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ABSTRACT

Particle size distribution (PSD) is an important parameter to develop a
pharmaceutical aerosol. An Andersen Cascade Impactor (ACI) is a standard device
used to determine PSD traveling in the airstream, in which aerodynamic diameter is
represented for PSD of the pharmaceutical formulation. Generally, the ACI operates
within the designed condition for toxicology and pollution studies. There were
various researches done in the pharmaceutical aerosol fields, mainly focused on the
formulation development. The ACI becomes an interesting device. However, the
fluid dynamic data in the ACI are still lacking, and the calibration process needs to be
clarified for easier and more comfortable protocol to calibrate the ACI. Therefore, the

computational technology could be a useful tool for pharmaceutical application.

The aims of this research work were to develop a validated
computational fluid dynamic (CFD) model of the ACI and explore the effects of the
add-on preseparator on the CFD parameters. The particle's traveling and distributing
in the ACI were also investigated using both experimental and computational basis.
The relationship between the cut-off diameter of each stage with the median size of
particle size distribution (PSD) on individual collection plate via projected diameter

and laser diffraction technique were studied.

The CFD model was validated by comparison with the manufacturer’s
nozzle velocity (0.95, 1.75,1.80, 2.94,5.25, 12.72, 22.94 and 45.49 m/s, from SO to
S7, respectively). For stage 0 to stage 5 of the ACI stages were found to be within a
3.56% error. CFD explored airflow in the whole ACI. The nozzle velocities were
increased along the distance from the middle of the collection plate to the periphery.
The flow field showed the airflow velocity accelerating by the preseparator at the

induction tube from 1.13 to 3.71 m/s and 2.40 to 8.68 m/s (at 28.3 and 60 L/min of



X

flow rate, respectively). The preseparator produced smoother wall shear stress when
compared to the ex-preseparator at both operational flow rates. PSDs on each

collection plate were analyzed.

The microscopic size exhibited a gradient of particle size decreased at
lower stages (8.53 to 0.92 um). The laser diffraction technique showed the PSD of
spray-dried mannitol correlated with the manufacturer’s data at stage -1 to stage 3,
which exhibited the percent relative accuracy (%RAC) close to 100% according to the
median size of each preparation. The Z-averages of silica microsphere particles on the
collection plate were comparable to the stage’s cut-off diameter at stage 4 and stage 5.
Peak’s position had been chosen to link with the cut-off diameter at stage 6. The
computational collection efficiency curves gave the simulated cut-off diameters close
to the manufacturer’s cut-off diameters using monodisperse tracking model.
Furthermore, the polydisperse tracking model results could be used to explain the
particle traveling. The 50% mass fractions of the simulated particle trapping were
decreased in size along the lower stage of the ACI due to the reduced cut-off size of

each stage.

In conclusion, the CFD explained total airflow started from inlet to the
last stage of ACIL. The airflow of the preseparator equipped model accelerated the
airflow along the inlet port to maximize the trapping of desirable particles and
generated a smooth wall shear stress at the collection plate to reduce the particle re-
entrainment. The simulations also explained how the mono- and polydisperse
particles traveled in the ACI as a calibrant. Moreover, the simulation of particle
traveling along the ACI confirmed the calibration data. The median size and PSD of
calibrant was a good representative for the stage cut-off diameter and calibration

curve, respectively.
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CHAPTER 1
INTRODUCTION

1.1 Rationale

The aerosol particle size is an important factor for many research
works involved in the human respiratory system. The respiratory tract mainly has a
function of exchanging carbon dioxide to red blood cell with oxygen from inhaled air.
In the pharmaceutical science, the human respiratory tract could be used as a route of
drug administration. A deposition pattern of particle in the respiratory tract is a key
property of pharmaceutical aerosols. An aerodynamic particle size distribution
(APSD) represents the actual size and size distribution of particle traveling in the air
stream. It means that the APSD can be a parameter used to predict particle deposition
in human airways. Cascade impactors have been developed to characterize the APSD
and particle deposition, by fraction aerosols using aerodynamic diameter. The inertial
impaction principle was used, where different aerodynamic size had shown different
inertial force. The specific aerodynamic diameter had been collected on individual
collection plate (Marple and Liu, 1974). Even though if cascade impactor was not a
perfectly represented realistic respiratory tract, it attempted to compare the data

between formulation and products (Mitchell et al., 2007).

The Andersen cascade impactor (ACI) is a conventional cascade
impactor that has been used in various aerosol sciences (Li et al., 2013; Duan et al.,
2014; Srichana et al., 2014). Each stage of the ACI is composed of a number of
nozzles that are specifically designed, precisely built, and arranged radially. The
nozzles gradually accelerate airstreams to a higher air velocity as the air flows
through. The larger particles are retained on the earlier collection plates as the
aerosols flow along the impactor. USP 39, <601> on Aerosol, recommends using a
cascade impactor for the evaluation of pharmaceutical aerosols (United States
Pharmacopeial Convention, 2015). According the design of ACI, there is various
ways to modify the impactor by add-on stage or additional equipment on the top of
the ACI, it has been more and more interested. Furthermore, there is modification in

changing operation condition from normal operation flow rate (28.3 L/min) to higher



flow rate (60 L/min) or to lower flow rate (10-20 L/min) equipped with a mixing inlet
(MIXINLET) (Nichols et al. 1998; Nadarassan et al. 2010). The published calibration
method include fluorometric well-known calibration method, using methylene blue
dye generated monodisperse and polystyrene latex, using monodisperse spherical
silica powder, and pressure drop measurement call “in-use calibration” (Flesch et al.
1967; Rader et al. 1991; Srichana et al. 1998; Kwon et al. 2003; Nichols et al. 2013).
However, time consuming and lacking of data linking between nozzles with pressure
drop are the limitations of those calibration methods. Therefore, for the better
understanding of the calibration technique, an alternative or complementary
calibration method should be investigated. The next challenge for ACI studies is
represented by the application of computer simulation to fluid flow and particle
travelling in ACI. Computational fluid dynamic (CFD) is the tool for understanding
and characterizing airflow in any aerosol science. There is many example of using
CFD in pharmaceutical field. Gulak et al. simply used 2D CFD model to determine if
gravity affected the deposition of the particles. The simulation result gave a good
agreement with an experimental setup in the case of a single-nozzle impactor operated
at 28.3 L/min (Gulak et al., 2009). There is also the 2D CFD study in add-on
equipment in the ACI operating set to reveal the velocity with pressure profiles and
the deposition regions in the preseparator (Sethuraman and Hickey 2001). Vinchurkar
et al. (2009) described the effects of the aerosol charge using multiple-jet models
(whole stage cascade impactor), which produced clear flow patterns, that were more
useful when compared to a single jet design (Vinchurkar et al., 2009). CFD model can

be used to predict or analyze fluid flow and particle travelling in ACI.

The objectives of this research were to develop a CFD model for the
Mark II ACI and study the effect of fluid flow, airflow pattern and add-on equipment
in ACI model. Monodisperse and polydisperse particle travelling were investigated in
ACI by using experimental data and computational data. The fluid models of ACI
were developed from available dimensional information. Introducing monodisperse
and polydisperse aerosols were done into the real experimental and CFD model. Both
experimental and computational data had been used to explore the fluid dynamics and

particle travelling in the ACI.
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The objectives of this study

To develop a computational fluid dynamic model for the Mark II Andersen
cascade impactor

To validate the CFD model based on the numerically predicted characteristics
of the Andersen cascade impactor and manufacturer’s data.

To classify the flow field, airflow function, and the effect of the preseparator
and ex-preseparator in the ACI model, by using the CFD study to simulate
typical operational conditions

To validate the collection efficiency of the Andersen cascade impactor based
on simulation and experimentation.

To develop polydisperse aerosols calibration method for impactor

To observe particle size distribution on each stage’s collection plate

To confirm the calibration procedure using computer aided method

To investigate the accuracy of a polydisperse aerosols calibration method for

impactor and calibration validation.



CHAPTER 2
LITERATURE REVIEWS

2.1 Pulmonary delivery

To treat respiratory diseases, pulmonary drug delivery is a preferred
route of drug administration. It provides three main advantages. First, an immediate
local effect with direct delivery to the target organ can be achieved, which allows for
a decreased dosing. Second, the large surface area of the lung with high blood supply
for relatively rapid drug absorption. Finally, the first pass metabolism could be
avoided, resulting in increased the bioavailability of the drug (Moeller and Jorgensen,
2008). According to the lung anatomy, the continuing dividing of the airway from the
trachea divides into two main bronchi to multiple divisions, gives rise to bronchioles.
The bronchial tree continuously splits until the bronchiole level, which leads to the
alveoli. Clusters of alveoli that are enormously composited in the human lung provide
a large surface area. The individual alveoli are wrapped by capillaries, where gas and
exchange of chemicals occur. Through this pathway, drug delivery systems can be
effectively administered by the pulmonary route. Therefore, deoxygenated blood is
driven through the pulmonary artery. The oxygen-rich blood is returned to the heart
via the pulmonary veins to be pumped back into systemic circulation without first

pass metabolism by the liver.

The inhaled air passes through the mouth or nose where particles of a
size larger than 10 um are trapped in the oropharynx, nasopharynx and larynx before
it travels through the deeper respiratory tract. The particle sizes range from 2-10 um
will be deposited at the trachea or in the gradually subdividing system of bronchi and
bronchioles depending on their size. Some of aerosol particles (less than 2 um) can

reach the terminal alveoli.

