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ABSTRACT

The bifurcations of the human upper respiratory tract are
regions in which enhanced local deposition of airborne particles occurs.
Existing mathematical models do not characterize these local ""hot spots'!,
which may be important in the development of certain respiratory
diseases, the setting of air quality standards according to particle size,
and the diagnosis and therapy of respiratory diseases by aerosols.

Idealized two-dimensional ("2-D'"') and three-dimensional ("'3-D'")
models of the first bifurcation of the human lung with parent and daughter
branches were used in theo,retical and experimental studies designed to
characterize local deposition patteins (Bell and Ffiedlander, 1973). Mono-
disperse latex aerosols, having diameters from 0. 08.8 to 7. 6um, were
passed through the experimental models at unsteady flow rates simulating
conditions of rest and moderate exercise in humans. Deposited particles
were counted by optical and electron microscopy, and the aerosol concen-
tration was measured either by gravimetry or by light scattering pho-
tometry. Deposition patterns of the ''3-D'' model data are depicted by
computer plotted maps having contours of constant transfer coefficients.
Steady potential flow around a wedge was employed to model local depo-
sition by impaction, sedimentation and interception. Steady and quasi-
steady laminar boundary layer flows along a wedge were used to model

deposition by convective diffusion.



vi

In both models data and theory from 0, 088 to 7. 6ur¥1 for transfer
coefficients were similar in trend to curves of depositién efficiency for
the entire human lung or the collection efficiency for fibrous filters.
Although similar average transfer coefficients are observed in the
diffusion and impaction sub-ranges, the deposition patterns are
strikingly different. Data <0.5ym agreed well with theories of convec-
tive diffusion and data >2_ym agreed fairly well with theories of impac-
tion, sedimentation and interception. The 0.5 -2, 0ym data fall between
the two theories on account of unsteady boundary layer effects not
included in the theories. Effects of secondary flows on particle deposi-
tion must be taken into account in estimating local nonuniformities and
"hot spots'', however, they can be neglected when calculati'ng the depo-
sition efficiency for each branch. '"3-D' model theories more accurately
approximate the experimental efficiencies than the models of either
Landahl or the ICRP Task Group on Lung Dynamics, and all ''3-D"
model theories and deposition patterns can be used to model deposition
in the tracheobronchial trees of humans and animals.

Measurements indicate that the 150, 000 epithelial cells
lining the lung wall near the carina receive 25.4 times more 5, 7um
particles than the average over the branch. The corresponding figure
falls to 3.8 as particle size is reduced to the diffusion range. The

relative intensity of "hot spots' calculated for cigarette smoke in the
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first three generations of the human lung roughly agreed‘with the
frequency that bronchial carcinomas originate in each of these gener-
ations. In addition to local deposition rateé, the relative rates of
dissolution of irritant aerosols are crucial for modeling acute dose-
response.

To assure a fairly uniform coating of therapeutic or diagnostic
aerosol over > 75% of the surface of human airways, unit density
particles with diameters <lym can be inhaled at any flow rate. For
maximum nonuniformity, least surface coverage, and maximum
collection at bifurcations, unit density particles with diameters =5yum
should be inhaled rapidly.

The 1.1ym deposition patterns and effiéiencies were significantly
different for unsteady and steady inhalations at the same time-averaged
flow rates, and similar conclusions should be valid for all respirable
particles. Therefore, steady flow can not be used in lung models to
accurately estimate deposition in the real lung.

Results from the diffusion subrange can be used to estimate
local transfer rates of pollutant gases in lung airways, gases and fat
molecules at bifurcations in blood vessels, and heat and ma.ss in other

flow systems.
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Chapter 1

INTRODUCTION

1.1 Goals of the Study

The bifurcations of the human upper respiratory tract are
regions in which enhanced local deposition of airborne particulates
occurs (Ermala and Holsti, 1955; Nadel et al., 1970). Chronic
bronchitis and 1ﬁng cancer are diseases of the upper respiratory
tract which may be associated with such deposition "hot spots''.
Auerbach et al, (1961) and Kotin and Falk (1959) have found histo-
1ogica1v evidence to justify this hypothesis. Cross sections excised
from the bifurcation regions of the lungs of humans dying with or
without lung cancer had a greater frequency of precancerous and
cancerous epithelial changes than sections excised from other regions
of the tracheobronchial tree. In recent work by Schlesinger and
Lippmann (1972) the experimentally measured mean deposition
efficiency and the distribution of sites of deposition for 1.7 to
12,2 ym particles (unit density) in silastic lung models were related
to published data for the frequency of occurrence of bronchial
carcinoma.

Mathematical models are available for estimating the

deposition rates as a function of particle size for the major regions



of the human respiratory system including the nasopharynx, tracheo-
bronchial tree and pulmonary regions (Findeisen, 1935; Landahi,
1950a,b, 1963; Beeckmans, 1965; Task Group on Lung Dynamics,
1966). However, existing models are not intended to characterize
the local nonuniformities which, as noted above, may be important
in the development of certain respiratory diseases, in the establish-
ment of air quality standards according to particle size, and in the
use of aerosols for diagnosis and therapy of respiratory diseases.

The goals of this study were:

1. to collect and analyze experimental data of local
patterns of deposition in idealized models of a single lung bifurcation;

2. to develop a theoretical model adequate to e€xplain the

measured deposition patterns at bifurcations in lung models.

1.2 Background to Lung Modeling

1.2.1 Initial Considerations

Three major factors which should be considered when mod-
eling the deposition of particles in the human lungs are the
morphology of the respiratory tract, ‘the physiology of respiration
and the dynamics of the particles. The morphology and physiology
interact to define the local air temperature, pressure and velocity

profiles. The particle dynamics determine whether they will follow



the air streamlines or deposit on the boundaries of the tract.

1.2.2 Structure and Behavior of the Conducting Airways

The conducting airways of the human lungs have a complex
anatomical structure and an equally complex dynamical behavior.
The irregular dichotomy pattern of branching (Weibel, 1963: 111-
114) and the irregular dimensions of the airways are shown in
Figure 1.1 by the sketch of the trachea and of the first four gener-
ations of the bronchi. The airway cross sections are seldom shaped
like circular cylinders. U or horseshoe-shaped sections of carti-
lage which partially encircle the walls of the trachea and the extra-
pulmonafy parts of the primary bronchi (Ham, 1968) cause the
inside wall of the trachea and primary bronchi to be macroscdpically
corrugated to a maximum depth of 10 to 15% of the airway radius
(Hayek, 1960: 60). Lower bronchi are completely encircled by
rings of cartilage, but the corrugation pattern is not evident.

Smooth muscle tissue joins the ends of the cartilage section on the
esophageal side qf the trachea and primary bronchi and causes a
flattening of the airway cross section,

Saddle-shaped cartilages are present at most bronchial
bifurcations to support the two bronchi at the site where they join

at an acute angle, Iwung tissue covers these saddle-shaped carti-
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Figure 1.1 Sketch of the Irregular Branching Pattern and ;
Dimensions of Part of the Tracheobronchial Tree of a Human Lung

Figure 1.2 Sketch of the Internal Geometry of a Bifurcation
Showing the Sharp Ridge at the Junction of the Two Daughter
Branches (Hayek, 1960:93)



lages and defines the surface of each junction. The tracheobronchial
carina is wedge-shaped in the axial section through the plane of the
bifurcation which bisects it. However, it gradually becomes rrllor‘e
rounded toward the dorsal and ventral walls of the trachea (Figure
1.2). Other bifurcations in the bronchial tree vary in shape from a
sharp ridge to well rounded saddles (Hayek, 1960: 67-68, 147-148).

Horsfield and Cumming (1967) measured the angles of
branching in casts of human lungs. The acute angle of branching of
a daughter tube from the axis of the parent tube varied between -2°
and 112° with a mean of 41°, The more peripheral airways had
greater branching angles. The distribution of méan branching angle
according to branch diameter was (1) 32° for diameters greater than
4 mm., (2) 30° for diameters of 3 to 4 mm., (3) 36° for 2 to 3 mm.,
(4) 43° for 1 to 2 mm., (5) 50° for less than 1 mm Thus the mean
angle of bifurcation of two branches in the real lung varies between
60° and 100°,

On a microscale the epithelial cells lining the inside walls
are covered with a smooth, thin, slow-moving film of mucus. The
mucous membranes of the bronchi are normally folded into longitu-
dinal ridges and channels by contraction of the smooth muscles
(Engel, 1962). During normal respiration the trachea distends

longitudinally, and the trachea and large bronchi vary in width by



about 5%. The diameters of the lower airways vary about 20%
during normal respiration (Hayek, 1960: 65; Marshall and Holden,
1963). The beating heart also causes periodic oscillations in the

wall of certain airways (West, 1961).

1.2.3 Airway Models

The details of the complex structure and the dynamical
behavior of the conducting airways are difficult to include in a mathe-
matical model of gas and particle transport; age, sex and state of
health produce wide vafiations in these details. Consequently, most
mathematical models for particle deposition have been based on
circular cylindrical, rigid models of the conducting airways with
dimensions representative of the normal adult.

Such airway models have been developed by Findeisen (1935),
Landahl (1950a), Davies (1961), Weibel and Gomez (1962), Weibel
(1963), and Horsfield and Cumming (1968). Figure 1.3 demon-
strates the regular dichotomous branching pattern of Weibel's Model
"A' (Weibel, 1963: 136-140) which is widely used in mathematical
deposition models. The complete model has 16 generations of con-
ducting airways in the tracheobronchial tree and seven partially or
completely alveolated generations in the respiratory zone. The

nufnber and diameter of the branches in the tracheobronchial tree



Figure 1.3 A Regular Dichotomy Pattern of Branching as
Weibel's Model "A"



are shown in Table 1.1. The dimensions are based on an average

adult lung with a volume of 4800 c.c. at 75% of maximal inflation.

1.2.4 Mechanisms of Particle Deposition

The three major mechanisms of particle deposition in the

human lung are sedimentation, inertial impaction and Brownian
diffusion.

Sedimentation and inertial impaction depend on an aero-
dynamic parameter called the relaxation time, T =ppdp2C/18u, the
ratio of the particle mass to the Stokes resistance coefficient
corrected for slip flow; it is also the time required for a particle to
decelerate in stagnant air to 36.8% of its initial velocity in the absence
of external forces. The terminal settling velocity of a particle in the
luflgs,' Vs = Tg, where g is the acceleration of gravity.

Inertial impaction occurs when a particle trajectory deviates
from the air streamlines and intersects the lung wall in regions such
as airway bifurcations. A characteristic length for determining the
efficiency of inertial impaction is the particle's ”s‘;opping distance''.

It is the distance that a decelerating particle will travel in a direc-
tion normal to a boundary before the particle's normal velocity drops to
zero (i.e., when a particle, being carried by a stream of air at a

velocity, U, reaches a bifurcation of angle ¢, it will travel a



maximum distance of hs =TUsing in a direction normal to the wall.)

Particle deposition by Brownian diffusion depends on the
Stokes-Einstein diffusion coefficient: D = kTC/3m.,Ldp where k is the
Boltzman constant, T the temperature, C the slip flow correction,
and the denominator equals the Stokes resistance coefficient for
spherical particles. Brownian diffusion deposition occurs for parti-
cles less than 0.5um in the alveoli by radial diffuéion and in the
conducting airways by convective diffusion.

Another mechanism of deposition, which has been neglected
in lung deposition models in the past, is interception. A particle
deposits by interception when it travels in a streamline which lies
within a distance equivalent to the particle's radius from the lung
wall. Interception is most significant for particles larger than 1ym

in regions where inertial impaction is predominant.

1.2.5 Review of Particle Deposition Models

Findeisen (1935) and Landahl (1950a, 1963) derived theoret-
ical and semi-empirical estimates for each mechanism of deposition
for steady flow through cylindrical fubes. Cases considered
included parabolic, plug and fully developed turbulent flows. Their
calculated results of the total deposition for a few particle sizes

were in fair agreement with experimental data.
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The Task Group on Lung Dynamics (1966) developed a general
rhodel for particle deposition and retention in the human respiratory
tract. Their particle deposition model employed the deposition
probability relations and the lung model of Findeisen; however, they
used the Gormley and Kennedy (1949) equation for diffusion during
the inspiratory and expiratory phases of flow, Figure 1.4 shows the
dependence of regional and total lung deposition on particle size as
predicted from the Task Group on Lung Dynamics model for a 1450

| c.c, tidal volume at 15 breaths per minute. The total deposi’;ion
curve has the characteristic shape of those of efficiency versus
particle size for aerosol filtration by fibrous filters (Thomas and
Yoder, 1956). The minimum efficiency is predicted for 0.5um
particles. Particles larger than 0.5um are removed by sedimen-
tation and inertial impaction, while particles smaller than 0. S5um
are removed by Brownian diffusion.

