model of Rudolf et al.'*3

However, variability in the accuracy of the predictions is still seen. Besides
the accuracy of the model itself, a number of factors significantly impact this
variability. While only studies which reported similar flow conditions for the
in vitro particle sizing and the in vivo deposition tests were considered here,

there were differences between the steady flow rates for the in vitro tests and
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Figure 7.6: Predicted deposition in the extrathoracic region of polydisperse
aerosol particles generated by six different dry powder inhalers. Predictions
are based on the model of Rudolf et al.'*® (hollow symbols) and equation 7.1
(solid symbols) for in vitro measured aerosol distributions using the indicated
length scale at mouthpiece for each device. The predictions are compared to
in vivo, gamma scintigraphy aerosol deposition measurements from literature
sources.

212

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

#& Oral Cavity Deposition
® [ aryngeal Deposition

NN

80

[N RN

60

laa sl

40

Lo LI 200 A L L UL S LI LR

20

T

Oral Cavity Deposition (% of Total Delivered)

5

Turbuhaler

t eiras MDP1 Pulmival Spinhaler Clickhaler Easyhaler

Figure 7.7: Predicted deposition in the oral cavity and larynx for polydisperse
aerosol particles generated by three different dry powder inhalers. Predictions
are based on equation 7.1 for in vitro measured aerosol distributions.
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the time dependent patient driven flow rates in the in vivo tests. Since the
dry powder inhalers considered are all passive inhalers, the particle size distri-
bution produced by the device is highly dependent on the patient’s breathing
pattern. However, the author is not currently aware of any published studies
giving in vivo extrathoracic deposition data along with in vitro particle size
distributions for identical breathing patterns from dry powder inhalers with
polydisperse aerosols. The in vitro particle size distributions with the dry
powder inhalers were primarily done using multistage liquid impingers which
while allowing imaging of the stages and preventing particle bounce issues,
give reasonably coarse measures of the distribution from the inhalers. These
factors which cause the particle size distribution entered into the predictive
models to be somewhat different from the true particle size distribution be-
ing inhaled by the test subjects will lead to variability in the accuracy of the
predictive models.

From figure 7.8, the primary advantage of the new model is seen to be an
increase in the extrathoracic deposition probability for particles in the 2 to 10
micrometer range. This is significant since it shows that the often quoted fine
particle fractions (mass of aerosol particles < 5 um typically) may not alone
be a good indicator of the amount of aerosol which penetrates to the alveoli.
As has been reported throughout this work, mouthpiece effects significantly
affect the extrathoracic deposition of these intermediate size particles. Parti-
cles with aerodynamic diameters less than about 2 micrometers have Stokes
numbers that are too low (for typical DPIs) to be much affected by inertial
impaction. Particles with aerodynamic diameters greater than approximately
10 micrometers have such large Stokes numbers regardless of the mouthpiece
that they can expected to deposit somewhere in the oral airways. If not in the
oral cavity due to mouthpiece effects such as was seen in chapter 5, then in

the larynx due to the constriction of the airway there.
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Figure 7.8: Predicted deposition in the extrathoracic region for a polydis-
perse aerosol distribution generated by the Clickhaler dry powder inhaler. The
smooth fit particle size distribution by mass is given along with the distribu-
tions by mass of the aerosol predicted to deposit in the extrathoracic region
by the model of Rudolf et al.'3® and that of equation 7.1.
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The deposition model proposed in this section encompasses what is believed
to be the primary deposition mechanism in the extrathoracic region: inertial
impaction. It has however, neglected a number of other secondary phenomena
such as particle number concentration, hygroscopic growth, the presence of an
additional inert particle phase (lactose carrier), and static charge effects which
may affect aerosol deposition in the region.

In summary, the proposed model for extrathoracic deposition brings the
predictions into much closer agreement with in vivo data, both in total depo-
sition in the region and in location of that deposition. Future work to test the
importance of number concentration, static charge, hygroscopic growth and
particle size distribution changes with patient breathing patterns is required

before the model can be confidently implemented in the full in vivo setting.
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Chapter 8

Conclusions and

Recommendations for Future
Work

8.1 Conclusions

In this thesis, the enhancement of aerosol deposition in the mouth-throat
region by non-ballistic pharmaceutical aerosol devices has been investigated
and a model proposed to predict the extrathoracic deposition.

Total extrathoracic deposition of monodisperse aerosols was measured us-
ing a number of pharmaceutical aerosol devices as inlets using a realistic,
idealized mouth and throat geometry. In contrast to current extrathoracic de-
position modelling techniques, the inlet conditions for the region were found to
significantly alter the deposition in the region. Over a range of flow rates and
particle diameters, the two dry powder inhalers tested were found to greatly
enhance the aerosol deposition while the two nebulizers and the pMDI with
attached holding chamber showed little difference from a large diameter tube.