Generally, an inhaler is classified into three main types. The common
type of inhaler is the pressurized metered-dose inhaler (pMDI). In pMDIs, medication
is most commonly stored in solution/suspension and filled with a propellant in a

pressurized canister as a driving gas. The pMDI canister is prescribed with a plastic



hand-operated actuator. Once triggering, the metered-dose inhaler releases an aerosol
form of a fixed dose of medication. The second type of inhaler is a dry powder inhaler
(DPI) that releases a dose of medicine as a powder aerosol. The medicated powder
will be inhaled and disaggregated to micron size by the patient upon inhalation.
Finally, nebulizers supply the medication as an aerosol cloud created from a large and

complex machine with an aqueous formulation.
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Figure 1 Pulmonary drug delivery pathway and deposited particle size
on each air region (Levitzky, 2013)

2.2 Andersen cascade impactor

It is very important to understand the airflow that carries drug particles
for determination of the aerodynamic particle size and deposition in the lung. Cascade
impactors are developed for aerosol particle sizing using theoretical and numerical
studies of particle size and flow characteristics. According to US pharmacopeia, there
are a variety of cascade impactors nowadays. These instruments are frequently
employed to determine the aerodynamic mass-weight size distributions of aerosols
from a variety of sources. Generally, uniformity of a delivery-dose over the entire

content is required for inhalers (metered-dose inhaler or dry powder inhalers)



containing drug formulations, multiple doses of drug formulation and in reservoirs or
pre-metered dosage units. The uniformity of the delivery-dose of an inhaler ensures
that the delivered drug level is in the therapeutic range and provides identical doses.
According to the US pharmacopeia, evaluations required other parameters than
particle size; that include an aerodynamic size distribution, drug delivery efficiency
and drug deposition sites. Particle size and aerodynamic size distribution can be
characterized using a cascade impactor or other particle size measurement. The
cascade impactor determines the size of aerosol particles by a multi stage jet
collection plate wherein each stage allows different sizes to pass through. The
impactor collects all particles larger than a certain size whilst smaller particles pass
through the stage with the air stream (Marple and Willeke, 1976b; Marple and
Willeke, 1976a; Liu, 2012). However, several impactor types are used to characterize
particle properties based on the US pharmacopeia such as an ACI, multi-stage
impinger, Marple-Miller impactor, etc., The ACI shows good agreement with clinical
results and is in practice useful for evaluation of aerosols (Graseby-Andersen, 1985;

Hassan and Lau, 2011).

The first design of the ACI is comprised of a glassware induction port
or metal inlet, an optional impactor preseparator and nine stages (including a backup
filter holder). Three-spring clamps hold all stages together and an o-ring seal cover
between stages. A representative Mark II ACI is shown in Figure 2 including a
preseparator and glassware induction port. The glassware induction port is tubular
with a ball geometry and a turn of 90° that is used to direct aerosols from the
inhalation devices into the preseparator and the impactor (United States
Pharmacopeial Convention, 2015). Each impactor’s stage consists of multiple jets that
direct air and particles onto a collection plate. Each stage is an aerodynamic
classifying sieve for the formulation of aerosols. The sampling device is used as a
particle collector so that the device simulates the respiratory tract, so lung penetration
by the aerosol particles can be predicted. Aerosols are trapped onto the collection
plates by impaction as a function of their aerodynamic size. The characteristics of the
jets have effects on the particles momentum. The preseparator is designed to capture

several grams of oversized aerosol particles to prevent an overload of particles. The



particles in the preseparator should be carefully collected and analyzed separately or
grouped with stage 0. The stage 0 is the upper stage of the impactor and is designed to
capture particles greater than approximately 9.0 pm. The remaining stages have
progressively smaller diameter jets, which result in higher velocities and the

impaction of smaller aerodynamic particle size as shown in Figure 2.

Figure 2 Eight stages Mark II Andersen cascade impactor (A), preseparator (B)
and the glass throat (C) induction port

The ACI is the instrument of choice to characterize the particle size
and to predict particle deposition patterns. The ACI has been generally designed to
operate at 28.3 L/min of an inhalation flow rate (consisting of 8 stages) with recent
applications to allow determinations at 60 and 90 L/min (adapted equipment stage) so
that each flow rate provides a different cut-off diameter. For use of non-standard
flows with the ACI, it needs to have the cut-off diameters for the stages recalculated.
However, the recommended flow rate of the Pharmacopoeias is low to provide
clinical relevance. An accurate determination of the size distribution for these
aerosols is essential to forecast the available respiratory fraction. The result will
define the site of deposition in the respiratory tract, absorption into the tissue and
blood, and subsequent drug effectiveness or potential adverse effects. Obviously the
methods used for evaluation of aerosol particle size and an understanding of particle
deposition, must be very precise to provide accurate information on drug particle flow

characteristics. Details of the individual ACI stages including the number of jets, jet



diameters and jet velocities at a flow rate of 28.3 L/min, or 1 actual cubic feet per
minute (ACFM) by the manufacturer (Graseby-Andersen, 1985) are provided in Table
1. Additional parameters are characterized by the studies of Marple and Willeke
(1976b) and Fang et al. (1991). As shown in Table 1, the number of jets per stage
ranges from 96 to 400; stage 0 and 1 have 96 jets arranged in a radial pattern, there
are 400 jets in stages 2-6; stage 7 contains 201 jets. Each stage connects to a
collection plate, which is disk-shaped with a diameter of 8.255 cm, to receive an
impact of the particles. The distance between the jet outlets and collection plates are
1.02 mm for stages 0 and 1, and 2.15 mm for the remaining stages. The use of
multiple jets in the ACI allows for a high flow rate while maintaining laminar jet
conditions. The diameters of the ACI jets vary from approximately 2.6 mm in stage 0
to 0.25 mm in stages 6 and 7. The constant flow rate and the smaller diameter jets
increase the velocity of the sampled air in the lower stage. A key performance
parameter for each specific impactor stage is the particle collection efficiency. Such a
perfect efficiency curve would be appeared as a vertical straight line on a graph that
expresses the collection efficiency against particle sizes. The greater efficiency curve
is ideally S shaped with a sharper gradient that reflects the quality of the design of the

impactor stage (cut-off point of that impactor).

Normally, the principle of particle sizing is based on the aerodynamic
behavior of aerosol particles and inertial impaction (Figure 3). An aerosol is passed
through a nozzle and the air stream is directed against a collection plate, where the
particles strike and stick on. The plate deflects the flow to form an abrupt 90° bend in
the streamline. While the direction of airflow changes, the aerosol particles continue
to move on the original direction of flow until they lose inertia because of friction
with molecules in the surrounding medium. These particles relax into the new
direction of the airflow and the time for this is called the relaxation time. If the
particles are large enough and have sufficient inertia, this relaxation time will be too
long and the particles will impact on the collection plate. On the other hand, smaller
particle will relax into the new direction. Therefore, particles larger than a selected

aerodynamic diameter are removed from the airflow by impaction whilst those



smaller than the size continue to remain in the streamline. In fact, the particle size cut-

off actually exists as a collection efficiency curve against particle size.

' Particles are carried by air |

i

‘ Air flow direction has been changed ‘

i

Particle will be trapped
on the collection plate

............................ > q Vacuum pump ’

Figure 3 Impactor principle based on inertial impaction

ACI calibration

The US Pharmacopoeia (United States Pharmacopeial Convention,
2015) specifies the use of a cascade impactor for the measurement of the size
distribution of aerosols; at a flow rate through the impactor sufficient to mimic
inhalation and prevent backward trajectories when a test device, such as a metered
dose inhaler is activated. Commercially available impactors such as the 8-stage ACI
are usually operated at low flow rates (28.3 L/min). A flow rate at 60 L/min is the
accepted standard for using in dry powder inhalers (United States Pharmacopeial
Convention, 2015). More recently, it has been used at a flow rate as high as 60 L/min
to comply with the USP flow rate specification (United States Pharmacopeial
Convention, 2015). This practice is not recommended without a recalibration of the

impactor.
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Monodisperse aerosols were generated into specific particle size by
vibrating orifice aerosol generator and introduced to the impactor. The deposition
efficiency of each particle size was calculated as a ratio of mass collected on the stage
to a total mass. The total mass of size aerosol was obtained by summation of all stages
(Rader et al., 1991; Kwon et al., 2003). Srichana, et al. has first published the
calibration method using spherical silica for the ACIL. The monodisperse particle sizes
were separately introduced to determine the collection efficiency curve of the

preseparator, stage 0 to stage 4 (Srichana et al., 1998).

Also, there is an indirect calibration used as an alternative, which is
called “in-use calibration”. The stage flow resistance (pressure drop) measurement
could be used to determine the effective diameter of each stage, which is related to
stage cut-off diameter. However, more data about nozzle discharge coefficient linking
with pressure drop are needed to assess before this approach can be advocated
(Nichols et al., 2013). The purpose of calibration and verifying the actual performance
of the ACI is to validate the size cut-off of each stage in the impactor and to provide

the quality control for the impactor.

2.3 Theoretical and Numerical studies

Theoretical and numerical studies have been conducted to evaluate the
effects of the design and flow conditions on determination of the distributions and
deposition of aerosol size. Several studies have focused on improving and
characterizing the performance of impactors, as well as developing impactors for
specific applications (Andersen, 1966; Cohen and Montan, 1967; Lundgren, 1967).
As well as, the principles of impactor have been investigated using numerical studies
(Marple et al., 1974; Marple and Liu, 1974; Marple and Willeke, 1976b; Barnocky
and Davis, 1988). There was one study aimed to determine a numerical calibration of
the ACI as a single jet simulation (Gulak et al., 2009; Abouali et al., 2011). However,
it focused on the particle deposition at each stage in two-dimensions on a single jet
asymmetry (Figure 4) by solving the Navier-Stokes equation. It was shown to be in

good agreement with the available experimental data.
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Figure 4 A schematic representation of the single stage model (Gulak et al., 2009)

A number of open questions remain. In the airflow field, unknowns
include the degree of flow distribution among the jets of a single stage, the amount of
flow recirculation, and airflow characteristics responsible for wall losses. Size
changes of aerosols within the impactor due to hygroscopic growth or evaporation is

also known to influence impactor performance (Longest and Vinchurkar, 2007).