Particles larger than 10ym are predicted to be entirely
removed by inertial impaction and sedimentation in the nasal-
pharyngeal region. Sedimentation controls the deposition of 0.5 to
10ym diameter particle in the pulmonary region (réspiratory
bronchioles, alveolar ducts and alveoli). However, sedimentation
and inertial impaction cause deposition of these particles in the

tracheobronchial tree and nasal-pharyngeal region. The increase in
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deposition in the tracheobrohchial tree with decreasing particle size
below 0.1ym is caused by the increased probability of diffusion
deposition. This also explains the leveling and the decrease of
pulmonary deposition below 0. 1ym.

Beeckmans (1965) computerized and refined the models of
Landahl and included the effects of intrapulmonary gas mixing and
recycling of undeposited aerosol. His calculations for the total and
regional deposition of 0.05 to 6ym aerosols were not significantly
different from Landahl's predictions. These calculations also
agreed satisfactorily with the experimental data of Landahl,
Tracewell and Lassen (1951, 1952). V

Regional deposition has also been measured in vivo and
compared with the above models. Lippmann‘ and Albert (1969)
collected extensive experimental data for the deposition ofrradio—
actively tagged pa.rticies in the tracheobronchial tree of human
subjects. Their averaged experimental data agreed fairly well with
calculations based on Landahl's equation for inertial and sedimen-
tation deposition in Weibel's Model ""A'", Although the dependence
of the deposition efficiency data on particle size for all experimental
subjects agreed with the calculations, the magnitiude of deposition
varied widely from person to person. The varying airway dimensions

of the subjects compared to Weibel's Model were the major cause of
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this discrepancy.

In spite of their high degree of simplification, the deposition
models are useful for obtaining a rough estimate of the regional and
total deposition rates in normal human lungs. To improve the
estimate for any one person, the exact dimensions of their airways
must be employed in place of the idealized airway models. However,
none of the deposition models are designed to predict the local
nonuniformities of deposition within any geﬁeration.

Other mathematical deposition models have been developed
by either refining the deposition models discussed above or by
following a completely different approach. Gussman aﬁd Beeckmans
(1971) restructured Beeckmans' (1965) model to account for any
atmospheric composition and pressure. Mitchell (1971) modified the -
rigid wall model by varying the airway diameters ‘sinusoidally during
the respiration cycle to simulate the natural patterns of breathing.
His predictions of total lung deposition according to particle size
generally agree with the predictions of the rigid wall models.

Taking a different approach, Altshuler (1959) proposed a
continuous tubular filter bed model in place of the complicated
branching model. His model can predict the regional deposition to
any depth in the lungs by employing the same deposition equations

plus continuous, experimental measurements of the respiratory
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flow rafe and the inspired and exhaled aerosol concentrations.
From the principles of dimensional analysis, Friedlander
(1964) derived an expression for the efficiency of removal of sub-
micron particles by diffusion in the pulmonary region. Because
no special structural model of the lung is required, the model
is generally applicable for correlating and extrapolating experi-
mental data.
Employing the analogy between.heat :and mass transfer,
Yeh (1972) has suggested using several theoretical and empirical
expressions for laminar and turbulent heat transfer in the entrance
regions of straight and curved tubes to predict the diffusional depo-

sition of small particles in the conducting airways.

1.2.6 Experimental Particle Deposition Studies in Lung Models

A number of investigators have attempted to check the
accuracy of the deposition equations, suggested by Findeisen,
Landahl and Beeckmans, for predicting the deposition in each gener-
ation of the tracheobronchial tree. Schlesinger and Lippmann (1972)
studied the local deposition of radioactively tagged, monodisperse
particles of 1.7 -12.2ym (unit density) in hollow silastic casts of
the trachea through the segmental bronchi under steady flow condi-

tions. They compared their experimental data for the deposition
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per generation with theoretical values calculated from Landahl's
(1950a) expression for inertial impaction with airway dimensions
from Weibel's Model ""A', Theory and experimental deposition
percentages differed by 1. 8% to 92% with a mean difference of 39%.
Part of this difference was accounted for by dimensional differences
between each of the three casts and between the casts and Weibel's
Model, However,v for this range of particles, the force of gravity
cannot be neglected. Sedimentation should contribute to the deposi-
tion along an entire generation, and it should be the controlling
mechanism downstream from the carina.

For one particle size Séhle singer and Lippmann reported 3.5
times more total deposition in one cast than in another. This wide
variation of deposition in casts of nonsmokers indicates again the
inaccuracy in assuming an average airway model for theorefcical
predictions of deposition.

Martin and Jacobi (1972) measured the deposition of sub-
micron radioactive aerosols (0.2 - 0.4 m activity median diameter)
in each generation of a hollow plastic modei of the trachea through
the segmental bronchi. The airways had the dilﬁensions and
branching pattern of Weibel's Model "A'., For steady inspiratory
and expiratory flow (0.1 - 50 1ite‘rs/min. ), their data were in better

agreement with Landahl's (1963) equation for diffusion from a well
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mixed stream than with the Gormley and Kennedy (1949) relation for
diffusion from a stream in Poiseuille flow, However, with increasing
depth in the bronchial tree their data gradually approached the
Gormley and Kennedy relation; this prompted them to conclude that
turbulent diffusion played an important role in the trachea and

larger bronchi. Their data are inconsistent with this conclusion
because at high flow rates (8 - 50 liters/min. ) the deposition in any
one generation was generally in Better agreement with the Gormley
and Kennedy relation than the data at low flow rates (0.1 - 3 liters/

min. ).

1.3 Air Flow in Lung Models and the Real Lung

1.3.1 Flow Analysis in Weibel's Model ""A"

An idealized, air flow analysis of Weibel's Model "A'" is
shown in Table 1.1. Similar analyses have been made by Schreck
and Mockros (1970) and by Pedley et al, (1970), Each branch of
each generation is treated as a straight, smooth tube for calculating
the time-average velocity, the corresponding Reynolds number and
the entrance length. An analysis of the Reynolds numbers and the
entrance lengths for a quiet breathing rate of 15 cycles/min. and a
tidal volume of 450 c. c. suggests:

1. Plug flow in the trachea through the third generation,
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2. partially developed laminar flow in the fifth through
seventh generation, and

3. developed Poiseuille flow for an increasing fraction of
- each branch in the eighth through sixteenth generation.

However, during maximal inspiratory and expiratory effort
by a normal person, velocities and Reynolds numbers may be 22 to
45 times larger than during quiet breathing; this suggests the
presence of turbulent flow in the upper generations. Also, because
of variable compliance and resistance, the ventilation is not equally
distributed throughout the lung; consequently, branches of the same

generation may have different flow rates.

1.3.2 Skewed Profiles and Secondary Flows

The flow analysis in the previous section neglects the compli-
cated flow behavior initiated at the bifurcations and transferred to the
daughter branches. Schroter and Sudlow (1969) and Schreck and
Mockros (1970) measured the velocity profiles for steady flow in the
daughter branches of hollow airway models which were geometrically
similar to Weibel's Model. For Poiseuille or plug flow in the parent
tube, the flow is symmetrically split by the carina, and the higher
axial velocities are centered off the daughter tube axis along the

inside wall, The shear rates along the inside wall are about four
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times larger than along the outside wall, and the peak axial velocity
is twice the average bulk flow velocity. The flow is also skewed as
a result of the lateral convection or secondary flows generated at
the bifurcation (Figure 3.2).

Although secondary flows and the radial moleculé.r momentum
transport increase the uniformity of the flow distribution distally
along the branch, only the slower flow regions redistribute signifi-
cantly. Even though fhe flow profiles in the daughter branches
become more complicated when this asymmetric flow distribution
reaches a second bifurcation, they follow the same general trends
discussed above.

Sudlow and Shroter observed secondary flows, during inspira-
tion and expiration, at all flow rates (Re=50-4500) and regardless
of the shape of the entry profile, On inspiration a pair of symmetric
vortices occur in each daughter branch (Figure 3.2); they are strong
enough to complete one helical cycle within three branch diameters
downstream. On expiration a set of four vortices are generated in
the parent tube at the bifurcation.

These results suggest that simple parabolic flow is only
applicable in the conductive airways where Re<1.0. There the
fluid inertia is negligible and the convective fluid transport is equal

to or less than the molecular transport.
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1. 3. 3. Turbulence

A simplified flow analysis of Weibel's Model indicates
undeveloped flow with a flat profile in the traéhea for Re up to
approximately 2000(Schlichting, 1968: 433). However, this fails to
account for disturbances produced by the rough walls, the noncir-
cular cross section and the larynx.

In hollow casts of the trachea and the first bifurcation,
Dekker (1961) observed Recri‘c =1800 for steady inspiratory flow.
For casts containing a larynx with the glottis in a natural, open
position, ReCrit was 450 for steady inspiratory flow. West (1961)
observed turbulence in the trachea of lung casts during exhalation at
Re of 800, although his hollow casts did not include a larynx. As the
position of the vocal cords change in the real lung (Zamel et al.,
1970; Ham, 1968), the glottis of the larynx functions like a variable
orifice. Consequently, during inspiration a jet of turbulent air
enters the trachea at Re well below 2000. Because the trachea is not
perfectly vertical, the \jet of turbulent air is directed aéainst the
ventral wall of the trachea. Although the length of the trachea would v
be insufficient for the complete development of turbulent flow, the
additional turbulence created by the jet and the corrugated walls may
cause the intensity of turbulence to approach a fully developed state

by the end of the trachea for Re> 3000.
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A model for the decay of turbulénce (Owen, 1969) indicates
that turbulence will gradually decay in any branch in which Re <3000,
Assuming a peak of Re of 1865 in the trachea corresponding to 1.9
second, 450 c.c. inhalation, Owen's model predicts a 10% decay in the
‘trachea and in each of the first two orders of bronchi. Using
Batchelor's (1953) theory for the change in turbulent énergy occurring
at regions of rapid flow contraction, like the first three generations
of bifurcations in Weibel's Model "A", 15%, 16% and 10% decay
occur respectively in these fir\st three orderé of bifurcations. There-
fore, turbulence generated in the trachea at Re of 1865 will have
approximately 5’0% of its initial intensity when it enters the third
order of bronchi. At inspiratory flow rates with Re> 3000, decay
would be even slower,

These decay calculations neglect the possible effects of the
strong secondary flows generated at the bifurcation. The regions of
very high and very low shear rate caused by the secondary flows
could also be regions of high and low turbulent intensity and dissi-
pation. However, Pedley, Schroter and Sudlow (1971) argue that the
boundary layer remains laminar in the daughter tube for Re< 15000,
and they have experimental evidence to verify this assumption for the
parent tube Re up to IOQOO. Thus, the turbulent eddies are localized

in the core, and the arguments given above are sufficient for
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predicting their rate of decay.

1.3.4 Wall and Flow Oscillations

Another complication to the idealized flow behavior in the
lungs is the effect of the heart beat on the flow in the conducting
airways. West (1961) measured these flow oscillations in the
segmental bronchi of people with normal bronchial trees and found
that they were only detectable during pauses or breath holding periods
between inspiration and expiration. The peak oscillatory flow rates
observed were 0.5 liters/min. which is approximately 20% of the
peak flow rate in the segmental bronchi during quiet breathing.
These oscillations will improve the gas mixing in the airways and
the alveoli.

The minor variation in airway dimensions occurring with the
expansion and the contraction of the lungs during breathing can
generate radial velocities which would only be significant in compar-
ison to the axial velocities in the smallest airways.

Calculations also indicate that surface waves would probably
only be generated in the slowly moving, viscous mucous film in the
trachea and only at air velocities in the turbulent regime (Levich,
1962: 659).

Schroter and Sudlow (1969) have estimated that the macroscopic
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corrugations in the airways are below the critical protuberance

height at which laminar flow can be disturbed.

1.3.5 .The Range of Validity of the Quasi-Steady Flow Hypothesis

The mathematical deposition models reviewed above have
assumed, for ease of calculation,b that steady flow conditions
prevail in the lung models. However, in the real lung the inspir-
atory and expiratory flow is unsteady with the flow rate varying
approximately sinusoidally over time, and the breathing frequency
can vary from an average of eight breaths per minute for sedehtary
conditions to 50 breaths per minute during sustained work and
exercise,.

A more accurate flow simulation than steady flow is quasi-
steady flow. This means that the pulsatile flow in the‘lungs can be
simulated by a continhuous sequence of steady flow profiles. However,
different and sometimes conflicting criteria for quasi-steady flow in
the airways have been suggested by various writers.