The regional deposition pattern for the monodisperse aerosols entering
through the different inhalers was quantified using planar gamma scintigra-
phy. The data showed a significant shift in the site of aerosol deposition from

the larynx and upper trachea for the large diameter inlets to the oral cav-
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ity for the DPIs. Again, significantly more total extrathoracic deposition was
observed with the DPIs.

Testing was then performed in an model of an adult oral cavity to determine
the major mechanisms for the observed elevated deposition with DPIs. It was
determined that inertial impaction was the dominanf mechanism in the region.
Using a large number of inlets, deposition data was generated which spanned
the range seen between large diameter inlets and the DPIs from the previous
section. This data was found to collapse reasonably well with the particle
Stokes number indicating that inertial impaction was the primary deposition
mechanism. The data collapse was found to be even better when the Stokes
number was formulated using predictions of the flow length and velocity scales
near the impaction site, yvielding a best fit curve given by equation 5.14.

The presence of turbulence in the flow at the inlet of the region was also
found to be a mechanism causing elevated deposition, but was of secondary
importance relative to the inertial impaction. By using a formulation of the
Stokes number which incorporates the turbulence intensity of the flow at the
inlet of the region, it was found that the aerosol deposition in the oral cavity
due to both mechanisms could be predicted quite well with equation 5.26.

Computational fluid dynamics with particle tracking algorithms was then
employed to investigate the three dimensional flow and deposition patterns
inside the oral cavity for the contraction nozzle inlets. The CFD found fluid
jet structures in the oral cavity for all inlets less than 17mm in diameter with
elevated aerosol deposition near the point of jet impingement on the upper,
rear wall of the oral cavity. The match between the CFD predictions and the
measurements and observations from the corresponding experiments was good
for both the total deposition in the region and the location of that deposition.
This lends confidence to the CFD results necessary due to the complexity of

the geometry and flow field under investigation. -

218

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



With the confidence that the two major mechanisms governing aerosol
deposition in the region were now adequately captured with our model for
straight tube and contraction nozzle inlets and monodisperse aerosols, an ex-
trapolation of the model to predict the deposition for the complex case of
commercially available DPIs was undertaken.

In the first phase, the restriction of straight tube inlets was removed.
Oral cavity deposition tests performed using DPIs as inlets for monodisperse
aerosols showed reasonable agreement with the extrapolated model, although
some underprediction of the deposition for the smaller diameter inlets was
observed.

In the final phase, the model was extrapolated to the full case of human
subjects inhaling polydisperse, multi-component drug formulations from dry
powder inhalers. Despite the complexity of this scenario and the relative sim-
plicity of the model given by equation 7.1, marked improvement over the often
quoted model of Rudolf et al.'®® was seen in predicting the total extrathoracic
deposition for 6 different DPIs. As expected, there was some variability in the
model’s accuracy in predicting deposition in the full, complex case of subjects
inhaling from DPIs. However, a significant part of this variability is expected
to be due to the uncertainties in the particle size distributions studied due
to coarse sizing techniques and differences between in vitro and in vivo flow
patterns causing different deaggregation of the powder and not necessarily due

to simplifying assumptions of the model presented here.

8.2 Future Work

As a result of the work done in this thesis, the need for additional research in

a number of areas has become clear.

1. There is a need for high quality in vivo deposition data that can distin-
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guish between oral cavity and laryngeal deposition for aerosols exiting
dry powder inhalers for validating the regional predictions of section

7.2.2.

2. Testing the influence of gradually decelerating the acrosol streams exiting
the small diameter mouthpieces of some dry powder inhalers prior to
entry into the oral cavity on the extrathoracic deposition needs to be

done.

3. Hot wire anemometry should be performed in an oral cavity model when
dry powder inhalers are used for the flow inlet to get better predictions

of the range of turbulence generated by different devices.

4. It would be beneficial to perform experiments to determine the fluid flow
field in the oral cavity with the various straight tube inlets in order to
verify and improve on the CFD predictions. Particle Image Velocimetry
(PIV) would be a good way to determine the large scale structures and
mean flows in the region. Hot wire and laser doppler anemometry could
be used to traverse the region and obtain good turbulence measurements

near aerosol deposition locations.

5. CFD simulations of aerosol deposition and fluid flow fields in the oral
cavity can be investigated for a variety of different entry conditions from
what was investigated in this work. Specifically testing the influence
of radial velocity components at the inlet by using cones rather than

straight pipes as inlets and varying the cone angles significantly.

6. PIV experiments to complement the recommended CFD tests using in-

lets with radial components of velocity at the inlet should be performed.
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