Reynolds number

The Reynolds number, which is a ratio between the inertial and
viscous forces, can be used to evaluate whether viscous or free flowing equations are
appropriate to the problem. It can be interpreted that when the inertial forces dominate
over the viscous forces (when the fluid is flowing faster and R is larger) then the flow
is turbulent. When the viscous forces are dominant (slow flow, low R.), they are
sufficient to keep all the fluid particles in line, then the flow is laminar. The ranges of

the Reynolds numbers based on the nozzle diameter are shown in equation 1.

__puD
Hg

Re Equation 1

Where u is the mean fluid velocity (SI unit: m/s); D is a characteristic linear
dimension, (hydraulic diameter); p is the dynamic viscosity of the fluid (Pa‘s or

N-s/m or kg/(m-s)); p is the density of the fluid (kg/m )
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Flow rate equation
Q = umr? Equation 2

where Q is a flow rate, u is the air velocity and 7 is the nozzle radius.

The ranges of Reynolds number used to characterize fluid flow regimes within similar
fluid are as follow.

1. Laminar flow: where Re <2000 there is a movement of flowing particles,
with no disruption between layers. At low velocity, there is no lateral mixing.

2. Transitional flow: 2000 < Re <4000 there is movement of flowing particles
that are characterized by being between laminar and turbulent flow, the flowing
particle has little disruption and does not cross over the flow line.

3. Turbulent flow: where Re > 4000, a common type of flow usually occurs at
'high' velocity of flow. The directions of flow are represented by average motion
because particles in the fluid are completely irregular. Therefore, the mathematical

analysis is very complex.

Based on these conditions, flow is assumed to be laminar or
transitional in the preseparator and fully laminar in the impactor stages. To simulate
conditions in the preseparator, the low Reynolds number (LRN) k—» model is chosen
based on its ability to accurately predict pressure drop, velocity profiles and shear

stress for transitional and turbulent flows (Ghalichi et al., 1998;Wilcox, 1998).

Particle deposition

During the flow of particles along the cascade impactor, the collection
plates at each stage will collect the loose particles free from inertia. There are three
main airborne particle deposition mechanisms (diffusion, inertial impaction and
sedimentation). Nonetheless, the particle sizing mechanism of the ACI is mainly
described by inertial impaction. In general, each size range of particles are collected
by the preseparator and the eight stages, depend on the velocity at the nozzle of each
stage and distance between the nozzles and collection plate that is known as the

“relaxation distance” to represent the impaction parameter.

Stokes number (Stk) is dimensionless parameter, which is defined by

the ratio of the stopping distance and jet diameter that are shown in equation 3. The
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stopping distance relates to particle properties (dimension, density and velocity) acted

on specific fluid condition as shown in equation 4.

stopping distance .
Stk number = — - - Equation 3
dimension of nozzle(diameter)

_ ppdpU
Stk = 9y D Equation 4
Where p, (kgm™) is particle density, d, is the particle diameter, U is the fluid velocity,

L 1s the gas viscosity and D is the nozzle’s diameter
2.4 Computing and Related equations

The flow in the preseparator and ACI was considered as a steady,
incompressible gas, and isothermal system under standard laboratory conditions. The

conversion equations used in this study are shown below.

Conservation of mass ‘;—f +V-(pu)=0 Equation 5

Conservation of 9 . - .
— (pil) + V- (pti)) = —Vp + V- () + pg + F  Equation 6
momentum ot

Where u is the velocity vector, p is the pressure and p is the fluid density, 7 is the

stress, tensor and pg and Fare the gravitational body force and external body force,
respectively.

The Three-Equation Eddy Viscosity Model was selected as a
transitional flow system using literature reviews, which gave the most stable and less
use of computational power. The Three-Equation Eddy Viscosity Model (k — k; —
w) for transitional flows was employed for all CFD calculations (Walters and Cokljat,

2008).

Dk d ar\ 0kr Equation 7
D_t:PkT+RBP+RNAT_wkT_DT+a_xj (T’+O__k)a_x]
Dk, d | dkg Equation 8
D_t:PkL—RBP—RNAT—DT+a_xj Ua_xj
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w
1kT

Cur ) Equation 9
Prp + (L ~ 1) . (Rpp + Ryar) — Copp

fw

vk 0 ar\ 0w
2NTT 7 T\~

t Cosfotr W+ 50 ("+aw)axj

k1 is turbulent kinetic energy

k; is laminar kinetic energy

w i1s the scale-determining variable

Py is production of turbulent kinetic energy by mean strain rate
Rpp is bypass transition production term

Ry a7 1s natural transition production term

Dy is anisotropic (near-wall) dissipation for k
X; 1s position vector

ay is turbulent effective diffusivity

oy 1s kinetic energy turbulence constant

71 1s kinematic viscosity

C,; 1s turbulent viscosity coefficient

fw is damping function

fo 18 kinematic damping function

Equation 10 describes particle travelling in the air stream.

Where,

dv - Equation 10
Do _ pu—uy) + PP q
dt Pp

Fp (u — up) is the drag force per unit particle mass
u is the mean air velocity
u, is the particle velocity

F, is an additional acceleration (force/unit particle mass) term

According to equation 10, drag force of particle depends on particle’s

diameter, density and fluid viscosity as equation 11. In addition, the Cunningham slip

correction factor is used to account for non-continuum effects when calculating the

drag on small particles.
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18u, Equation 11
dpzpp Ce

Fp =

Cc=1+ 2—’1 (1.257 + 0.4~ (114p/22)) Equation 12
b

RT Equation 13
A= ———
V2ndN,P
Where, Ug is the molecular viscosity of the fluid

d,, is the particle diameter

Pp 1s the particle density

C. is the Cunningham correction to Stokes' law

A is the molecular mean free path

R is the ideal gas constant (8.314 J K'! mol™)

T is the temperature (K)

N, is the Avogadro’s constant (6.023 x10?* mol™')

All information of ACI could be applied to fulfill the computational
simulation model. The full fluid dynamics in the ACI is still interested. The modified
operation condition should be studied to explore the effect of adding preseparator in
airflow pattern and velocity. The ACI calibration method for dry powder basis could
be studied by introducing monodisperse and polydisperse into ACI based on both
experimental and computational model. The calibrant preparation could be produced
the appropriate particle’s properties to use as a routine calibrant. The spray-dried
technique has been selected to use in calibrant preparation because it directly relates
to dry power inhaler preparation. Particle travelling path and PSD along ACI also
could be computed using CFD and confirmed by experimental data. The simulated
particle trapping result could be used to confirm calibration result that had obtained

by experimental data.
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CHAPTER 3
MATERIALS AND METHODS

3.1 Materials used in this study

Isopropyl alcohol, ethanol and methanol were obtained from RCI
Labscan co. Ltd, Thailand. Mannitol powder was purchased from Sigma-Aldrich, St.
Louis, USA. Three size of monodisperse silica microsphere were obtained from

Cospheric LLC, Santa Barbara, CA USA.
3.2 Equipments and Instruments

Spray dryer Buchi B-290; BUCHI Labortechnik AG, Flawil, Switzerland.

Nano Spray dryer Buchi B90; BUCHI Labortechnik AG, Flawil, Switzerland.
Mastersizer dry cell, Mastersizer 2000 coupled to a Scirocco 2000 dry dispersion unit;
Malvern Instruments, Worcestershire, UK

Mastersizer small cell, Mastersizer 2000; Malvern Instruments, Worcestershire, UK
Nano sizer, Zetasizer, NanoZS; Malvern, UK

Laser diffraction, Spraytec; Malvern Instruments Inc., Southborough, MA

Light Microscope; Olympus BH-2, Japan

Andersen cascade impactor (S0-S7,S-1-S6) +preseparator, ACI; Copley Scientific
Limited, Nottingham, UK

HPLC with RI detector, Model RID-10A; Shimadzu, Kyoto, Japan

3.3 General modeling of ACI and model construction

A simple digital model of the ACI was created using the ANSYS
FLUENT 13.0 (Figure 5). The geometric dimensions of ACI, number of nozzle,
nozzle length and diameter (specific for each stage) were taken from the manufacturer
(Graseby-Andersen, 1985) and measurements using a Vernier caliper (Table 1). Fluid
parts were measured as discrete volumes. All fluid parts were first fused together
from the preseparator to the filter stage of the fluid part. Reducing the multipart

geometric dimension to a simpler geometry minimized the complexity of the ACI
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model. The reducing complexity of the ACI was done by disregarding curvature
(Vinchurkar et al., 2009). There are 2 sets of computational geometry. First, 28.3
L/min set was composed of stage 0 to stage 7 and the second is 60 L/min set that
composed of stage -1 to stage 6. Both computational geometries of the ACI were

connected to the preseparator.

Initially, models were constructed stage by stage until the full cascade
impactor. As the complexity of the model was considered, the size of the model was
reduced to optimize the computational resource. Stage division was applied to
overcome that limitation. The 120° trisecting was the appropriate symmetry plane of

the ACI model (Flynn et al., 2015).

Figure 6 shows the example of 120° trisecting on the ACI’s stage 2.
The divisions were applied on collection plate base’s knobs, which has totally 3

position fitted with the divisions protocol.

~__» Filter Stage

Figure 5 Andersen cascade impactor’s fluid geometry of stage 0 to stage 7,

preseparator and filter stage



Table 1 Andersen cascade impactor’s specification on each stage: Number of nozzle, Nozzle’s diameter, Nozzle’s area, and calculated
nozzle’s velocity and Reynolds number of each nozzle (fluid flow) at specific condition (25 °C, 1.983x107 kg/(m-s) is the dynamic
viscosity of the air and 1.1839 kg/m? is the density of air).