Wormersley (1955) analytically determined that quasi-steady
flow can be assumed in oscillating, established, parabolic pipe
flow only when the dimensionless frequency parameter,

(Freq =R(w/v)%:), is less than 1. 0. Table 1.2 lists values of this

parameter for 12, 15 and 30 breathing cycles per minute in Weibel's
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_ R(‘”/\))%
Gen | Radius | 12 BPM'| 15BPM| 16.7BPM | 30 BPM
*0 0.950 2.61 2.92 3.08 4,14
1 0.610 1.68 1.88 1.98 2.66
2 0.415 1.14 1.28 1.348 1.80
3 0.280 0.77 0. 861 0.91 1.22°
4 0.225 0.62 0.692 0.733 0.979
5 0.175 0.4815 0.538 0.57 0.763
6 0. 140 0.386 0.431 0.50 0.61
7 0.115 0.316 0.354 0.374 0.501
8 0.093 0.256 0.286 0. 302 0.404
9 0.077 0.212 0.237 0.250 0.335
10 0.065 0.179 0.200 0.21 0.282
11 0.0545| 0.15 0.168 0.177 0.237
12 0.0475| 0.13 0. 146 0.154 0.206
13 0.0410{ 0.113 0.126 0.133 0.1785
14 | o0.0370| o0.102 0.114 0.120 0.161
15 0.0330| 0.0907 0.102 0.107 0.1435
16 0.0300| 0.0825 0.092 0.0974 0.131
% trachea
T12 BPM = 2.5 sec. inhalation, £ = .2/sec.
15 BPM = 2.0 sec. inhalation, f = .25/sec.
16.7 BPM = 1.8 sec. inhalation, f = ,278/sec.
30 BPM = 1.0 sec. inhalation, f = ,5/sec.

Table 1.2 Variation of the Dimensionless Frequency Parameter,
R/%v, for Various Breathing Rates in the Upper

Respiratory Tract. R =
W = 2nf, £ = breathing rate, sec. %, v =
1. 66x10"! cm.? /sec. at 98. 6°F,

viscosity of air =

generations radius, cm.,

kinematic
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Model "A''., The results indicate that the quasi-steady flow assump-
tion is only valid in airways distal to the fourth generation for 12 and
15 breaths/min. and distal to the sixth generation for 30 breaths/min.
Schroter and Sudlow (1969) interpreted the frequency
parameter as indicating the relative magnitude of the oscillatory
disturbances created in the boundary layer to the magnitude of the
boundary layer for steady'ﬂow. To account fof the effect of flow

oscillations in regions of partially developed flow; they redefined

o=

the parameter as Freq”=§(w/v)?, where § represents the boundary
layer thickness. In this case quasi-steady flow can be assumed for
Freq;<< 1.0 and does not hold for Freq”> 1.0, In the regions where
Freq was greater than 1.0, Freq‘is less than 1.0, béca’use the
Boundary layers are very thin.

Instead of employing the frequency parameter, Jaffrin and
Hennessey (1972) evaluated the magnitude of the inertial forces
acting on the flow. After calculating the time-averaged ratio of the
time-dependent fluid acceleration to the convective acceleration at
the bifurcating end of the trachea during inspiration, they concluded
that, provided the flow rates are larger than 500 c.c./sec., the quasi-
steady hypothesis is justified at the first bifurcation for breathing

frequencies below 15 breaths/min. At smaller flow rates, the value

of the convective acceleration is decreased because the boundary
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layer is more fully developed. Since the concept of the developing
boundary layer does not apply during expiration when the four
secondary flow vortices are generated at the end of the trachea,
their analysis is restricted to inspiratory flow.

In conclusion, the quasi-steady flow approximation is
probably valid throughout the lung during time-averaged inspirations
at quiet breathing frequencies, provided the time-averaged flow
rate is larger than 500 c.c. /sec. in the trachea. Therefore, experi-
mental velocity profiles and pressure drop measurements obtained
during steady flow conditions are applicable for predicting the
behavior in the real lung during quiet breathing. As indicated in
Chapter 5, Section 5.2.4, the same conclusions cannot be generally

applied to experimental particle deposition measurements.

1.3.6 Time to Reach the Steady Boundary Layer Thickness

As a model for the flow along the ca‘rina, consider a flat
plaite, initially at rest, which is impulsively set into motion. Under
these conditions Stuart (1963) argues that the criterion,
Ut/x=t">2.65, can be employed to estimate the time needed for
steady boundary layer flow to develop at a distance, x, along the
plate. For a 450 c.c. inhalation over 1.6 seco;1ds, the time-averaged

velocity in the trachea is 100 cm. /sec., which is set equal to U.
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Using t“=3.0 and x=1.0 cm., t equals 0.03 seconds. Therefore,
a time-averaged, steady boundary layer thickness is valid for 98%
of the inspiration time at x=1.0 cm. and 95% of the inspiration

time at x=2.54 cm,
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Chapter 2

THEORETICAIL ANALYSIS OF PARTICLE DEPOSITION IN THE

TWO-DIMENSIONAL MODEL OF A LUNG BIFURCATION

2.1 Selection of the Airway Model and Flow Regimes

A rigid, two-dimensional (''2-D'') model of a lung bifurcation
with its associated parent and daughter branches was chosen for the
initial analysis. As shown in Figure 2.1, the model is an axiai
section through the plane of a lung bifurcation having the dimensions
of the trachea and primary bronchi in Weibel's Model "A''. By
adjusting the bifurcation angle and the length to diameter ratio of the
branches, the model can be made geométrically similar to any
branching section in the tracheobronchial tree. Analytical expressions
for the local velocity profiles can be derived more éasily for this
model than for three-dimensional models. However, the coinplex
secondary flows, which may have significant effects on deposition in
the real geometry, are neglected in this initial analysis.

The sharp 90° wedge was selected to approximate the inter-
bronchial angle for ease of analysis of the aerodynamics and to
simplify the construction of an experimental model. In the real lung
the first bifurcation is actually asymmetric with the right bronchus

deviating less from the axis of the trachea than the left bronchus.
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The lumen of the right bronchus is also approximately 3 m.m.
larger than the left, and the axis of each bronchi is slightly curved
over its length. During respiration the carina and the bronchial
wall to a distance of 1 cm. downstream are rigid; however, the
bronchial wall beyond this region varies slightly in its degree of
curvature (Hayek, 1960: 66-69). Although the tracheal bifurcation
angle is fixed for each person, it can vary between 45° and 100° for
different people (Alavi, et al., 1970; Hayek, 1960:65). The reported
mean interbronchial angle for the entire lung is 75° (Horsfield and
Cumming , 1967). The real trachea makes a smooth transition with
the outside wall of the primary bonchi, while the model has sharp
135° angles.

Most of the particle deposition near the bifurcations occurs
during inspiratory flow at the carina and downstream along the walls
of the daughter branches. The basic flow model with which exper-
imental results have been compared in this paper is the steady, two-
dimensional potential flow over a wedge with a laminar boundary
layer. Steady potential flow approximates the undeveloped flow in
the core of the parent branch, and classical boundary layer theory
approximates the flow profiles along the daughter branches of bifur-
cations in the upper-respiratory tract during normal breathing

conditions.
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2.2 Air Flow Analysis

2.2.1 Potential Flow Solution

The initial objectiv‘e was to obtain a potential flow solution
for the entire '"2-D'" model. Milne-Thomson (1968: 289-292) gives
a solution procedure for the general problem of a canal with a side
branch. Because the "2-D' model is symmetric, the streamlines
can be derived for either the top or bottom half of the model--the
dividing line is the stagnation streamline. Following Milne-
Thomson's general procedure, a solution was derived for the complex
potential, W, in a symmetric ""2-D" model with bifurcation angle of
20:

w=—?1og[§—/§ﬁ£]. | 2.1)

The complete derivation and a description of the variables is given
in Section 1 of Appendix A.

The fluid velocity components (uf, vf), corresponding to the
position co-ordinate (x,y), are defined in terms of the implicif

variable C:

u, - iv, = Uexp (-ia) ¢/, @2.2)

The position coordinates (x,y) in the top half of the 90° model are

also determined in terms of :
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1/2 1/4 1/4
. _/2h . ¢ —-/2C
x tiy = exp (117/4){1/2 log [ :]}
m 1/2 1/4.-
¢ +/2¢
.1/4
h C ~-h/h
2 . 2 -1r_1/4
_—;exp(lw/ll){log m +2 tan {:Q hZ/h]}, (2.3)

Because Equation 2.3 cannot be analytically inverted, the
components of the potential velocity cannot be explicitly evaluated in
terms of coordinates (x,y). The velocity components for any coordi-
nate position (x,y) can be numerically evaluated by trial and error
on a computer from Equations 2.2 and 2.3. However, such a
procedure would be too inefficient and inaccurate for use in calcu-

lating particle trajectories in the lung model.

2.2.2 Approximate Solution for Potential Flow Around the Model

k_Wedge

Particles 20 ym in diameter are approximately the largest
capable of penetra’ting the nasal and pharyngeal regions. The
stopping distance for 20 ym particles of unit density, traveling at
100 cm. /sec., is 0.087 cm. Hence, particles which deposit along
the wedge of the bifurcation during inhalation are carried in the
parent branch by the flow near the stagnation streamline. Smaller
particles must travel on streamlines passing even closer to the

wedge to deposit by inertial impaction and sedimentation. Therefore,
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an analytical expression for the streamlines passing near to the
carina should be adequate for modeling the deposition.

An approximate solution for the complex potential function
for flow along a sharp wedge of angle 2¢ in a bifurcating channel is

-A m+l
m+erxp(—mﬂ)z +iUh, (2.4)

W =

where m=¢q/(m-o). Equation 2.4 was obtained by expanding the
complex potential function (Equation 2.1) in an infinite series about
the carina, and then neglecting the second- and higher-order terms of
C. The expénsion is only valid for the region in which \Q \ <1 or <d,
whichever is smaller. The complete derivation of Equation 2.4 and

a discussion of its region of applicability is given in Section 2 of
Appendix A,

The negative of thebfirst term on the right of Equation 2.4 is
the classical result for inviscid flow about sharp wedges (Milne-
Thomson, 1968: 155). The negative sign and the extra term occur
because the boundary condition, ) = Uh, was chosen for the wedge
surface in the model rather than y =0.

The derivation of Equation 2.4 was necessary to determine

the constant, A, for the unique geometry of a bifurcating channel:

h, m/a -m

L T




34

The stream function and the velocity components for any
bifurcating channel are given below with the origin of the polar

coordinate system taken at the carina and § =g along the stagnation

streamline:
A (m+1) .
;b—-—-—m+1Ur sin[my-(m+1)8]+Uh, 2.
ug = AUrmcos m(r-8), (2.
and Ve = AUrm sinm(r-6) . 2.

For the '"2-D" model with the 90° wedge (Figure 2.1), m=1/3

-1/3

and A=0,82 cm., . AU represents the fluid velocity in the channel

at a distance of one centimeter from the carina. Xquation 2.7 also

t

indicates that the velocity component, uf, decreases toward the

carina and increases along the wedge for all m. \f’ in Equation 2. 8
continually increases over this same region for m>0.

Figure 2.2 is a computer plot of the streamlines given by
Equation 2.6 for the top half of the '"'2-D' model. The free stream
velocity, U, equals 100 cm. /sec. which corresponds to the time-
average flow for a 2 second, 600 €. c. inhalation through the bifur-
cation model. On the stagnation streamline or negative x-axis,

P =95 cm, 2/sec. , while =93, 91, ..... 75 cm. 2/sec. are the

values of the stream functions on the successive streamlines above

the negative x-axis.
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The infinite series expansion, from which Equations 2.4
through 2.8 were derived, is only valid for r< 0.7 cm. in the 90°
model. Using Equation 2.6, the stream function on the outside wall
of the daughter branch, evaluated at r=1.3 cm., 8= 3n/4, is
19.4 cm. 2/sec. A general solution for the entire channel would
give i) =0 on the outside wall. Thus the approximate solution under-
estimates the total flow through the channel by 20%--probably
because it does not account for the infinite velocities around the
sharp 135° angle on the outside wall. Therefore, the general
solution would most likely give the same streamline spacing and
local fluid velocities in the narrow region along the wedge from
~ which particle deposition occurs.: Even in the worst case, a 20%
underestimate of the local‘fluid velocities would only underestimate

the local deposition rate by roughly 20%.

2.2.3 Steady Laminar Boundary Layer Flow

Under normal breathing conditions the boundary layers along
the daughter branches of the bifurcation regiops should be laminar.
The boundary layer set up along the wedge of the bifurcation model
was of primary interest for studying the local particle deposition by
inertial impaction and convective diffusion.

Laminar boundary layers along wedges are discussed by
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Schlichting (1968: 150-151). The velocity components in the

)

boundary layer ( ) correspond to the coordinates (x

Y10 Vrl 1’71

respectively parallel and perpendiculai' to the wedge with the origin
at the carina. Uy and Ve Were evaluated for the 90° wedge from the
classical Falkner and Skan (1931) solution but in terms of the

similarity variable, m, defined by Schlichting.