28.3 L/min 60 L/min
Nozzle’s Total
No. of Nozzle’s Nozzle’s Nozzle’s
Stage Diameter Nozzle’s . .
nozzle area (m?) velocity Re velocity Re
(mm) area (m?)
(m/s) (m/s)

-1 96 4.5 1.59E-05 1.53E-03 0.65 175.96
0 96 2.55 5.11E-06  4.90E-04 0.96 146.46 2.04 310.52
1 400 1.88 2.78E-06  2.66E-04 1.77 198.66 3.75 421.19
2 400 0.914 6.56E-07  2.62E-04 1.80 98.07 3.81 207.92
3 400 0.711 3.97E-07 1.59E-04 297 126.07 6.30 267.28
4 400 0.533 2.23E-07  8.92E-05 5.28 168.17 11.20 356.55
5 400 0.345 9.35E-08  3.74E-05 12.61 259.81 26.74 550.84
6 400 0.254 5.07E-08  2.03E-05 23.27 352.89 49.34 748.18
7 201 0.254 5.07E-08 1.02E-05 46.31 702.28
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Figure 6 Division by 120° trisecting on stage (Example of stage 2)

3.4 Model meshing

ANSYS 13.0 meshing algorithm was used to develop two different

meshing techniques as shown in Table 2.

Table 2 Meshing detail for computational geometries using ANSYS 13.0

Subject Mesh A Mesh B
Meshing Algorithm hybrid unstructured Cartesian cut cell meshing
hexahedral mesh with

central axis of tetrahedral
elements

Purpose Preliminary meshing Final meshing

Mesh A was produced as a hybrid unstructured hexahedral mesh with
central axis of tetrahedral elements, and Mesh B was produced as structured
hexahedral mesh created by the Cartesian cut cell meshing algorithm. The meshing

details were described in the Table 2 and Figure 7.
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Mesh A Mesh B

Figure 7 Mesh configuration in model stage 2: Mesh A (Hybrid meshing) and Mesh

B (Cartesian cut cell meshing)

3.4.1 Hybrid meshing

The volumes were meshed individually by different element shape was
applied to appropriate geometry of the volume. Such Nozzles had been developed by
sweep meshing algorithm with hexahedral mesh. While the stage body connected to
other volume was meshed by multiple zone meshing algorithm of hybrid unstructured
hexahedral together with central axis of tetrahedral elements. The connected geometry
was meshed using Meshing 13.0 (Ansys Inc., USA) for the nozzle’s velocity
validation of 28.3 L/min. The hybrid unstructured hexahedral mesh with a central axis
of tetrahedral elements were meshed for the complex model in the ACI and

hexahedral mesh was used for the area near the nozzles.

3.4.2 Cartesian cut cell meshing

The fluid volumes of each stage (stage body, nozzles and collection
chamber) were reunited using Boolean operations to form a single body before cut
cell meshing had been done. The hard face sizing was applied to collection plate
regions. The cell size over the post nozzle area was reduced when compared with inlet
face’s size to give continuity for particle trajectories. There were configurations for

each stage meshing as shown in Table 3.
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Table 3. Meshing configuration for each part of computational model

Setting configurations Set to

S-1, S0, S1 S2, S3 S4, S5 Se, S7
Solver preference Fluent Fluent Fluent Fluent
Relevance 20 20 36 100
Relevance center Fine Fine Fine Fine
Smoothing High High High High
Cut cell feature 15.0° 15.0° 15.0° 20.0°
Capture
Nozzle face sizing Use program S2:0.080 S4:0.0761 0.0822
(mm) optimization S3:0.060 S5:0.0691
Collection plate sizing 0.300 0.232 0.232 0.232
(mm)
Inlet face sizing (mm) 0.4 1.0 0.8 1.0

3.5 Simulation conditions and Fluid flow parameters

examination

For the first simulation, flow rate of 28.3 L/min, the maximum
Reynolds number in the preseparator body was approximately to be 0.1057, and this
indicated that laminar flow and Cunningham slip correction were incorporated in the
simulation flow pattern in the cascade impactor (Dechraksa et al., 2014). To simulate
the airflow and characterize particle trapped, laminar and transitional flow had been

performed in the computational model.

To ensure that the flow pattern was correctly modelled, both an
examination of the iterative convergence and experimental data were used to validate
the computational model. First, the global mass and residual momentum was set as
being lower than three orders of magnitude of the convergence of the flow field

solution. Second, the predicted flow velocity at the nozzle of each stage was
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compared with the characteristics of the Mark II ACI based on the manufacturer's

data.

The characteristics of the wall shear stress at the collection plate were
obtained under 2 inlet conditions (traditional and add-on preseparator). The wall shear
stress can be explained by equation 14, where u is the dynamic viscosity, U is the
flow velocity parallel to the wall and Y is the distance to the wall.

Wall shear stress (7,,) ou Equation 14
w = H (@)yzo

To examine the fluid flow field in the full 3D preseparator, the velocity
streamline, contour and vector were set to determine the direction of the flow
characteristics in the interested model (preseparator and stage 0). Moreover, the
velocity of each nozzle was characterized by average volume velocity at the nozzle’s
volume. The probe was used at a random position for determining the inlet velocity

under the preseparator and ex-preseparator model.
3.6 Discrete phase model

3.6.1 Model description

The particle tracking employed discrete phase simulation of Fluent by
Lagrangian discrete phase model based on as a one-way coupling. The discrete phase
simulation was based on assumption that the discrete phase occupied a low volume

fraction (Vp << Vair) and high mass loading (mp > mair).

The initial particle condition and initial velocity were specified as a
constant and full turbulent profile, no slip condition were applied at the wall (Worth
Longest and Vinchurkar, 2007). The injected particle was entrained into the air
passing through each stage as shown in equation 7. The spherical particle model was
employed for the particle injection greater than 1 pm. The particles range from 0.1-0.9
um was fitted with Stokes-Cunningham model, which was taken into account the slip

correction factor.
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To mimic the real situation as particles were travelling in the air, the
stochastic tracking approach had been used to predict the turbulent dispersion of the

particle.

u, =u+u Equation 15
Where, u is the mean air velocity
u, is the particle velocity

1 is the turbulent velocity fluctuation

3.6.2 Impaction parameter

Inertial force should be higher than continuous phase viscosity. Eddy
interaction model (EIM) was used to describe the particle tracking into turbulent flow.
The single particle is interacted with specific lifetime of eddy, after time over the
particle completely crossed the interacted eddy. At that time, a new interaction

between the particle and new eddy started (Matida et al., 2004).

3.6.3 Particle deposition simulation

In this study, particle deposition efficiency of each stage was
calculated by number of particles that were trapped on the collection plate divided by
number of particle entering into each stage. It depended on number of cell on the inlet
surface of each model and the PSD from outlet of upper stage model were used for an

inlet of the next stage model calculation.

3.64 Particle kinetic energy
Kinetic energy had been employed in particle trapping on the
collection plate. Due to normal trap boundary condition, it expressed the under
estimation of collection plate cut-off diameter. Therefore, the User Defined Function
(UDF) had been developed by the following kinetic equations (equations 16-18).
Particle density for silica is 1.8 g/ml and for mannitol is 1.5 g/ml.
1

Ke = > My X u,” Equation 16

Mass = Volume X Density Equation 17
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4 :
Volume of sphere = §m‘3 Equation 18

Where, Ke is particle’s kinetic energy
my, is the mass of particle in kilogram

u,, 1s the particle’s velocity in meter per second

Deposition factor is the total deposition within the stage of interest can
be explained by Lagrangian model by the number of discrete particles that deposit on

the collection plate. The deposition efficiency (DE) was explained in equation 19.

_ number of particle depositing in the region Equation 19

number of particles entering the region

Table 4 Calculated kinetic energy introduced to collection plate as a boundary

condition
Stage Cuteoffin um Particle mass (kg) Ke(J)

Silica Mannitol Silica Mannitol
-1 9 6.87E-13 5.73E-13 1.47E-13  1.23E-13
0 5.8 1.84E-13 1.53E-13 3.83E-13  3.19E-13
1 4.7 9.79E-14 8.15E-14 6.89E-13  5.74E-13
2 33 3.39E-14 2.82E-14 2.46E-13  2.05E-13
3 2.1 8.73E-15 7.27E-15 1.73E-13  1.44E-13
4 1.1 1.25E-15 1.05E-15 7.87E-14  6.56E-14
5 0.7 3.23E-16 2.69E-16 1.16E-13  9.63E-14
6 0.4 6.03E-17 5.03E-17 7.34E-14  6.12E-14

3.6.5 Particle distribution model for group of particle tracking

PSD was expressed as Rosin-Rammler Diameter Distribution Method.
The Rosin-Rammler distribution function (Yq) is based on the assumption that an
exponential relationship existing between the droplet diameter (Bailey et al., 1983), d,

and the mass fraction of droplets with a diameter greater than d,

In this case, 2.071 was set for spread parameter, maximum diameter is

8.71 pm while minimum diameter is 0.21 pm and mean diameter of Rosin-Rammler
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function is 3.36 um with 28 particle size range. Trajectory sample histograms had
been used to describe the particle distributions on each collection plate and outlet of
each stage. Diameter of particle was set as a variable interest.
Y, = o~ (dp/ap)" Equation 20
Where, ch 1s the mean diameter
dy, is the particle diameter

n is the spread parameter
3.7 Calibrant preparation

Spray-dried mannitol particles were used as calibrant. Polydisperse
particles were obtained by spray drying the mannitol solution using mini spray dryer
with high-performance cyclone and Nanospray dryer under different conditions as

shown in Table 5.

The monodisperse silica microspheres (0.261, 0.690, and 1.18 um)
were first characterized by SEM technique and dispersed in methanol and HFA-134a

to make a pressurized suspension (100mg/ml).

Table 5 Preparation conditions for spray-dried mannitol

Conditions Atomization air Inlet Temp. % Mannitol Feed rate Aspirator

(I/h) (°C) (ml/min)  (m’/h)
A 742 100 10% 3 35
B 742 150 2% 3 35
C Vibrating cell 100 10% Level 1 8.4
D 357 130 10% 3 35

3.8 Particle characterization

3.8.1 Scanning electron microscopy (SEM)
Powder morphology (monodisperse microsphere silica and spray-dried
mannitol particle) was investigated using scanning electron microscopy (SEM-

Quanta, Quanta 400; FEI, Tokyo, Japan) at 10 keV. Samples were mounted on carbon
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double adhesive tapes and gold-coated (20 nm thickness) before imaging (Edwards
Sputter Coater, UK).

3.8.2 Particle size measurement by Master sizer dry cell

The laser diffraction using Mastersizer 2000 with dry powder feeder
(Scirocco 2000, Malvern, UK) was used for determination of particle size
distributions of the spray-dried mannitol powders. Approximately 4 mg of spray-dried
mannitol powder was dispersed in air using 4-bar pressure. A refractive index of
1.520 was used for spray-dried mannitol. Each sample was analyzed in triplicates.
The focal length of the lens was 63 mm with active beam length of 40 nm. The

particle size result was accepted when the obscuration was 10 %.

3.8.3 Particle size measurement by small cell Master sizer

The laser scattering using Master sizer S with small cell unit (Malvern,
UK) was used to determine particle size distributions after deposition on the impactor
stage. The saturated methanol with measured material was used to collect ten runs of
particles. Then all suspended particles were measured. Second, the collected mannitol
particles were gently removed from collection plate until about 20 mg mannitol

obtained.

3.84 Particle size measurement by Nano sizer

The monodisperse silica particles on the last three stages (S4-S6) were
rinsed with methanol and collected separately. Dynamic light scattering
measurements were performed at the scattering angle of 173° (backscattering
detection) using a Malvern Zetasizer Nano ZS. The trapped particles on stage 4 to
stage 6 were suspended in the methanol and diluted up to a concentration of 0.05g/1.
The particles were allowed to equilibrate at 25 °C into 4 side clear glass cuvette for 2
min. Three measurements were performed for a sample, each consists of 10 individual
runs. The viscosity and refractive index of dispersant were 0.5476 cP and 1.326,
respectively. For the silica particles, the refractive index and absorption were used to
calculate volume and number size distributions (1.458 and 0.001, respectively). Those

values were added to calculate the data. The PSD of different techniques were
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compared using cumulative mean (Z-average size), polydispersibility index (PDI) and

peak mean.

3.8.5 Particle size measurement by Spraytec®

The Malvern Spraytec® with inhalation cell had been used to define
PSD. The Spraytec® equipped with a USP throat that had been used in place of the
inhalation cell as shown in Figure 8. The equipment was connected directly to a
particle-collecting filter and vacuum pump. The flow rate was set to 60 L/min in the
measurement zone. The setting of 2 % obscuration was a trigger for all the

measurements.

3.8.6 Mannitol assay

For the mannitol assay, spray-dried mannitol was analyzed using high
performance liquid chromatography (HPLC) (Model LC-20; Shimadzu, Kyoto,
Japan). A resolve C-18 column, 5 pm, 150 mm x 3.9 mm (Waters, Milford, MA,
USA) was used as stationary phase with de-ionized water as mobile phase. Settings
were as follow: flow rate 1 mL/min; injection volume 100 mL; retention time of 4
min. A refractive index detector (Model RID-10A; Shimadzu, Kyoto, Japan) was
used. A calibration curve was constructed using standard solutions of mannitol from

10 to 400 pg/mL (r* = 1.000) (Adi et al., 2010).

Figure 8 Spraytec® unit with inhalation cell assembly used for PSD determination

(Malvern, 2007)
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CHAPTER 4
RESULTS AND DISCUSSION

4.1 Final geometries and Meshing of the ACI

The multi-stage nature of the ACI is a major puzzle, since it has
complex geometrical information. The nozzle’s dimension is 2000 fold less than
stage’s body (Gulak et al., 2009). Fluid parts were first discretised model’s volume
together from preseparator to filter stage of fluid part (Figure 5). The complexity of
the ACI model was minimized by reducing geometric dimension complex, growth
rate from cell to cell set as 1.2 together with a coarse meshing model. The
preseparator’s fluid part and the meshing of inlet model were obtained (Figure 9 and

Figure 10).

Figure 9 Geometry of preseparator: induction tube (A), middle plate (B), and

connection tube (C).
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Figure 10 Meshing of Preseparator (A) and traditional USP metal inlet (B)
4.2 Fluid phase flow simulation

4.2.1 Numerical validation

The airflow rate at 28.3 L/min was simulated for specific stages model
to compare with manufacturer’s data to examine experimental-simulation correlation.
Based on the results (Table 6), the numerically predicted average nozzle velocities

were comparable to the manufacturer’s data.

Table 6. Numerical predictions of average nozzle velocities in meter per second

compared with the manufacturer's data (28.3L/min) (Graseby-Andersen, 1985).

Stage No 0 1 2 3 4 5 6 7

Predicted nozzle
0.98 1.73 1.75 2.99 539 13.10 24.80 48.70
velocity

Manufacturers’ nozzle
) 0.95 1.75 1.80 294 5.25 1272 2294 4549
velocity

% Error for CFD vs.
3.56 1.59 2.78 1.73 2.74 2.98 8.10 7.05
Manufacturer
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As described, these average nozzle’s velocity values were based on the
summation velocities of each frame of the nozzle and divided by the number of
frames at each stage. According to the manufacturer’s data (Graseby-Andersen,
1985), numerical predictions were within approximately 3.56 % error for all stages
except stage 6 and 7. In these later stages, the errors were within 8.10 % of the
manufacturer's data. The increase in the % error of the predicted nozzle velocities at
Stage 6 and 7 might be explained by considering the expected numerical inaccuracies,
which for the other stages appear to be 3.56 % or less when compared to the
manufacturers’ data, and the significant increase in the solution complex associated
with the decrease of the size of the nozzles from 0.127 mm (Sethuraman and Hickey,
2001). However, it confirms that how accurate the airflow pattern in cascade impactor
by our boundary condition (Sethuraman and Hickey, 2001; Vinchurkar et al., 2009).
In addition, the Reynolds’s number of each stages were also comparable with these

given nozzles velocity.

Figure 11 Velocity profile of whole ACI simulation
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4.2.2 Velocity Profile

The velocity profile in Figure 11 presents the velocity (speed profile)
at each nozzle location of the eight stages. The velocity increased steadily from stage
0 to stage 7 and the difference in velocity between stage 0 and stage 7 was greater
than 70 %. The narrower space compressed the air traveling and resulting in the
higher velocity (Gulak et al., 2009). The increasing nozzle velocity was capable to
accelerate the particle velocity, and this shows good agreement with the acceleration
of velocity of the particles (Morsi and Alexander, 1972). The increased particle
velocity elevates the particle inertial force and promotes the impaction of the particles
on the collection plate. It means that the small particles are likely to deposit at the
lower stage because of the increasing air-particle acceleration produced by the
narrowing diameter of the nozzles. The deposition of aerosol particles can be

described by the equation 4.

4.2.3 Streamline field conditions of the preseparator

The three-dimensional streamlines (Figure 12) show that the velocity
started from the preseparator to the lower stages. In the preseparator, the flow
direction was observed to bend to the connection holes that passed the flow to stage 0.
As the airflow was drawn through the connection holes, the bending zone of the
airflow turns up to 360° where it started from the induction tube (A) straight to the
middle plate (B) then turned 90° against the B plate. Then a 90-degree turn was again
made when the flow hit the preseparator wall. At this point, the magnitude of the
velocity decreased with the distance from the induction tube and was close to zero at
the middle of the plate. This may increase the deposition on the preseparator wall of
the large aerosol particles. The particle size, which was larger than 10 um, lost their
inertial force and deposited on the preseparator plate and wall (Sethuraman and
Hickey 2001). Finally, the streamline was twisted sharply by about 180° because of
the drawing force of the connection tube (C). By this process, the impactor reduced
the particle load on stage 0 (and lower stages) and improved the particle-sizing
ability. In this 3D model, the airflow pattern in the preseparator showed some

disagreement from the 2D model where the streamline was drawn directly to the
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connection tube (C) because of the limitations of the geometrical model’s dimensions

(Sethuraman and Hickey, 2001).
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Figure 12 Velocity streamlines in Preseparator and Stage 0
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Figure 13 Velocity contour plot of preseparator (a) and traditional USP inlet (b)

From the contour plot in Figure 13, the air velocity was accelerated
near to the preseparator’s middle sheet (up to 3.71+£0.09 and 8.68+0.16 m/s at the 28.3
and 60 L/min flow rate, respectively). The streamline turned around the preseparator’s
orifice and drove continuously to the preseparator’s outlet. Therefore, the preseparator

inlet acted as a particle sizer in a similar way to what happens at the lower stage’s
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nozzle and where the B plate is the collection plate. The regions with more than a 90°
bend produced the recirculation zone. The velocity profiles in the vertical portion of
the ex-preseparator ACI seem to be less skewed than in the add-on preseparator ACI
model (Figure 12). The reduction in the velocity gradient was expected to cause an
increase in the turbulent viscosity associated with the downstream propagation to the
connection tube of the preseparator (Longest et al., 2008). It means that those air
recirculation zones were observed at the center of the preseparator, above the orifice,
and it was predominant after exiting the orifice. These regions have a low velocity.
The other 10-micron sized particles were trapped at stage 0. The streamline was
observed to strike the collection plate of the preceding stage (Stage 0), then flowed
through the 180° bend, and entered the connection section leading to the nozzle plate.
Moreover, the airflow was observed as the flow field was passing through the holes of
the collection plates before further transitioning to the filter stage. Recirculation zones
were observed in the air streamline on reaching stage 0. This flow pattern induced the
recirculation of the particles that was dependent on their diameter and disturbed the
separation process-taking place at the exit of the nozzle (Sethuraman and Hickey,

2001).