For the 90° wedge, where m=1/3, n is defined as

_ .~ [2AT _-1/3
'r]—y1 _31/ Xy . (2.9)

A is the constant given by Equation 2.5. U is the velocity of the free
stream potential flow in the parent branch and v is the kinematic
viscosity. The velocity components are as follows:

u, AUXI/?’[O, 987 — 0.2496n° +0. 004087° . .. .. J

v = :\/(Q‘—;-E)X‘ZB I:o. 04167°> —0.00136m° +..... ] (2.10)

The thickness of the boundary layer along a wedge, when Ugy

is 99% of the velocity of the potential flow along the wedge, is deter-

mined from the following:

\ ' <1—m
Q(xl)={ﬂ a }’\/(51271)'55 *1 i > (2.11a)

For the specific case of the 90° wedge:
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_ 3,38~ L 173
5(x1) = 3,38 AU X1 (2.11b)

The displacement thickness, as defined by Schlichting (1968:
28), is evaluated for the 90° wedge with vy = A(xl) from Equation 2.11b

as the upper limit of integration:

1/2
5,%, = 6(x )-0. 49A(2AU> 5° (x,)

-1/3 -5/2
2AU 2ATU~ -5/3 6
+0.0832A( =5 >x1 (x ) - 0. oooss( x0T 6
(2.12)
When evaluated at any X5 5 (x )=1/3 6(x ).
2.3 Theories of Deposition by Inertial Impaction, Sedimentation,

and Interception

2.3.1 General Equation of Particle Motion

The general equation for the nonuniform rectilinear motion of
a rigid sphere moving at low Reynolds numbers through a fluid is

(Fuchs, 1964: 70-76):

du
4/311r p E_ brur (uf—u)

du
f du
pPeat +2/3mr pP < T at

+ 6rzpf1rpgu 4 [ d_iﬁ—_—, ]dt

+4/317r

3
+4/3 - .
ﬂrpg(pp Pg)
(2.13)
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Equation 2.13 is derived by first solving the Navier-Stokes equations
with the inertial terms neglected. Using this solution, the drag force
on the ﬁarticle is then calculated by integrating the local pressure and
viscous forces over the surface of the sphere (Landau and Lifshitz,
1959; Basset, 1888).

The term on the left-hand side of Equation 2.13 is the resul-
tant force acting on the particle. The first term on the right has the
form of the Stokes frictional drag. The second is due to the pressure
gradient in the air surrounding the particle, caused by the acceler-
ation or deceleration of the air. It can also beA interpreted as the
force the particle would experience if it were completely entrained

(u.=u) in the accelerating or decelerating air. The third term is the

f
force required to accelerate the apparent mass of the particle
relative to the air. The fourth term, ''the Basset term'', accounts
for the increased instantaneous flow resistance associated with the
deviétion of the air flow pattern from steady state. The fifth term
is the force on the particle caused by the acceleration of gravity.
For particles traveling in air in the real lung or the model,
the second, third and fourth terms are negligible, because pg << pp
and the magnitude of the instantaneous and relative accelerations and

deceleraticns of the particles and fluid are small. '"The Basset term’’,

which has been analyzed and evaluated by Basset (1888) and Fuchs
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(1964: 72-74), is only significant for pgz pp or when a strong external
force accelerates the particle at a high rate. Neglecting these terms

and including the slip flow correction, Equation 2.13 becomes

du _
at WYY

AL (2.14)
where T and VS are respectively the particle's relaxation time and

terminal settling velocity discussed in Section 1.2.4.

The Cunningham slip correction (Davies, 1945) is given by

c=1 +—>—\-[1.257+0.4exp(—1.10r /A)], 2.15)
rp P

where ) is the mean free path of the gas. It must be used for particles
less than 10um in diameter in the lung.

Particle motion in the real lung and the model is actually
curvilinear rather than rectilinear. Since the resistance of the fluid
for a curved trajectory is assumed to follow the form of the Stokes
drag, the vector form of Equation 2. 14 describes the curvilinear
motion. The component of the particle motion along any axis obeys
Equation 2. 14 because the motions resolved along different axes
are ipdependent of one another (Fuchs, 1964: 107).

Equation 2. 14 is valid for Rep< 0.1, where Rep =2rp]?1 = Gf |/v.
The maximum value of Rep determined during the trajectory calcu-

lations (Section 2.3.6) of a 10ym particle in 100 cm. /sec. potential
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flow in the "'2-D" model, neglecting gravity, was 0, 0445, For a

5. 7um particle depositing by simultaneous inertial impactioq and
sedimentation in 200 cm. /sec. potential flow on a 70° wedge, the
maximum Rep =0. 0595, Therefore, Equation 2. 14 is probably an
adequate approximation for particles in the respirable range (<10um)
at the flow conditions assumed in the model.

Equation 2. 14 is not valid for particles within five diameters
of the wedge wall; however, the increased resistance can generally
be neglected because the rapidly moving particles spend little time
close to the wall before contacting it by sedimentation or inertial
impaction, Particle-particle interaction phenomena, like hindered
- settling, can also be neglected because the concentration of inhaled
aerosols > 0.5um in diameter is normally to small,

The following assumptions concern the natﬁrve of interactions
between particles and the model boundaries:

1. All collisions are effective with no rebound,

2. there is no particle re-entrainment caused by air shear,

3. a particle deposits when it arrives at a distance of one
radius from the model wall.

The assumptions hold well for the real lung whose walls are moist
and almost completely covered by sticky mucus; however, care

must be taken to maintain them in experimental lung models.
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A similitude analysis of particle deposition by inertial impac-
tion, sedimentation and interception at bifurcations in the conducting
airways is given in Section 3, Appendix A. The results show the
limited extent to which deposition data obtained in one bifurcation
model of one lung generation can be rigorously applied to predict

the deposition in other generations.

2.3.2 Sedimentation

Sedimentation in the ''2-D' model is analyzed for a vertical
parent branch, like the trachea in an erect person. Because the
quasi-steady flow approximation is assumed to hold, the particles
settle at their terminal velocity. When the flow is stea‘dy and inertial
effects are neglected the particle velocity, determined from Equation
2.14 isu=u +V_.

The deposition efficiency, ¢ , and the local particle transfer
coefficients for sedimentation (negiecting inertial impaction and
interception) are independent of the velocity distribution, provided
the flow is fully developed and nonturbulent. For laminar flow having
an average velocity U in a horizontal channel of length L and width h,
Fuchs (1964: 110) determined

€ = Vs 1./Uh.

Similarly, for the '"2-D" model with the inside walls of the daughter
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branch slanted at an angle of ¢ from the vertical and with steady

potential flow,

VssinaL VssinaL
e = = . (2.16)
Uzh2 Uh

Since gravity acts uniformly, the local particle transfer coefficient

is independent of x_; therefore,

1

¢ Uh
loc av L

= Vssina . (2.17a)

The results are consistent with the parameter dependence predicted

by Equations A.24, A.25 and A.26. In dimensionless form

kloc = ka,v = U(Stk/Fr)sing. | (2.17b)

All theoretical curves for sedimentation in Chapter 6 are calculated
from Equation 2. 17a.
If steady laminar boundary layers exist along the wedge, the

fluid velocity components (u ) depend on x, and vy therefore,

1’ A1 1

kloc and ¢ for sedimentation depend on the local velocity distribution.

In theory, local deposition by sedimentation could be significantly
lower than predkicted by Equation 2.17b in regions in which

Vil +V sing = 0 (Friedlander, 1959). Instead of deriving complex
s

relations for kloc and ¢ for pure sedimentation in the "2-D' model

with laminar boundary layers, the computer program, described in

Section 2.3.7 and 2.3.4, can be modified to calculate kloc for
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simultaneous inertial impaction and sedimentation in steady laminar

boundary layer flow.

2.3.3. Interception

Interception of particles on simple objects is a significant
factor in the overall collection efficiency only when the particle's
diameter is the same order of magnitude as the collecting object.
Nevertheless, even when the pé.rticle is small compared to the
object, interception may be the only significant mechanism of
collection if Brownian motion, inertial forces and sedimentation
are negligible. This may be the situation in parts of the real lung
and in the bifurcat“ion model at a horizontal orientation for particles
between 0.5 and 2. Oum.

For deposition by pure interception, the Stokes and Froude
numbers are heglected in the similitude relations of Equations A. 20
through A.26. In the case of potential flow in the bifurcation model,
Equation 2.6 predicts and Figure 2.2 demonstrates that the stream-
lines are symmetric about a line drawn perpendicular to the wedge
at the carina. Therefore, the deposition efficiency and the average

particle transfer coefficient by pure interception are simply

e=r/h, and k =r U/ L. (2.18)
P av P
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The interception effiéiency is greater for pure potential flow
than for potential flow with a laminar boundary layer along the wedge
because the boundary layer displaces the potential streamlines by a
distance of Gl(xl) (Equation 2.12). C;)nsequently, less interception
is expected at lower Re'ynolds Numbers. Also, a particle with a
radius less than the local displacement thickness cannot deposit by
pure interception because the boundary layer velocity component,
Vieyr is positive everywhere along the wedge. Hence, ¢ and ka for

v

a steady laminar boundary layer along the wedge of length L are

given by
[r -68,(L)] [r_-6,(L)]U
cc—R 1 = 4k <—R 1L (2.19)
h av L

The local transfer coefficient for interception from potential
flow can be determined with the aid of the stream function in Equation
2.6. Particles are assumed to be deposited at fixed positions along
the wedge by the streamlines that intersect their centers at the
deposition locations. Using the ahalytic expression for i, in terms
of x and y, and the x=-1 cm, starting coordinate, the starting y
coordinate can be calucated by interation. From the series of
deposition locations and starting positions, the local particle transfer
coefficient can be calculated as described in Section A.3 or 2.3.6.

A computer program (Appendix E.2) was written and used to make
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these calculations for particle sizes run in the ""2-D'" experimental
model. Plots of the local transfer coefficient versus distance along
the wedge for each of the particle sizes are shown in Figures 5.2
through 5.7. These plots indicate that interception is the dominant
mechanism in the deposition of respirable aerosols by simultaneous
inertial impaction and interception in a poténtial flow regime down-

stream from the carina.

2.3.4 Deposition by Inertial Impaction and Sedimentation of

Particles of Finite Diameter

Because an analytical solution to Equation 2. 14 was not
possible, a numerical solution was obtained for a steady potential
flow in the bifurcation model in a vertical orientation. The time is
divided into equal small intervals and the particle trajectory into
correspbnding segments (Fuchs, 1964: 135-137), The x and’y

components of the equation of motion are

du
—_— = _ . X
5 [uﬁ-i- VS u]/’r (2.20)

and dv _ ’
= -[yﬁ_v]/r 2.21)

where U and Vg, are the potential velocity components at the

beginning of the interval. Integrating and assuming that u =u, att=0,

the particle velocity components at the end of the interval at time t are
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u=ui+[uﬁ+\/;—ui][l.OA—exp(-t/’r)] (2.22)

and v :Vi+[v -vi][l.O—exp(—t/T)j. .(2.23)

fi
Integrating again gives the x and y coordinates of the particle's

trajectory at the end of the time interval:
X = Xi+(ufi+vs)t +T[ui- (uﬁ+Vs)][1. 0-exp (-t/T)] (2.24)
and y =yi+vfit+‘r[vi—vﬁ][1.0—exp(—t/T)]. (2.25)

Calculation of a particle trajectory in the model begins at one
centimeter before the wedge. This starting point is at a sufficient
distance upstream from the curvilinear flow region such that the
potential flow is rectilinear and nearly constant. Hence, the particle's
initiél velocity is equivalent to the potentie;.l flow velocity plus the

terminal settling velocity: u, Fug -H/;; v, =

Vfl .

f

and v,, in Equations

Equations 2.7 and 2. 8 are used for u £

fi
2.22 through 2.25 to calculate the particle's trajectory step by step.

The trajectory terminates either for deposition on the wedge wall

defined by u=v =0 for vy © rp and x_. > 0 or when the particle exits the

1

daughter branch.
The local deposition flux is obtained numerically from

Fs = FoAy/Ax derived in Section 3 of Appendix A. Ay =Y, - ¥y where

1’

Y, and y, are the vertical starting coordinates for two particle
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trajectories at x=-1 cm. Axl =X, "X is the separation distance
of the two impaction sites. The local transfer coefficient at the

average deposition location, (x +x12)/2, is kloc =F0 Ayle bx. =

11 1

Gcos @ Ay/Axl. G is the average speed of the two particles at their
starting positions and @ is the angle between the average velocity
vector and the stagnation streamline. The accuracy of this technique
is improved when all particles are started within the same small
distance, Ay, of each other.