The velocity streamline of stage 0 shows different clustering patterns
of high velocity when compared with the velocity streamline in the traditional
induction port (Figurel4a, 14b), which exhibited higher airflow velocity than that in
the preseparator (Figure 14c, 14d) at both flow rates (28.3 and 60 L/min) conditions.
These phenomena might be explained by larger outlet cavity of the preseparator
compared by induction port. The airflow velocity distributions were 0.390+0.273 and
0.856+0.60 m/s (at 28.3 and 60 L/min) at stage 0. On the other hand, the traditional
induction port generated higher airflow velocity that caused the separation flow
stream at the corner of the cone. Then an annular region where a portion of the flow
recirculates was created, resulting in a pressure loss in this region (Donovan et al.,

2012).
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Figure 14 Velocity streamlines in Stage 0 under different inlet

According to Figure 15, the predicted numerical nozzle velocities were
compared at each frame. At stage 2 and 3, the nozzle velocities increased along the
frame (from peripheral to the centre of the collection plate). Therefore, the centre of
the collection plate trends to trap larger particles with a high population of the
particles. On the other hand, smaller particles (with in size of cut-off diameter on the
stage) were accelerated by the nozzles of peripheral frame to deposit on the periphery
of the collection plate. The smaller particles (not in the size range) were continuously

moved and were further accelerated to the next stage of the ACI (Bardin-Monnier et
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al., 2008). This assumption was supported by the particle acceleration in air

streamline (Stokes equation). Moreover, two-dimension simulation showed similar

recirculation streamline pattern at the outer wall of each stage.
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Figure 15 Computational predicted nozzle velocities on each frame of

each stage at 28.3 L/min

424 Wall shear stress

These two models (preseparator and ex-preseparator) overcame the
limitations of the previous model by exploring the effect of the flow from the
preseparator to the flow through the stages (Sethuraman and Hickey, 2001; Gulak et
al., 2009). According to Figure 16, the wall shear stress on the collection plate was
presented on both the preseparator and the ex-preseparator. The three airflow streams,
the air flow from the three connection tubes of the preseparator, reached stage 0 by
passing through the nozzle that caused a spreading pattern of the wall shear stress
grouping of “radius like” at the stage’s collection plate. The cone of the ex-
preseparator model that affected the spreading pattern by continuously spread from
the center of the collection plate. The increased velocity of air travels around the outer

edges of the collection plates affected a wall shear characteristic with a higher
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velocity nozzle area to cause a wider radius spread and a higher intensity of the wall
shear. The wall shear stress on the collection plate ranged from 0.08 to 0.34 Pa (at
28.3 L/min of flow rate) and 0.11 to 0.37 Pa (at 28.3 L/min of flow rate) under the
preseparator and the ex- preseparator produced air inlet, respectively. In addition, the
preseparator showed a reduction of wall shear stress intensity on the collection plate

inlet when compared to that of the ex-preseparator inlet (Figure 16).
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Figure 16 The distribution and intensities of wall shear stress on collection plate of

stage 0 under each inlet at 28.3 L/min.

The wall shear stress, which related to the drag intensity in the fluid
flow against the wall, represents the viscous energy loss within the flowing boundary

layer. In ideal of stationary wall, the isothermal pressure was reduced in a moving
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fluid within an increment of length due to fluid friction (Figure 17). By increasing the
Reynolds number, it was possible to locate a wider stagnation region where the fluid

flow velocity was proposed to be zero (it means that the flow direction was readily
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Figure 17 Schematic diagram of stagnation region and wall shear act

on flow direction

These wall shear stresses caused the “ring like” zone of high intensity
wall shear stress around the stagnation region under each nozzle. Moreover, the wall
shear stress also explained the detachment and re-entrainment of the particles by that
there was a critical value of the wall shear stress and the exposed time to react on

those particles (Detry et al., 2009; Detry, 2007).

Therefore, the preseparator could reduce the trapped particles to re-
entrain back into the stream flow. Then, the percentage wall loss of the impactor
might be decreased, due to the decreased air velocity and smooth on the wall shear
stress (Kamiya et al., 2009). It was found that particle removal depended on the shear
stress even when it was not a linear correlation, for which the particle removal

phenomena needs to have a critical wall shear stress (Young et al., 2013).



4.3 Calibrant characterizations and Particle size

distributions

b) Monodisperse silica microsphere size 0.690 um
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d) Spray-dried mannitol using mini spray dryer
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lum

e) Spray-dried mannitol using Nano spray dryer
Figure 18 Morphology and surface characteristic of monodisperse silica microsphere

and spray-dried mannitol under SEM

4.3.1 Particle morphology and surface characteristics

Figure 18 shows the morphology and surface of monodisperse silica
microsphere and spray-dried mannitol under SEM. All monodisperse silica
microsphere particles exhibited perfectly spherical shape and smooth on the surface
with a specific size as labeled (0.261 um, 0.690 um and 1.18 um). PSDs of silica
microsphere showed completely mono disperse in each size range. The spray-dried
mannitol using spray dryer and Nano spray dryer also presented perfectly spherical
shape with smooth surface. However, PSDs revealed that there were various particle
sizes in the spray-dried mannitol. All calibrant mannitol particles were successfully
produced by spray-dried techniques then powders were collected from collection
chamber of spray dryer and stored in a controlled temperature at 25 °C and 50 %

relative humidity storage until use.
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4.3.2 Spray-dried mannitol particle size

Particle size of calibrant particle was first characterized by Laser
diffraction technique via Spraytec® and Mastersizer. The PSD was introduced into
computer simulation and compared with particle distributions of each stage of ACI

results after introduction of calibrated particles into the ACI.

Table 7 Particle size of the spray-dried mannitol measured by Laser diffraction

technique (n=3)

Spraytec® 60 Ipm Dry powder cell
with metal throat Mastersizer
Mean (pm) SE Mean (pm) SE
DV(o,s) 3.53 0.05 2.45 0.03
Dvo.9 8.62 0.38 5.19 0.08
Dv.n 0.92 0.27 0.75 0.01
Span 2.18 0.01 1.81 0.01
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Figure 19 Particle size distribution of spray-dried mannitol

using Spraytec® and Mastersizer

Table 7 and Figure 19 present the PSD of the spray-dried mannitol
measurement by Spraytec® and Mastersizer. The trend of PSDs performed by 2
techniques appeared in a similar manner to each other. The curve shifting between

techniques showed the difference in the median size. According to Table 7, the spray-
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dried mannitol gave the PSD as polydisperse with median size at 3.53 and 2.45 pm
and span equal to 2.18 and 1.81, respectively. The Mastersizer gave a smaller median
size about 1 pm. The reason is that Mastersizer was operated using up to 4-bar of
pressure with vibrating sample cell while Spraytec® was operated with 60 L/min of
airflow passed through a dry powder device. It means that the de-agglomeration of
Mastersizer given to the dry powder was higher than Spraytec®. Therefore, the
agglomerated particle were broken in higher degree using Mastersizer (Ding and
Riediker, 2015; Miansari et al., 2015). These results exemplified that Mastersizer is
not suitable to be used in particle size measurement in comparison with the ACI
calibration. Because the airflow rate at 60 L/min is enough for ACI operation to

evaluate a normal dry powder inhaler.

4.4 Particle size distribution in ACI

a) Trapped particles on collection plate under 1st frame nozzle of stage 0

(40%).
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b) Agglomerated particles trapped on stage 0 ‘s collection plate (500x).
Figure 20 Spray-dried mannitol particles trapped on stage 0’s collection pate

under light microscope

44.1 Projected particle size

The agglomeration of original particles may be occurred during the
ACI measurement. Figure 20 shows the trapped particles on the adhesive disc under
light microscope. The agglomerated particles have been grouped to larger particle and
would be trapped on the early stages (Figure 20a). However, the real individual
particle hasn’t changed under the microscope (Figure 20b). According to the
microscopic cut-off, a gradient of particle size distribution decreased at lower stages,
where stage 6 had 0.78 um of particle geometric mean diameter, which might be the

microscopic limitations.

The geometric mean diameters provided by microscopic technique are
shown in the Table 8. A polydisperse spray-dried mannitol had distributed and
deposited on collection plate of the cascade impactor according to their aerodynamic
size. The geometric mean diameter (dg) of particle on stage 0 was close to the cut-off
size with manufacturer’s data. The other stages provided the deviated cut-off sizes

from the actual values. However, all geometric mean diameters have shown good



44

correlation with the manufacturer’s cut-off diameter. Table 8 also provides geometric
mean diameters based on weight basis (d'y). The d’; describes the PSD based on
weight fraction data. All d’; at stages gave larger than d; in mean diameters. Stage -1
to stage 3 exhibited well correlation with the manufacturer’s cut-off diameter. These
results justify the use of polydisperse aerosols to determine the stage’s cut-off

diameter of impactor.

Table 8 Geometric mean diameter on a weight basis using Hatch-Choate equation of

microscopic technique (um)

Stage dg O Log dip, d'y
S-1 7.79 0.84 0.90 8.53
SO 5.57 0.82 0.75 6.27
S1 3.96 0.89 0.60 4.12
S2 2.77 0.81 0.45 3.16
S3 1.89 0.83 0.28 2.10
S4 1.40 0.78 0.16 1.68
S5 1.06 0.78 0.04 1.28
S6 0.78 0.79 -0.10 0.92

dgis a geometric mean diameter
d4is a geometric standard deviation
dinis a length-number mean diameter

d'4is a geometric mean diameter on weight basis

4.4.2 PSD by Small cell laser diffraction

The particle distributions using single condition showed that there
were particle sizes on each stage close to the original particle size (after spray-dried).
It might be individual particles tend to be agglomerated by cohesive force that formed
a larger size and trapped on the upper stage, which has the larger cut-off size.
However, when the small cell laser diffraction had been operated the de-
agglomeration occurred during the measurement process, that deagglomeration and

particle breaking into single particles was measured resulting in not much different on
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particle size distribution between stages. The PSD using single condition was
characterized by the Mastersizer. The PSD of each stage exhibited no differences

among stages, starting from the stage 3 to the preseparator.