Incorporating the equations discussed in this section, a
computer program was written in Fortran IV (Appendix E. 1) to
determine the local particle transfer coefficients along thé wedge of
the bifurcation model. The variable inputs are the wedge angle, the
parent and daughter branch dimensions, the free stream velocity (U),
the particle radius and the relaxation time, the A};' increment between
starting positions, a time interval for the trajectory steps, and an
arbitrary limit on the distance of travel of a particle along the wedge.
A time interval of 0. 00001 seconds was used in all theoretical results
presented in this thesis. By trial and error it was determined to be
the largest time interval allowable to accurately predict the trajectories
for all particle diameters studied. Results, obtained by this program
for deposition by inertial impaction and sedimentation of particles of

finite diameter when potential flow is assumed, are presented in
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Plots 1 through 8 and discussed in Section 6, 3,

The average transfer coefficient along the wedge can be
determined by averaging the results for the local transfer coefficient
over the length of the wedge. However, it is easier to use the

following relations:

e=y _/h; k_ _=eUh/L. (2.26)
max av

Y max is the maximum starting position that a particle or desired
size can have to deposit on the surface of the wedge. It is determined
by trial and error from the computer program in Appendix E. 1.

The following is an alternative method of estimating the local
transfer coefficients for simultaneous dgposition by inertial impaction
and sedimentation of particles of finite diameter. The local transfer
coefficient for inertial impaction including interception is first
determined by setting VS =0 in the computer program described in
this section. The transfer coefficient for sedimentation from
Equation 2.17a is then added to this solution at every location, and
the sum is used to estimate the transfer coefficient for the two
rnechan’isms occurring simultaneously. This approach of summming
the separate transfer coefficients for each mechanism is traditionally
used in the design of particle collection equipment.

Figure 2.3 shows the error involved in using this alternate
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method to estimate the transfer coefficient of 7. 6um particles on a

90° wedge for U=100 cm. /sec. The wedge is oriented with its two
walls at 45° angles from the vertical. The alternative method
(sedimentation theory +inertial theory) underestimates the simul-
taneous sedimentation and inertial theory along the entire wedge, and
by a maximum degree of 23% at Xl =0.4 cm. These results demon-
strate that the difference between the transfer coefficients predicted

by the two methods can be non-negligible. Therefore, the simultaneous

method of calculation was used for all comparisons of theory with

-experimental data.

2.3.5 Inertial Impaction of Particles of Finite Diameter: Steady

Potential Flow

When the '"2-D'" model is oriented with the acceleration of
gravity perpendicular to the plane of the bifurcation, no sedimentation
can occur on the wedge. Consequent‘ly, Vs is set equal to zero in the
computer program discussed in Section 2. 3.4,

A typical example of the calculated particle trajectories is
shown in Figure 2. 4. for 20 micron particles (dashed lines) in potential
flow with U=100 cm. /sec. The particles were started at x=-1.0 cm.
and were separated vertically by 40 microns. A time interval of

0. 0001 seconds and a relaxation time of 0. 00123 seconds were used,
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The observed deposition locations are closer together near the
carina than downstream; therefore, the local transfer coefficients
are greater at the carina than downstream.

With a time interval of 0.0000} seconds and the same initial
spacing and relaxation time, the most distant impaction site of the
20um particles was at 1.5 cm. downstream. The vertical starting
position corresponding to this deposition site was y =0.024 cm.,
which is slightly more than one-fox;.rth the stopping distance of the
20ym particle in U = 100 cm. /sec. Hence, only particles which
travel within a few particle diameters of the sté,gnation streamline
in the trachea will deposit by inertial impaction and interlception on
the wedge. Besides demonstrating the low deposition efficiency,
thesev results indicate the strong local effect of intercepti;)n. This
coﬁclusion is reinforced by the critical Stokes number analysis
(Section A. 4); neglecting interception, a free stream velocity of at
least 369 cm. /sec. is required for any inertial deposition of 20ym
particles on the carina.

Figure 2.5 presents the numerical solutions for the inertial
deposition of 1,2,3,4,5,10 and 20ym diameter particles (unit density)
on the 90° wedge of the ""2-D'' model. The interception effect is
included in the solution and the free stream potential velocity in the

parent branch is 100 cm. /sec. The points for each particle size
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were calculated from the computer program discussed in Section
2.3.4 and a solid line was drawn through them. Table C.1 (Appendix
C) lists the relaxation time, stopping distance perpendicular to the
90° wedge, and the Ay starting intervals for all particles discussed
in Figure 2.5,

For each particle diameter, the local transfer coeffigient

depends on the distance along the wedge, x,, raised to a negative

1’

power which also depends on x Accordingly, the deposition at the

1
carina is predicted to be two to three orders of magnitude larger
than at the end of the daughter branch. The variation in magnitude of
the transfer coefficient from one particle diameter to another at a
fixed deposition location depends on some function of the Stokes and
Interception numbers (Equation A.22). The regions of small,
negative slope, close to the carina for 10 and 20ym particles, are
similar to the region of uniform inertial impaction predicted for
stagnaﬁon flow onto a perpendicular wall. Pure inertial impaction is
dominant in this region close to the carina as demonstrated by the
pure inertial deposition (neglecting interception) curve for 7.6um
particles in Figure 5. 2.

The variation in the spacing of the calculated deposition points

in Figure 2.5 and the enhanced inertial deposition for larger particles

is expected from the form of the trajectories in Figure 2.4. The
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particles of largest diameter are least affected by the deceleration of
the air toward the carina and the subsequent bending and acceleration
beyond the carina, because their momentum carries them in fairly
straight tyrajec’cories into the tip of the wedge. However, lé,rge
particles deposit mainly by interception downstream from the carina
in the region where their trajectories follow the streamlines more
precisely. |

Because particles with small relaxation times follow
the streamlines very closely throughout their trajectories, inertial
impaction is negligible and ihterception is the dominant mechanism
~ of their deposition, The increasing dominahce of interception over
inertial impaction for smaller particles is clearly observed in
Figures 5.2 through 5. 6; the separation distance between the theory
of interception and the theory of inertial impaction (including inter-
ception), both in potential flow, decreases with decreasing particle
diameter at any location along the wedge.

The magnitude of momentum transferred to the wedge by the
impaction of respirable size particles is very small. For example,
a 10ym particle is calculated to deposit on the carina at a final
velocity of only 15 cm. /sec. when carried on the stagnation stream-
line in potential flow with U=100 cm. /sec. The amount of momentum

transferred is only 7.86x 10~6 dyne-sec.
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2.3.6 Quasi-Steady Deposition by Inertial Impaction of Particles of

Finite Diameter: Potential Flow

This section evaluates the accuracy of using a steady potential
flow, equivalent to the time-average velocity of a puléatile inhalation,
to predict the deposition of particles by inertial impaction with inter-
ception in the lung model.

A flow rate versus time curve, having a form typical of
normal inhalations, is shown in Figure 4.4 (Silverman and Billings,
1961). Choosing a breathing frequency and a tidal volume for which
the quasi-steady flow assumption is valid in the '2-D'" model
(Section 1.3.5), the pulsatile inhalation can be simulated by a series
of different steady flow rates.

Figure 2.6 presents the local transfer coefficients for 1. Oym
particles depositing by inertial impaction with interception. They
were calculated for seven steady potential velocities which approxi-
mate a pulsatile inhalation having a time-average velocity of
100 cm./sec. and a flovc.z rate versus time curve like Figure 4.4,
Using the time intervals of the pulsatile inhalation corresponding to
the series of steady flow rates, the deposition curves were time-
averaged at each of four deposition locations marked by the crosses
(+). The time-averaged deposition curve, indicated by the dashed

line, corresponds almost exactly with the deposition curve for the
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time-average velocity of 100 cm. /sec.

Figure 2.7 for 10ym particles is analogous to Figure 2. 6;
however, the time-averaged deposition curve corresponds more
closely to the 114.5 cm. /sec. deposition curve than to the 100 cm. /sec.
curve. If the deposition curve calculated for potential flow with
U=100 cm. /sec. is used to predict the deposition of 10ym particles
in the lung model during a pulsatile inhalation (time-average velocity
of 100 cm. /sec.), the pulsatile deposition will be underestimated.
The degree of underestimation at various locations is as follows:
12.9% at 0.001 cm.; 43.8% at 0.01 cm.; 33.9% at 0.1 cm.;

10.9% at 1.0 cm.

'All the curves in Figure 2.6 have the same shape, and the
distance of separation between any two curves depends mainly on the
ratio of the steady potential velocities. There is also a minor
increase of interception at the high velocities because the stream-
lines are displaced closer to the wedge surface. These are the
reasons the time-averaged deposition curve corresponds so well
with the 100 cm. /sec. curve.

The agreement was not as good for the 10ym case, since a
disproportionate increase in inertial impaction occurs for the higher
velocity runs compared to the lower velocity runs. The increased

curvature and decrease in slope of the deposition curve near the
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carina for higher velocity runs is associated with a nonlinear
dependence on the Stokes number.

In conclusion, a constant time-average velocity may be used
to estimate deposition by inertial impaction with interception during
a normal inhalation, but only under limited conditions of flow rate,

particle size and breathing frequency.

2.3.7 Inertial Impaction of Particles of Finite Diameter: Steady

Laminar Boundary Layer Flow

To determine the local transfer qoefficients by inertial
impaction with interception for steady laminar boundary layer flow
along the Wedge, the basic computer prograrﬂ discussed in Section 2.3.4
was used. However, the boundary layer thickness (Equation 2. 11Db)
or the displacement thickness (Equation 2.12) served as a boundary
condition for switching the particles from the potential flow regime
to the boundary layer flow regime with fluid velocity components -
definéd by Equation 2.10. A time interval of 0.0001 or 0. 0002
seconds was used to calculate trajectories in the boundary layer
region. The displacement thicknéss was used to obtain the depo-
sition plots reported below, because the boundary layer thickness in
Equation 2.11b gave nearly identical results for all particle diameters.

Figure 2. 8 shows the results of the deposition calculations
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for particles in potential flow (U=100 cm. /sec.) with a steady
laminar boundary layer along the wedge. After entering the boundary
layer, the particle's velocity rapidly approaches the velocity of the
fluid., The 20ym particle is capable of penetrating and depositing

at a maximum distance of 0.1 cm. from the carina. The 10ym
particle almost reaches 0.0l cm., and the remainder of the particles
deposit within distances which are approximately equivalent to their
diameters from the carina.

A comparison of Figure 2.8 with the results for stead;)r
potential flow in Figure 2.5 shows that the boundary layer results are
close to the steady potential flow case near the carina for the 4yum
and larger particles. Inertial forces dominate in this region and the
deposition.pattern is similar to that predicted for stagnation flow on
a perpendicular wall because the boundary layer is thin. At the X,
locations where deposition vanishes in Figure 2.8, interception is
controlling in Figure 2.5. At these locations the displacement
thickness of the boundary layer is approximately equivalent to a few
particle diameters. Also, the fluid velocity component, Ve normal
to the wedge has small positive values. Therefore, deposition should
vanish at these locations because particles entering the boundary

layer lose their momentum before reaching the surface. Deposition

by interception also does not occur because of boundary layer effects
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(Section 2. 3. 3).

Figure 2.9 shows the effect of the velocity of the potential
flow on the deposition of 10ym particles with a steady laminar
boundary layer. As the velocity increases, the transfer coefficient
increases at any distance downstream from the carina. The shape
and location of the curves of Figure 2.9 coincide closely with the
section of the cﬁrves in which inertial impaction is controlling in
Figure 2.7. This behavior is expected because, as the stream\
velocity increases, the boundary layer thickness decreases and the
inertial forces acting on the particle increase. Consequently, the
particles can penetrate the boundary layer more easily and impact
at greater disfances along the wedge. The 22.9 cm. /sec. curve has
an odd shape because the time interval used to calculate the trajec-
tories was too long, However, it would have been expensive and
meaningless to recalculate with a smaller time interval.

A plot for 1.0ym particles which was analogous to Figure 2.9
was not included because all the deposition occurred within 0. 0001 cm.

of the carina.

2.4 Convective Diffusion

2.4.1 Equation of Convective Diffusion and Similitude Analysis

Particle diffusion from a gas can be calculated from the
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equation of convective diffusion

___+{}1.vn:Dv n. (2.27)

In solving this equation, it is assumed that:

1. The flow is incompressible, isothermal and undisturbed
by the presence of the particles.

2. External forces acting on the particles are neglected.

3. Inertial forces on particles are neglected.

4, ‘There is a uniform concentration of particles in the
main, undisturbed stream flow far from the surface of the wedge
throughout the length of the branch.

Convective diffusion along the wedge of the model is analyzed
for the case of a steady laminar momentum boundary layer. For the
range of respirable particles the Schmidt Number (Sc =¥/D) is much
larger than one and a thin concentration boundary layer will be
present under a much thicker, momentum boundary layer.

In the ‘upper tracheobronchial tree, the high rate of convection
assures that axial diffusion is negligible compared to radial diffusion.
Consequently, the two—dimensional equation for steady convective

diffusion along the wedge can be written

2
an on n
u,, ——+tv, =—— = D—— (2.28)
fl axl flay1 Sy 2

1
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with boundary conditions

n=n x, =0, vz T
Since the boundary layer for particle diffusion is thin compared
to the momentum boundary layer, it is appropriate to use the first
terms in the expansion of the velocity components with respect to
distance from the wedge wall (Friedlander, 1967). For any sharp
wedge with angle equal to 2¢, these take the form (Schlichting, 1968:
150-151): upy =BAUX1mﬂ

and

o AEED) a7 (B2 e

Here n = yl\ /<m+1\ AU < >and m=q/(r-a). B is a constant from

the series expansion in n and is tabulated for each value of m. A is

the dimensional constant defined by Equation 2.5. For the specific

case of the 90° wedge

B 3/2 -1/2
u, = 0. 8{(AU) v v,
and Ve = 0. | (2. 30)
Introducing the dimensionless variables nﬂz = n/nm, x1 = Xl /R?

and y;F =y, /rp, and using Equation 2.29, Equation 2.28 becomes
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3 -1)/2 % - 2 %
X>k (m )/ >:< an 3m_1\ x>}<3(m 1)/2 >}< an
1 Y1 ax, 7\ 4 1 Y1 ayl"‘
. _1 AR S
1/2 3 _ - ;
=[Pe Rel/?1 E] —5—13-2- (2.31)

with boundary conditions:

e e e
b

Here E is a dimensionless constant:

R, 3/2 3/2

e - o) () [ang

Re and I are respectively the Reynolds number and Interception
number defined for the daughter branch in Section 3 of Appendix A.
Pe is the Peclét number, ZRZUZ/D = ReSc.

Inspection of Equation 2.31 and the associated boundary
conditions shows that:

% 3 1/2 13

n =H,(x;,y,, PeRe E). (2.32)

The local transfer coefficient has the form



K p/r 22x|
loc rp aqu‘ Yy =1
21 .- 1/2 3
—upe ' E B k", PeRe /2, E). (2.33)
h, 471

Likewise, the overall efficiency has the form

-1 -1
e =k L/Uh = Pe 11 H_(L/h., PeRe
av 2

1/2 3
5 I

E),

or on rearranging

€ Pel = HS(L/hZ’ IPel/3 Rel/6 E1/3). (2.34)

Equations 2. 33 and 2. 34 indicate the dimensionless parameter
dependence for modeling the deposition by convective diffusion of
particles of finite diameter on the wedge of bifurcation models. For
fixed values of Re, L/hZ’ h2 /h, and ¢y, €Pel is a single valued
function of I Pel/3 over the range where Pe>>1, Re<2000, and I<<1,

For the case of point particles, I~ 0; hence

—2/3Re1/6E1/3

€ =H6(L/h2, Pe ). (2.35)

This is the only case in which similarity in particle deposition from
inhaled air can be maintained between bifurcation models of a

different scale which are geometrically similar.
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2.4.2 Deposition of Point Particles by Convective Diffusion

Equation 2.31 must be solved numerically to determine the
transfer coefficient of diffusion range particles of finite diameter.
However, Equation 2,28 can be solved analytically if the particle
diameter is neglected in the boundary condition. This should be a
fairly accurate assumption for the small particles in the diffusion
range (dp< 0.5um]).

Substituting Equation 2.29, Equation 2.28 is rearranged in

terms of the similarity variable n and the function g(n)= na< as follows:

D &
-7 —ﬁ dg (2.36)
v 2

dn

with the boundary conditions g=0, n=0and g=1, n ==,

This equation was solved by standard techniques. The local
transfer coefficient and deposition efficiency by convective diffusion
along the wedge in any bifurcation model for steady laminar boundary

layer flow are either

k= 0.435(m1) /%813 (au)t/2p?/3, 7170 o 1)/2

loc (2.37)

and

1/2 1/3

e =0.87(m+1) /2813 a uyt/2p2 3, 1/ by (mHL)/2

(2.38)

or in terms of the Reynolds and Peclét numbers in the daughter branch

o 1/2.1/3 1/2 1/2 _ -2/3_ 1/6 .(m-1)/2
kloc = 0, 629U2(m+1) B (h /h) 1 Pe Re X,

(2.39)
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and

e = 0.629(m+1) /21 P, m) P a2 pen? P Rl /0

(m+1)/2
1 .

(L/R,)

2

(2.40)

A1 ZAR;n and Equation 2.40 agrees with the similitudé prediction
in Equation 2. 35,

The thickness of the concentration boundary layer, 6c (xl), is
calculated from D/kloc, using Equation 2.37 or 2.39. The ratio of

the thickness of the concentration boundary layer to the momentum

bouﬁdary layer in Equation 2. 1lla, is given by

= 0.6Sc . (2.41)

for any wedge. Equation 2.41 and Equations 2.37 through 2.40 are
rigorously applicable in the region of the daughter branches in which
the inspiratory flow is undeveloped or for X, € 0.1 RZRe.

Kays (1966) gives an expression for the local heat transfer
coefficients along wedges of constant temperature which must be
evaluated by numerical integration for each combination of
Prandtl number, Pr, and m. The value of kloc in Equations 2.37 and
2.39 can be evaluated directly for any particle diameter when the

numerical value of 8 is supplied from tables. In the case of a 90°

from Equation 2.39 agrees with Kays'

wedge when Pr =Sc =10, k
. ) loc
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relation. Values of kloc from Equation 2.39 for Sc=1.0 are only
a few percent higher than those from Kays' relation. Therefore,

Equations 2.37 and 2.39 can be used to predict k for gases as

loc
well as particles in the lungs.

For a 90° wedge (m=1/3) Equation 2.47 has the form

k = 0.49(AU)l/Zu'l/6D2/3x'l/3.
loc 1

(2.42)
Thus the local transfer coefficient for gases and for all
partiéles in the diffusion range have the same -1/3 pbwer dependence

on‘distance along the 90° wedge, and 10 times more deposition is
predicted at x) = 0.001 cm. than at x) = 1.0 cm. The deposition
models used by Landahl, Beeckmans and others predict a uniform

deposition pattern because they fail to account for the entrance flow

condition in the daughter branch.

2.4.3 Deposition of Point Particles by Convective Diffusion in

Quasi-Steady Laminar Boundary Layer Flow

The deposition by convective diffusion during a normal,
pulsatile inspiration can be analytically predicted if the quasi-steady
flow assumption is valid. Equation 2.37 is time-averaged over the
.inhalation period as in Equation A.24 . The potential velocity is the
only time dependent variable in Equation 2.37; therefore, the general

transfer coefficient for quasi-steady convective diffusion is
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1/2 1 — 2 - -
k. =0.435(m+1)t/ B [3\1 255 p2 /3,116, (m-1)/2 (2.43)
loc 1
T . v 1/2 . .
where /U is the time-averaged value of U . For an inhalation

curve of the form shown in Figure 4.4, /U =9.62 when the time-
average velocity, U=100 cm. /sec. Therefore, less deposition by
convective diffusion is expected for pulsatile inhalations than by

steady inhalations having the same time-averaged flow rate.
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Chapter 3

THEORETICAL ANALYSIS OF PARTICLE DEPOSITION IN THE

THREE-DIMENSIONAL MODEL OF A LUNG BIFURCATION

3.1 Selection of the Airway Model and Flow Regimes

The two-dimensional bifurcation model (Chapter 2) is useful
for deriving simple theoretical relations for the local rates of
particle deposition; The air flow pattern becomes considerably more
complex in the case of flow through branched tubes. Figure 3.1
shows an axial section in the plane of the bifurcation of the branched
tube model used in this study. The model is symmetric with dimen-
sions approximately equivalent to the first bifurcation in Weibel's
Model "A'. The 70° bifurcation angle is close to the mean inter-
bronchial angle of 75° reported by Horsfield and Cumming (1967).
The sharp 135° angle in the ""2-D' model is replaced by a gradual
transition having a radius of curvature equivalent to the radius of the
trachea.

The model is also geometrically similar to the tubular model
which Schroter and Sudlow (1969) used to measure detailed velocity
profiles. Therefore, if the% same Reynolds numbers are maintained
for steady inspiratory flow, similar velocity profiles should occur in

the daughter branches. The velocity profiles in the plane and normal
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to Ithe plane of the bifurcation, as shown in Figure 3.2, are quali-
tatively similar to the profile measured by Schroter and Sudlow for
a flat inspiratory profile in the parent branch (Section 1.3.2). The
secondary flows observed by Schroter and Sudlow during inspiratlory
flow are also shown in Figure 3.2 along with the position of the
steady laminar boundary layer along the inside wall of the daughter
branch,

The air flow analysis in the three-dimensional ("'3-D'") model
is restricted to two cases:

1. An analysis of the application to the ""3-D'" model of the
flow regimgs determined for the "Z-D"' model, and

2. An analy‘sis of the secondary flows and other complications.

3.2 Air Flow Analysis in the Three-Dimensional Model

3.2.1 Application of Two-Dimensional Flow to the Three.-Dimensional

Model

The "3-D" model can be sliced into axial sections ovriented in
the plane of the bifurcation. This is demonstrated in Figure 3.3
which depicts the division of the cross-section of the daughter branch
into rectangular sections that approximate the cross-sectional area
of the branch. When the secondary flows are neglected, the ''2-D"

potential flow solution (Section 2.2.2) can be applied as an approx-
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imation to -the flow through each rectangular section along the inside
wall of the branch. Hacker, Brun and Boyd (1953) used the same
approach to describe the potential flow in 90° elbows of various
cross sections. Likewise, the boundary layer along a 70° wédge
(Section 2.2.3) can be approximately applied to each rectangular
section.

Figures 1.2 and 4. 12 show that the cross section in the
junction on the upstream side can be elliptical with an area less than
the cross-sectional area of the parent branch and also less than the
combined areas of the daughter branches. To take into account the
area change in estimating the local fluid velocity in the rectangular
sections (Figure 3.3), A and U in Equations 2.5, 2.7 and 2. 8 can be

approximated as follows:

h3 h2 /o -m
A e R
Sl m
u, = —Ur cosmin-6), (3.2)
f 38
3 .
Sl m
and v,=A_ ——Ur sinm(r-86) . (3.3)
f 3S3

In Equations 3.2 and 3.3 U is multiplied by the ratio of the cross-
sectional area of the parent branch to the area of the smallest cross
section before the wedge; in other words, U in Equations 2.7 and 2.8

is replaced by the average velocity in the smallest cross section.
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In Equation 3. 1,h3 is the half width of the desired axial section at the

location of the smallest cross section. To reevaluate A as in A3, h3

replaces h in Equation 2. 5.

3.2.2 Analysis of Secondary Flows and Other Complications

Scherer (1972) developed a model for high Reynolds number
flow in a humaﬁ bronchial bifurcation which predicted that the maximum
magnitude of the velocity of the secondary flow in Figure 3.2 is
approximately 25% of the average axial velocity in the parent tube.
Secondary flows of this intensity can completek approximately one
cycle within three diameters downstream in his model. This agrees
with the experinﬁental observations of Sudlow and Schroter (Section
1.3.2) and with observations in the ''3-D! model (Section 4. 3).

A cruder estimate of the intensity of the secondary flow can
be made by assuming that the motion is similar to a circular helix
having a diameter equivalent to the daughter branch radius. In this
case, if the secondary flow completes one helical cycle within three
diameters downstream, the maximum intensity is 50% of the average
axial velocity in the daughter branch. The secondary flows were
observed experimentally during inspiration (Schreck and Mockros,
1970) to be fully developed at the point where the daughter branches

become circular in cross section.
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In their model which was geometrically similar to Figure 3.1,
Schroter and Sudlow (1969) also sfudied the flow on the outside wall,
opposite the carina. For a steady, flat profile in the parent branch
and for Re from 100 to 4500, they reported the following:

....flow separation with reverse flow occurs, just

downstream of the junction. The smoke tracer

behaves more irregularly and smoke can be seen to

move upstream from several entry points. A separ-

ation '"bubble' is formed of sluggish and reversed

flow. This extends at least 1/3 of a diameter across

the tube, and at lower Re, was seen to persist at

least 1.5 diameters downstream. The mean resi- -

dence time of particles of fluid within this region is

very high.

When pulsatile flow occurs in the model, quasi-steady flow
can be assumed only for the conditions suggested in the conclusion
of Section 1.3.5. Another complication, occuring only for single
breath inspirations, is the replacement of the relatively particle-
free air in the model with the particle-laden, inhaled air. The local
variation in the re}ﬂacement rates cause variations in the exposure
time of different sections of the model to the inhaled concentration
of particles.