The results indicated that Dvo.5) showed no correlation with the result
from the laser diffraction to the ACI using polydisperse mannitol particles (single
condition). However, it has been shown that the particle size distribution of non-
sonicated samples presented almost larger in size than the sonicated samples as shown

in Table 9.

According to Table 9, the small cell laser diffraction was not
appropriate for measuring the PSD on ACI collection plate using spray-dried
mannitol. The breaking of dry particle should be considered. Moreover, the technique

required large amount of sample to signal the sensor.

Table 9 PSDs on each stage of single condition spray-dried mannitol measured by

small cell laser diffraction with/without sonication

Stages Dv(o.1 Dv(o.5 Dv(0.9 Span

SN nSN SN nSN SN nSN SN nSN
Dv 1.64 1.39 4.40 5.12 9.04 10.58 1.66 1.80
Mi 1.55 1.06 5.82 6.25 12.64 1297 191 1091
Pre 1.49 1.17 4.64 4.27 9.20 173.35 1.66 38.76
S-1 1.69 1.43 4.53 4.87 9.97 35778 1.78  6.89
SO 1.63 1.28 4.87 4.84 10.16 9.80 1.69 1.76
S1 1.84 1.63 5.13 5.71 10.02 1097 1.52 271
S2 1.78 1.82 4.02 6.36 8.49 1348 1.65 271
S3 1.80 1.76 7.08 7.53 74.53 22,18 7.49 271

*S4-S6 there is inadequate of %obscuration to measure the particle distribution by

this technique.

4.4.3 PSD of mixed spray-dried mannitol
Mixed spray-dried mannitol as calibrant were composed of 4

individual spray-dried mannitol in different conditions (A-D). Each condition has a
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specific PSD as evaluated by laser diffraction technique (Spraytec®). There were 3.02,
3.91, 7.02, and 9.59 um of mean median diameter. Therefore, each individual spray-
dried mannitol gave a specific PSD. From Stage -1 to Stage 3, four different spray-
dried mannitol conditions (A-D) were introduced to the ACI separately. Particle
depositions on each plate depended on the stage cut-off diameter and particle inertial

force, which related directly to their size.

The particles with enough inertial force were trapped on a collection
plate. The PSD on each stage was described in Table 10. The errors of calibration
were calculated as a relative accuracy (RAC). The % RAC were 90.36 to 106.03
when compared with the manufacturer’s data (A to S3= 133.81 %, B to S2= 104.36,
C to S0=106.03 % C to S1=100.48 %, D to S-1=90.36 %).

The result shows that using spray-dried mannitol as a calibrant have
been proved to be used for specific stage where the median size of spray-dried
mannitol was close to their manufacturer’s data. Nevertheless, lower stages, which
have very small cut-off size, were not possible to calibrate with the spray-dried

mannitol.

444 PSD of Monodisperse silica microsphere

Table 10(b) shows the mean Z-average and Peak 1 with standard error
(SE) in term of trapped PSD on the collection plate. The spherical shape silica particle
had been selected to be as calibrant for 3 lower stages (stage 4 to stage 6). Three-size
ranges of silica particle (0.261, 0.690 and 1.180 pm) were introduced into the ACI
(n=5). On stage 4, all silica microspheres exhibited Z-average close to the
manufacturer’s data with RAC of 71.41 % to 127.55 %, where PDI was in the
acceptable range. Silica microspheres of 0.261 um and 0.690 um gave a good
correlation on particle size collected on stage 5 with 94.40 % and 106.25 % of RAC,
respectively. However, there was less correlation for 1.180 um on stage 5. All silica
microspheres gave un-correlated between manufacturer’s cut-off diameters with PSD
on stage 6 based on Z-average particle diameters. As another point of view, Peak 1
represented the highest intensity of particle size population, which is a good
representative for a sample of unacceptable PDI. It shows a good correlation between

data calibrated by silica microspheres and manufacturer’s data as shown in Table 10.
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Especially, peak 1 on stage 6 gave excellent correlation with 106.90 % and 90.85 %
of RAC for 0.261 and 0.690 pum of silica microspheres, respectively.

In brief, the laser diffraction results showed good correlations between
the PSD on each collection plate to the cut-off diameter of each stage. Even the
definition of the cut-off diameter is the fraction of particle population that fifty
percent of the specific size particle could be passed through the stage and another
couldn’t (Nichols et al., 1998; Srichana et al., 1998; Garmise and Hickey, 2008). The
PSD on each stage gave exact particle that will be present on the collection of each

stage.

Table 10(a) PSD of spray-dried mannitol (A-D) and measured particle size on each
stage after introducing the formulations compared with the manufacturer’s data as %

relative accuracy (%RAC) and standard error (SE).

Spray-dried mannitol

A B C D

Median 3.02 391 7.02 9.59

STD 0.04 0.04 0.55 0.17

Stage

Ldeal #* Mean/SE  %RAC Mean %RAC Mean/SE  %RAC Mean/SE  %RAC
S-1 9  5.46/0.14 60.67 - 7.60/0.04 84.44 8.13/0.05 90.33
SO 5.8 4.80/0.01 82.76  4.79/0.09 82.59 6.15/0.14 106.03 6.81/0.10 117.41
S1 4.7 3.55/0.14 75.53  4.12/0.08 87.66 4.72/0.06 10043 5.31/0.03 112.98
S2 3.3 3.08/0.02 93.33 3.44/0.16 104.24 4.10/0.13 124.24 - -
S3 2.1 2.81/0.18 133.81 2.94/0.21 140.00 - - - -

*Bold number: Measured particle sizes close to cut-off diameter obtained by Manufacturer’s data

** Jdeal: Manufacturer’s data
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Table 10(b) PSD of monodisperse micro-sphere silica particle on stage 4 to stage 6
and the correlation of Z-average and Peak 1 compared with manufacturer’s data as %

relative accuracy (%RAC) and standard error (SE).

Micro-sphere Silica particle (um)

PSD on each stage (nm) 0.261 0.69 1.18
Mean/SE ~ %RAC  Mean/SE  %RAC  Mean/SE  %RAC
975.8 785.6 1403.1
Z-average 88.70 71.41 127.55
. 146.33 79.92 105.86
% PDI 037 0.15 0.62
2 1112.6 822 620.6
Peak 1 101.14 74.73 56.42
327.9 78.58 133.22
660.8 743.7 19793
Z-average 94.40 106.25 282.76
120.52 27.15 96.78
w
% PDI 0.25 0.37 0.89
Z 586.3 540.5 255.4
Peak 1 83.75 77.22 36.48
124.01 34.03 38.86
669.9 1233.9 23352
Z-average 167.47 308.48 583.80
139.8 194.4 323.56
\O
% PDI 037 0.66 0.89
Z 427.6 363.4 210
Peak 1 106.90 90.85 52.51
122.04 34.39 31.62

*Bold number: Measured particle sizes close to cut-off diameter obtained by Manufacturer’s data
4.5 Particle travelling and particle deposition simulation

To study the particle traveling in the ACI, monodisperse and
polydisperse particles were tracked along the model (60 L/min set). The most
important aersol parameter is aerodynamic diameter that can be presented by the
MMAD using specific cut-off diameter of the cascade impactor, where cut-off
diameter obtained from the % collection efficiency curve of each stage (Graseby-

Andersen, 1985).

The collection efficiency curves of computational simulation were
obtained by individual particle injection from 0.3 to 11 um of particle size. The 50 %

collection efficiency seems to fit with manufacturer’s data. The collection efficiency
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of each stage showed continuing cumulative from the particle size that smaller than a
specific cut-off diameter. Then the curves rapidly change at particle size, which is
close to the stage cut-off size. Finally, the accumulation rate reached plateau phase at
the particle size larger than the specific cut-off of each stage. Figure 21 exhibits
clearly separated collection efficiency curve. The curves independently exhibited the
50 % collection efficiency and gave the cut-off diameter as good as the

manufacturer’s data.
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Figure 21 Numerical collection efficiency on each collection plate

To compare PSD between laboratories with computational data and to
study the particle traveling in the ACI, the %mass distribution of the specific
distribution of polydisperse calibrant particle was analyzed with the ACI and installed
to CFD software as an initial PSD. The amounts of spray-dried mannitol on each
stage were analyzed with LC RI detector (ACI condition: 20 mg of mannitol was
placed into Plastic device, Run ACI 60 L/min for 10 sec) are shown in Figure 22,
where the amount of mannitol that deposited on the device, metal inlet and the
preseparator were neglected. The MMAD of the spray-dried mannitol was 4.08 pum
with GSD at 1.75 for 60 L/min.
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Figure 22 shows simulated PSD based on mass fraction of individual
outlet of each stage using mass fraction of spray-dried mannitol converted by Rosin-
Rammler’s parameters then injected into CFD model. The simulated mass fraction at
outlet of stage -1 exhibited the 50 % of particle size was around 4 pum. Then the mass
fractions at 50 % were decreasing in size along lowering stage due to reducing cut-off

size of each stage.
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Figure 22 Mass fractions on each size of particle at the outlet of individual stage

According to the particle distribution of the calibrant, which had
MMAD at 4.08 um (at 60 L/min of airflow), most population of particle size based on
mass was around 4.15 pm at outlet stage -1, which has cut-off diameter at 9 um. This
PSD characteristic had been carried on from inlet part till the stage 3 that has cut-off
diameter smaller than it’s MMAD. Then the mass fraction of particle size, which
further flows to the lower stage, shifted to be a smaller PSD to correlate with cut-off
diameter of further stage. For example, mass fraction was found close to 1.20 pm at

the outlet of stage 3 (cut-off diameter of stage 4 is 1.10 pum).