The effects of free stream turbulence in flow through real

lung airways is discussed in Chapter 7, Section 7.1.3.
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3.3 Deposition by Inertial Impaction, Sedimentation, and

Interception

When the "3-D’ model is oriented vertically, the two-
dimensional solution for simultaneous inertial impaction, sedimentation
and interception (Section 2.3.4) approximates the deposition along
the inside wall of the two rectangles bisecting the branch cross section
in Figure 3.3. If the effects of the secondary flows can be neglected,
the solution will also approximate the local transfer coefficient at the
end of each of the other rectangles next to the inside wall. Mult.iplying
each of these coefficients by the ratio of the width of the rectangle to
the arc length to which it corresponds gives the local transfer
coefficient along the branch wall in that arc length. In the limit as
the width of the rectanguiar sections become vanishingly small, the
multiplying factor equals cosg. As shown in Figure 3.3, 0 is the
acute angle between a normal to the wall at the deposition location
and a normal to the wall in the plane of the bifurcation.

The average transfer coefficient along the branch of the "2-D"
model, kav’ determined as discussed in Section 2.3.4, is used to
calculate the overall deposition efficiency in the "3-D'' model as
follows:

2k L 4k R, L
av _ av 2

e = = (3.4)
2
mR,U, TR, U
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-Theoretical studies are lacking on the effects of éecondary
flows on inertial impaction, sedimentation or interception in a
branched tube. The secondary flows might enhance the deposition
estimated in Equation 3.4 by increasing the effectiveness of inter-
ception. Neglecting viscous boundary layers, choosing particles of
a size which are entrained by the fluid, and assuming st‘eady
inspiratory flow, particles will travel in helical paths along the
daughter branch. Assuming one helical cycle per three diameters
downstream (Sections 1.3.2 and 4. 3), the helical path is 12% longer
than an axial path when the flow can be approximated by a circular
helix with a diameter of RZ' In another case, if the secondary motion
follows the curvature of the branch from the inside to the outside and
returns to the inside along the diameter and if one cycle is completed
within three diameters, the helical path length is 30% longer than an
axial path. Thus, 12 to 30% more particles may flow past any wall
location as a result of the secondary flows, leading to an increase in
deposition,

Inertial impaction might be enhanced by the centrifugal forces
imposed on the particles by the secondary flows. If the secondary
flow has a maximum velocity of 25% of the bulk velocity in the parent

branch and if the resultant flow has a uniform, circular helical motion

with diameter RZ’ the ratio of the instantaneous centrifugal force to
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the gravitational force in a direction normal to the branch wall is

given by

2
U

8R2 g sing cosg

(3.5)

Here ¢ is the angle of inclination of the daughter branch from the
vertical and ¢ is defined in Figure 3.3. The ratio equals 3.6 for
oc=0and U=100 cm. /sec. in the ""3-D' model with vertical orienta-
tion. Therefore, the local deposition velocity of a particle in potential
flow will be enhanced by 360% if secondary motions of this intensity
occur along the wall of the daughter branch.

The above analysis applies under potential flow conditions;
that is, when the secondary motions occur up to the wall of the branch.
However, in reality the secondary motions are contained in the
inviscid core outside the laminar boundary layer (Pedley et al., 1971).
Hence, the secondary flow with a maximum velocity of 25% of the
parent branch can project a particle into the boundary layer in the
direction normal to the wall With an initial velocity of TUZ/SRZ. The

particle can deposit only if its stopping distance

2_2
h =7 U /8R (3.6)
s 2
is greater than the thickness of the boundary layer. The steady,

boundary layer thickness along a 70° wedge
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L 11/29
5(x1) = 3.65‘\/V/AU X, (3.7)

is thicker than the stopping distance calculated from Equation 3.6 for
10 and 20ym particles at U=100 cm. /sec. for X, 2 10"4 cm.

For U=200 cm. /sec. the stopping distance for 10um is less than the
boundary layer thickness throughout, while the stopping distance for

20ym is greater than the boundary layer thickness only for x, < 0. 003
cm. The boundary layer thickness is also greater than the radius of
all respirable particles for X > 10_4cm.

Therefore, a steady, laminar boundary layer should prevent
the secondary flows from enhancing the deposition by interception
and by centrifugal inertial impaction for the same reasons that the
boundary layer inhibited the deposition from potential flow in Section
2.3.7. For pulsatile inhalations with unsteady boundary layers,

Section 1.3.6 suggests that enhancement could occur during the few

fractions of a second in which the boundary layer is undeveloped.

3.4 Deposition by Convective Diffusion

The regions of high and low shear rate (Figure 3.2) should
correspond to regions of high and low particle transfer by convective
diffusion. The secondary motions could also increase the local shear
rates around the circumference of the branches.

The local transfer coefficient for convective diffusion of point
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particles along the 70° wedge in Figure 3.1 for quasi-steady laminar
boundary layer flow is determined from Equation 2.43:

2/3 -1/6 -11/29
v X .

1 (3. 8)

=0.413/0
Ko 413/UD

However, if the modification described in Section 3.2.1 is used, A in
Equation 2.43 is replaced by A3SI/S3. For the specific case of the

. . -7/29
"3.D" experimental model (Section 4. 3), A?’S]‘/S3 =1,14 cm. .
Consequently, the local transfer coefficient for convective diffusion of

point particles along the line g =0 is

2/3 -1/6 -11/29
v X, .

k, =0.489/UD )

loc (3.9)

Because the deposition flux by convective diffusion occurs
normal to ;che branch wall in the '"'3-D'" model, Equations 3.8 and 3.9
can be rigorously applied to only the inside wall of the rectangular
section which bisects the cross section in Figure 3, 3, Particle
transfer rates also depend on the local thickness of the concentration
bouhdary layer which has a variable and unknown functional dependence
on position around the circumference of the branch. Therefore,
expressions for kav and ¢ as a function of the various dimensional
groups of Equations 3.8 or 3.9 must be evaluated from empirical
data.

Estimates of kav and ¢ in the ""3-D'' model for pulsatile flow

can be made from the theory of convective diffusion to a flat plate
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(Levich, 1962: 87-91) or from ILevich's (1962: 112-115) solution for
convective diffusion to a tube in Poiseuille flow. Both theories, when
converted to quasi-steady form, are expected to underestimate the
deposition in the region in which Equation 3. 8 is applicable. They
also should overestimate the deposition on the outside wall, but to a
lesser extent than Equation 3. 8.

Other factors affecting the local deposition in the daughter
branch, which are not accounted for in Equation 3. 8, include the
following. During pulsatile flow, a finite timé period is required
to fill the initially particle-free concentration boundary layer with
particles. This time period is greater for larger x) and for larger
particles in the diffusion subrange. For high breathing rates the time
period can be a significant fraction of the inhalation time. However,
the secondary motions probably speed the replacement of partially
clean air along the outside wall with particle-laden air.

The shape of the concentration profile entering the daughter
tubes can also influence the local deposition in the branch. Uniform
velocity and concentration profiles with thin boundary layers are
assumed for the range of Reynolds numbers considered in the thfee-

dimensional model.
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Chapter 4

EXPERIMENTAL APPARATUS AND PROCEDURE

4.1 General Description of the Apparatus and Procedure

A diagram of the complete experimental apparatus is shown in
Figure 4. 1. The experimental procedure was as follows: Monodisperse,
latex hydrosols ranging in diameter from 0. 088ym to 7. bum were
nebulized, dried and deionized to produce a neutralized, monodisperse
aerosol. The concentration of particles in the model holding chamber
was determined by light scattering photometry or by gravimetry.
Before each breath, the flow of particles through the holding chamber
was stopped. The gate was then opened, and the aerosol in the holding
chamber was flushed through the bifurcation model at a rate which
simulated a normal inhalation. Room air was sucked back through the
model during the exhalation stroke which immediately followed the
inhalation stroke. A pause between each breath alloned the particle
concentration in the holding chamber to build up to a large and fairly
steady value. After a sufficient number of inhalations the collection
surfaces in one daughter branch were removed and the number of
particles deposited in discrete areas were manually counted under an
optical or electron microscope. From the count data, the average
particle concentration during the run, and other experimental para-

meters, the local particle transfer coefficients were calculated.
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4,2 Two-Dimensional Apparatus and Experimental Flow Conditions

! (Figure 4.2) has three sections including

The ""'2-D'' apparatus
the "2-D" mode%, aerosol holding chamber and motor-cam-piston
assembly, Figure 4.3 shows a horizontal axial section of the "2-D"
model and part of the aerosol holding chamber. The plane of the bifur-
cation was horizontally oriented in the experimental apparatus to
eliminate deposition by sedimentation. Transparent glass plates formed
the walls of the one daughter branch and served as removable collecting
surfaces. The model had a vertical dimension shown in Figure 4.2
of 18.1 ¢cm. to assure that the air flow was two-dimensional in axial
sections between 7.5 and 10.5 cm. from the base of the model.

* In Figures 4.2 and 4.3 the aluminum gate forms an air-tight
seal between the parent branch and the aerosol holding chamber. The
total volume of the holding chamber during the pause betweén breathing
cycles was about 13.5 liters. After the inhalationstroke of the piston
(diameter = 7.5 in. ), the volume was 5.6 liters less. After each
breathing cycle the air with a low particle concentration in the holding
chamber was mixed with air of high particle concentration which flowed
into the holding chamber. Thorough mixing was accomplished by

positioning the inflow tube at the top of the chamber (Figure 4.2) and

! The ""2-D' apparatus was originally designed in 1969 by Richard
Vincent, an undergraduate student in Chemical Engineering, who
used the model for a preliminary analysis of the deposition of
1.099um particles.
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the outflow at the side and by slowly turning a vertically oriented
baffle (18 cm. x8.25 cm. x.32 cm. ) in the center of the chamber.

The 5. 6 liters of air, flushed through the bifurcation model
by the motor -cam-piston assembly, corresponded to a 450 c.c.
inhalation into & human trachea with a diameter of 1.9 cm. Figure
4.4 shows the flow rate vs. time curve for a 450 ¢, c. inhalation of
one second during sedentary conditions (Silverman and Billings, 1961).
The flow rate E time curve produced by the cam in Figure 4.2 had
the same shape as Figure 4. 4,

The cam was driven by a Bodine Speed Reducer Motor® with a
Minarik Speed Control?. For all experimental runs in the '""2-D"
model the inhalation time was 1.63 seconds.

The velocities and the Reynolds numbers® in the model during
5.6 liter, 1.63 second inhalations, assuming flat velocity profiles,
were as follows:

1. Parent Branch:

1}

Time-average velocity 100 cm. /sec., ReC =2250

1

Peak velocity 163 cm. /sec., ReC =3670

! Model NSH-54R1, Bodine Electric Company
? Model SH-52, Minarik Electric Company

® For the rectrangular channels, Re_ =4:RHU/V, where Rpy is the
hydraulic radius.
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2. Daughter Branch:

Time-average velocity 73 cm. /sec., Re_= 1160

1

Peak velocity 119 cm. /sec., Rec =1890

The well-faired entrarice to the parent branch maintained non-
turbulent flow in the model for the experimental flow conditions. No
attempt was made to simulate the glottisA of the larynx at the entrance
of the parent branch.

Experimental checks were made on the velocity profiles in the
model using total and static pressure tubes and a high speed blower.
At steady, inspiratory velocities between 400 and 600 cm. /sec. in the
parent branch, the velocity profiles at the bifurcation end of the branch
were flat over approximately 70% of the branch width.

The velocity, U, which was measured at x=-2.6 cm. along the
stagnation streamline in the center of the model, had values of 476,
574 and 610 cm. /sec. for three, steady inspiratory flows. At these

three values of U the velocity, u_, was measured at x=-1 cm. along

f’

the stagnation streamline at the center of the model. The average

value of A calculated from Equation 2.7 for these three measurements
-1/3 . -1/3

was 0. 92 cm. . This compares to A=0.82 cm. calculated

theoretically from Equation 2.5 . If these results are applied to the

pulsatile experimental runs, the local fluid velocity around the wedge

was 12% higher than theoretically predicted.
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At peak velocities of 163 cm. /sec. and 119 c¢m, /sec. in the
parent and daughter branches, Re <<Re L =3.2x% 105 (Schlichting,
X xcrit
1968: 39). Flow visualization with smoke also indicated that during
steady inhalations laminar flow was maintained along the wed‘ge walls

between 7.5 and 10.5 cm. from the base of the model.

4.3 Three-Dimensional Apparatus and Experimental Flow Conditions

kThe "3-D" apparatus (Figure 4.5) has the same functional
sections as the '"2-D'" system. However, the apparatus was oriented
vertically to simulate the inhalation process for people who are
standing or sitting. Consequently, sedimentation occurred simultaneously
with inertial impaction, interception and convective diffusion.