The simulation and Figure 23 explained how the mixed spray-dried
mannitol travelled in the ACI as the calibrant. Even if the calibrant particle was not

the perfect monodisperse particle, it was trapped on the specific collection plate.
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Therefore, it will lead to the idea of combination of all monodisperse particles as a
single calibrant for ACI calibration (Srichana et al., 1998). The idea using mixed

mono-/polydisperse as calibrant has described by Figure 23.
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Figure 23 Concept of mixed mono-/polydisperse calibrant

The individual monodisperse particle has been calibrated an impactor
for every single stage. The inconveniences of separating calibration are time
consuming and high labor cost. The mixed mono-/polydisperse calibrant could be
introduced into impactor at once to reduce the time of impactor cleaning and
operation. The particles will express their behavior according to their aerodynamic
size. So, the calibrant, which has PSD covered from 0.4 to 9 um, possibly contributes

to the good collection efficiency curves of each stage as shown in Figure 23.
4.6 Particle size distribution comparison

Figure 24 shows the cut-off size diameter of each stage among
different measuring techniques with error bar. There are comparable results where
some techniques produced high error. Microscopic technique exhibited slightly higher

error than the others. Giving an overestimate at lower stages might be as a result of
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the instrument limitation. For the upper stages (stage 3 to Stage-1), it had shown the

underestimation.

In addition, using the mixed spray-dried mannitol (4 conditions) and
silica microspheres gave comparable data via both laser diffraction and laser
scattering techniques, which measured the particle distribution in different media
(measuring particle in air (PIA) and Particle in Liquid (PIL), respectively). Even
though there is a limitation in measuring a submicron particle by the laser diffraction,
the laser scattering technique had been performed to overcome the limitation. Overall

of the calibration data gave similar trend with the manufacturer’s cut-off diameter

data.
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Figure 24 The comparison cut-off diameter of each stage using different techniques

at 60 L/min

This PSDs comparison explained the performance of PSD
determination technique when compared with manufacturer’s data. There are many
computational research works that compared stage cut-off diameter of impactor. The

simulated results gave good correlations with experimental data from stage 0 to stage
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7 using the flow rate at 28.3L/min (Flynn SJ et al., 2015; Gulak Y et al., 2009). For
this study, the simulations focused mainly on dry powder inhaler using 60L/min of
flow rate. Therefore, Stage -1 of ACI also was investigated with ACI set to determine
the cut-off diameter via computational simulation. The simulated cut-off diameter
provided close relation with manufacturer’s data for the small size range but become
more different at upper stage. The differences are possibly due to the limitation of the

model.
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CHAPTER 5§
CONCLUSION

In conclusion, the current investigation illustrates the utility of a CFD
model to describe the airflow characteristics of the aerosol testing equipment. Results
of this study can be used for the better understanding of the airflow principle in
traditional and equipped preseparator applications of the ACI. The preseparator’s
airflow indicated that airstreams travelled over the preseparator wall and ran down to
the next stage. Accelerating the air velocity of the preseparator inlet proposes to
persuade trapping of large particles on the preseparator’s plate. However, the
recirculation zone is possible to reduce wall-lose of dry powder formulations and only
the preseparator recirculation zone was shown clearly in this study, where other was
difficult to figure out. Moreover, wall shear stress was reduced in the preseparator
equipped model. Future applications of the developed ACI model include evaluating
the drug and particle size effect on deposition and quantifying the consequences of the
aerosol. The CFD approach illustrated in this study can be used to design and develop

the next generation aerosol assessment and characterization devices

The mono and polydisperse particles were analyzed and introduced to
the ACI successfully. The spray-dried mannitol and silica microsphere offered
suitable properties (smooth surface, perfect spherical shape and preferred PSD) to be
used as a calibrant. This study presented the particle travelling in the cascade
impactor with both experimental and computational results based on dry powder
particulate system. The small particles tend to agglomerate together to form a larger
particle size, which could be trapped on the beginning part of ACI. However, the most
of particles still expressed their behavior. The simulated data explained the PSD of
particle traveled along the ACI. The PSD was changed its mass fraction when the
particles reached the appropriate stage cut-off diameter. At this point, the particles,
which has larger diameter than stage’s cut-off diameter, were trapped on collection
plate. Then the changed PSD had been flown to further stage.

The calibration cut-off diameter was changed from the old definition

that every point of particle collection efficiencies was obtained by mass fraction of
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individual size on collection plate compared with the whole cascade impactor.
Therefore, this study carried the PSD on each stage to be a representative for the stage
cut-off diameter. The other particle sizing technique such as laser diffraction
technique or microscopic technique showed good correlations with the manufacturer’s
cut-off data using both mono and polydisperse dry powder system. In addition, the
particle breaking phenomenon and sample needed for instrument should be

considered during PSD analysis.

Using mixed mono-/polydisperse calibrant has been performed in this
research and produced the satisfied results. The PSDs comparison demonstrates the
feasibility of the calibrant. However, the microscopic data gave error at the end of
ACI according to microscopic limitation. The computational simulation exhibited
very good correlation with the manufacturer’s cut-off diameter. Moreover, the
simulation of particle traveling confirmed calibration results. The idea of using poly-
disperse dry powder introduced into the ACI has been confirmed, which can reduce

time and labour consuming process.
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/********************************************************************

kksk

UDF for specifying steady-state parabolic pressure profile boundary

profile for a turbine vane edit to inlet profile

sk ok s sk sfe ke s sk sk s sk s sk sk sk sk sk s ke sk sk sk sk sk sk sk sk sk sk s ke sk sk sk skosk sk sk sk sk sk sfeosie s sk sk sk sk sk s ke sk skosk sk sk sk koo skok

***/

#include "udf.h"
DEFINE PROFILE(turbulent inlet profile, t, 1)
{
real z, x, del, hx, hz, yyND ND], ufree, XMAX, XMIN, ZMAX, ZMIN,
DELOVRH, UMEAN, B;
face tf;
hx = XMAX - XMIN;
del = DELOVRH*hx;
hz = ZMAX - ZMIN;
del = DELOVRH*hz;
ufree = UMEAN*(B+1.);
begin f loop(f,t)
/* constants */
£=10.045;
/* variable declarations */

{
F_CENTROID(y,ft);

x =y[l];
if (x <=del)
F_PROFILE(ft,1) = ufree*pow(x/del,B);
else
F PROFILE(ft,1) = ufree*pow((hx-x)/del,B);
b

end f loop(f,t);
begin f loop(f,t)
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/* constants */
f=0.045;
/* variable declarations */
{
F _CENTROID(y,f,t);
z=y[2];
if (z <= del)
F_PROFILE(ft,1) = ufree*pow(z/del,B);
else
F PROFILE(ft,1) = ufree*pow((hz-z)/del,B);
}
end f loop(f,t);
¥

/********************************************************************

*xxx% UDF to apply the kinetic energy criterion for each collection plate in DPM
calibration.

NOTE: some portions of the code structure were appropriated from Example 1 of
Section 2.5.1.3 in the ANSYS 13.0 UDF Manual. (* reflect boundary condition for
inert particles *)

sk ok s sk sfe sk s sk sk s sk s sk sk sk sk sk s ke sk sk sk s sk sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk sk s s sk sk sk sk sk s ke sk skosk sk sk sk ko skok

*****/

#include "udf.h"
#include "math.h"
DEFINE DPM BC(bc collection_ke,p,t,f,f normal,dim)
{
real alpha; /* angle of particle path with face normal */
real vn=0.;
real nor _coeff=1.;
real tan_coeff = 0.3;
realke=10.;

real normal[3];



int 1, idim = dim;
real NV_VEC(x);

double kedesire;

#if RP_2D
/* dim is always 2 in 2D compilation. Need special treatment for 2d
axisymmetric and swirl flows */
if (rp_axi_swirl)
{
real R = sqrt(p->state.pos| 1 |*p->state.pos[1] +
p->state.pos[2]*p->state.pos[2]);
if (R > 1.e-20)
{
idim = 3;
normal[0] = f normal[0];
normal[1] = (f normal[1]*p->state.pos[1])/R;
normal[2] = (f normal[1]*p->state.pos[2])/R;
b
else
{
for (1=0; i<idim; i++)

normal[i] = f normal[i];

}

else

#endif
for (i=0; i<idim; i++)
normal[i] = f normal[i];
/* calculate the normal component, rescale its magnitude by
the coefficient of restitution and subtract the change */
alpha=M_PI/2. - acos(MAX(-1.,MIN(1.,NV_DOT(normal,p-

>state.V)/



MAX(NV_MAG(p->state.V),DPM_SMALL))));
if (NNULLP(t)) && (THREAD TYPE(t) == THREAD F WALL))
F_CENTROID(x.f,t);

/* Compute normal velocity. */
for(i=0; i<idim; i++)
vn += p->state.V[i]*normal[i];
/*calculate the kinetic energy*/
ke = 0.5*vn*vn*P_MASSO(p);
kedesire = 6.3119*pow(10,-14);
/*trap the particle®/
if(ke > kedesire) {return PATH_ABORT;}
else //reflect particle
{
alpha =M_PI/2. - acos(MAX(-1.,MIN(1.,NV_DOT(normal,p->state.V)/
MAX(NV_MAG(p->state.V),DPM_SMALL))));
if (NNULLP(t)) && (THREAD TYPE(t) == THREAD F WALL))
F _CENTROID(x,f,t);

/* calculate the normal component, rescale its magnitude by

the coefficient of restitution and subtract the change */

/* Compute normal velocity. */
for(i=0; 1<idim; i++)

vn += p->state.V[i]*normal[i];
/* Subtract off normal velocity. */
for(i=0; 1<idim; 1++)

p->state.V[i] -= vn*normal[i];

/* Apply tangential coefficient of restitution. */
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for(i=0; i<idim; i++)

p->state.V[i] *=tan_coeff;

/* Add reflected normal velocity. */
for(i=0; 1<idim; 1++)

p->state.V[i] -= nor_coeff*vn*normal[i];

/* Store new velocity in state0 of particle */
for(i=0; i<idim; i++)

p->state(.V[i] = p->state.V[i];

return PATH ACTIVE;

h
return PATH_ABORT;
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