Figure 3.1 shows the airway dimensions of the '""3-D'"' model
and the shape of the junction in the plane of the bifurcation that also
bisects the carina. The radius of curvature of the junction between
the parent‘branch and the outside wall of the daughter branch is
equivalent to the radius of the parent branch.  The parent branch was
machined from a brass tube, while the bifurcation and the‘daughter
branches were machined from an aluminum block. Use of mketal allowed
more precise construction of the bifurcation than would have been
possible with glass and avoided the static charge problems inherent
in plastic models,

For easy access to the daughter branch walls, the aluminum
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Figure 4.5 Three-Dimensional Apparatus: From Top to
Bottom are the Motor-Cam-Piston Assembly, Aerosol Holding
Chamber, Gate, '"3-D'" Model, and Speed Control
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block was cut into two sections (Figure 4.6). One daughter branch
was cut aléng the dotted line normal to the bifurcation plane in

Figure 4.7, and the section of the block which joiﬁs the'parent branch
was also bisected normal to the bifurcation plane. Particles in the
optical size range were collected on transparent, plastic tapes which
coated the inside and outside wall of the daughter branch.

The brass tube fits snugly into the aluminum block and makes
a smooth junction as shown in Figure 4.8. The two aluminum sections
are held together by screws, and the joint is sealed by a rubber washer
around tﬁe end of the brass tube. Figures 4,6 and 4. 8 also show that
the transition from the parent branch to the daughter branches in the
plane normal to the bifurcation occurs smoothly over a distance of about
1.2 cm. from the end of the brass tube to the junction. The exact shape
of this transition at bifurcations in vivo is not known. In this model the
shape was based on the observation of excised lungs and lung casts. |
If the entrance to the daughter branch is enlarged compared to the down-
stream diameter, the transition occurs more gradually and closer to
the carina than in this model.

The carina in Figure 4.9 has the shape of a sharp ridgé formed
by the interception of the two daughter branches machined from the
aluminum block. The ridge is shaped like a sharp wedge in all axial
sections in the plane of the bifurcation from the dorsal to the ventral

walls of the junction. As discussed in Section 1.2.2 and Figure 1.2,
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Figure 4.6 Two Aluminum Sections which Join to Form
the Daughter Branch in which the Deposition was Measured.
The Inside Wall of the Daughter Branch is Shown on the Left
Section and the Qutside Wall on the Right Section.
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Figure 4,7 Cross-Sectional View of a Daughter Branch of the
"3.D" Model Demonstrating the Position of the Secondary Flows.
The Numbered Segments Around the Circumference Indicate the

Y Locations of the 18 Equally Spaced Strips Over Which the Counts
Were Made. Each Y Segment Corresponds to a Distance of

17 (Diameter)/18 or 0.215 cm. ‘
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Figure 4.8 View of the Smooth Junction which the Brass
Parent Branch Makes with the Machined Aluminum Block

Figure 4.9  View of the Bifurcation in the Aluminum Block
from the Position of the Parent Branch., Note the Sharp Ridge-
Like Shape of the Carina
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the shape corresponds fairly well to some of the bifurcations in the
lung and only differs slightly from the tracheobronchial cariné which
is more rounded toward the dorsal and ventral walls,

Parts of the apparatus connected to the bifurcation model
(Figure 4.5) are designed to pass a brea;ch of aerosol through the
model. A manually-operated gate separates the brass tube from the
lucite holding chamber, and the chamber has a volume of 720 c.c.
with the piston (4" diameter) in its preinspiratory position. To mix
the aerosol, the iplet and outlet ports were positioned on opposite
sides of the chamber with one above the other.

The lucite cam was désigned to flush 450 c. c. of air through
the model during the inspiratory and expiratory phases, as in Figure
4,4 (Silverman and Billings (1961: Figure 3) show that the flow rate VvS.
time patterns for inhalation and exhalation are nearly identical).
Inhalation of pdrticle—laden air took place during the first 180° of thé
cam rotation, and exhalation of room air into the holding chamber
occurred durin’g the next 153° of rotation (Silverman. and Billings (1961:
Figure 2) show that the expiration time is 85% of the inspiration time).
When the cam was in the region of the 27° pause, the motor was stopped,
the gate closed, and the clamps on the inlet and o.utlet lines were
removed to allow the particle concentration in the chamber to increase

before initiating a new breathing cycle.
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The same motor and speed control were used as in the '"2-D"
apparatus; however, the experimental inhalation times were 1,88 and
0.94 seconds. The 450 c.c., 1.88 sec. inhalations corresponded to
sedentary breathing for normal adults and inhalations of 450 c.c.,

0. 94 sec. corresponded to bi'eathing during moderate exertion. The
velocities and Reynolds numbers in the model during these two cases,
when the velocity profiles were assumed to be flat, were calculated

as follows:

L. Parent Branch, 1,88 second inhalations:

1145

Time-average velocity = 100 cm. /sec., Re

1

1865

Peak velocity 163 cm. /sec., Re

2. Daughter Branch, 1. 88 second inhalations:

1
1

100. 8 cm. /sec., Re

Time-average velocity 810

1320

i
H

Peak velocity 164.2 cm. /sec., Re

3, Parent Branch, 0.94 second inhalations:

1}

Time-average velocity = 200 cm. /sec., Re =2290

Peak velocity 326 cm. /sec., Re = 3730

4. Daughter Branch, 0. 94 second inhalations:

Time-average velocity = 201.6 cm. /sec., Re = 1620

2640

Peak velocity 328.4 cm. /sec., Re
A velocity of 100 cm. /sec. in the parent branch was equivalent to a

flow rate of 14,4 liters/min. The well-faired entrance to the brass



104

tube (Figure 4.5) maintained nonturbulent flovfr‘in the model.

The velocity profile near the end of the brass tube was measured
by static and total pressure tubes with the aluminum section removed.
At a steady and average inspiratory velocity of 500 cm. /sec., the
velocity profile at 1.9 cm. from the end of the brass tube was flat over
about 60% of the tube diameter. The velocity was also measured at
x=-1 cm. along the stagnation streamline which is axially centered in the
parent branch. When U=581 cm. /sec. at x=-4.2 cm., u,= 665 cm. /sec.

f
-7/29 .
at x=-1 cm. Therefore, A=1.14 cm. from Equation 2. 7 for the

-7/2
70° wedge.  Equation 2.5 gives A=0.813 cm. 7/ 9.

This discrépancy between experiment and theory arose because
the "'2-D'" theory does not account for the narrowing of the cross section
in the '""'3-D" model between x=-1 cm, and x=-1.3 cm. Here the cross
section is elliptical (Figure 4.9) with semiaxes of 0, 875 cm. and
0.615 cm. and an area of 1.7 cmz. Consequently, 1.4U is the average

‘ =7/29 ,
velocity in this cross section and A=1.14 cm. /29 in Equation 2. 7.

-7/29 a

Equations 3.1 and 3.2 in Section 3.2.1 give A3 =0,813 cm. nd

0= 665 cm. /sec. for U=581 cm. /sec. Therefore, Equations 3.1 through
3.3 account for the 40% increase in fluid velocity.

Turbulent flow Was not expected along the inside wall of the
daughter branch, because ReX<< Rexcrit for all the eﬁperimental flow

conditions. Flow visualization was done in the daughter branch, which

was used for particle collection, by blowing smoke from the total pressure
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tube (1/16" O.D.). It was inserted into the other daughter branch with
its tip near the stagnation streamline. For steady inspiratory flow at
U=100, 163 and 200 cm. /sec. and for a pulsatile inhalation with
U=100 cm. /sec., the flow was laminar along the inside wall between
Y =+2 (Figure 4. 7).

When the smoke was injected at the entrance of the daughter branch
near the wall between Y=+42 and Y = +9 or between Y =-2 and Y=-9,
secondary flows were also observed, as shown in Figure 3.2. The
secondary motions were initiated very close to X =0 in the region around
Y =+2. For U=100 cm. /sec. the secondary flow completed between one-

half to one revolution over the length of the daughter branch. At U=163
cm. /sec. about one revélu’cion was completed, and for U=200 cm. /sec.
between one and two revolutions were completed. During the pulsatile
inhalation with U=100 cm. /sec. , the secondary motion completed about
one revolution over the length of the branch.,

The results of the flow visualization study generally agreed with
those of Sudlow and Schroter (1969) in a geometrically similar model.
This added support to the assumption that their velocity profiles are

applicable to the flow conditions in the '""3-D'' model.

4.4 Aerosol Generation Equipment and Procedure

Monodisperse, spherical, latex hydrosols® ranging in diameter from

' Diagnostic Products, Dow Chemical Company, Midland, Michigan,
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0.088um to 7. 6um were nebulized, dried and deionized to produce neu-
tralized, monodisperse aerosols. They were composed of Polystyrene latex

(PS1), Polyvinyl toluene latex (PVTL) or Styrene divinyl benzene latex
.(SDVBL). Table B.1 (Appendix B) lists the average diameters, standard
deviations, concentrations, polymer type and densities of the hydrosols
used in the experiments.

The aerosol was generéted with a Bird 500 c.c. Micronebulizer?
from a stock solution of hydrosol, freshly diluted before each run with
double distilled water in the ratios listed in Table B.1l. The nebulizer
lwas operated at a jet pressure between 8 and 13 psig. with an aerosol
output of 7.3 liters/min. @ 25°C and 74 cm. Hg. for all pé.rticles except
0.088ym. These operating conditions were the optimum for delivering
a concentrated, dry aerosol with a minimum number of aggregates to the
model holding chamber in the flow system shown in Figure 4.1. For the
0.088um runs the jet pfessure was 13 psig. witirl an aerosol output of
3.6 liters/min. @ 25°C. and 74 cm. Hg Because of the formation of
aggregates this aerosol was highly polydisperse; this was required to
obtain sufficient mass for concentration measurements during the runs.

The nebulized particles were initially highly charged because of
the formation of charged droplets. The deposition of these particles in

the lung models could have been significantly influenced by electrostatic

! Bird Space Technology, Inc., Palm Springs, California, U.S. Patent
3,353,536,
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forces of interaction between the particles and between the particles and
the collection surfaces. Therefore, the initial charge distribution on the
aerosol was lowered to its equilibrium Boltzmann distribution by mixing
with the Bipolar ions generated in the air (Whitby and Liu, 1968) inside

a deionizer® (Figure 4.1). It consisted of a steel, cylindrical holding
chamber (17.5"x3"") surrounaing a sealed source of Kr-85 gas. Besides
neutralization, drying also occurred during the 15 second residence time
in the deionizer. Appendix B describes measurements Which verified the

efficiency of the deionizer,

4.5 Aerosol Concentration‘ Measurements

During the pause between breafhs, the aerosol concentration in
the holding chambers increased at rates approximating the behavior of
ideal constant flow stirred tanks. Thé theoretical average residence
time was 111 seconds for the ""2-D' model aﬁd 6 seconds for the "3-D"
model. As shov&}n in Figure 4.1 the outflow of the chamber was drawn
throughva Sinclair-Phoenix Aerosol Smoke and Dust Photometer® and
was captured on filter #1. In the photometer the particle concentration

was measured by forward light scattering, which is proportional to the

1 3M Company, Model 3B4G, 3 millicuries, 12' active 1ength.

® Model JM 3000-AL. The sample air from the holding chamber is
diluted in the photometer by clean air which was drawn from the room
through filter #2. The ratio of the clean air to the sample air was

0.65 1. /min, /3.6 1. /min. for 0.088ym runs and 1.4 1. /min. /7.3 1. /min.

for the other runs.
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number of particles and their cross-sectional area. After th or two
and one-half residence times the concentration was fairly stable; the
chamber was then isolated and the breath initiated.

The photometer was utilized for all particle sizes except 0.088m,
5.7ym and 7.6ym diameter. The intensity of the scattering from the
0.088um particles was too low to detect when the distribution was mono-
disperse. Althou'gh the polydisperse distributions of 0. 088 m particles
from the experimental runs scattered much light, the concentration of
singlets could not be determined from the photometer. The photometer
could detect the 5. 7ym and 7. 6ym particles, but their concentrations
were too low to measure accurately.

The photométer was calibrated separately as follows: The mass
of particles captured on the filter' over 3 to 6 hours was converted to
a monodisperse particle concentration, and the photometer readings
recorded during the passage of the aerosol were time-averaged. This
was repeated for &arious hydrosol concentrations. Because the calibra-
tion curves of photometer reading versus concentration were linear over
the range of interest in the experiments, the concentration \Of aggregates
was a small fraction of the singlet concentration during the experimental
runs. The number of aggregates observed at the collection sites in the

models was also a small fraction of the total number of singlets counted.

! Millipore 0.45ym HAWG 047 00
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For the 0.088ym, 5.7ym and 7.6ym runs, the mass concen-
tration of particles in the cﬁam’ber at the time of inhalation was deter-
mined as follows: First, the mass of particles collected on filter® #1
was converted to an average mass concentration for the air exiting the
chamber during the pause between breaths. Second, concentration vs.
time curves obtained for each model chamber at the sample flow rates
during the pause periods could all be fit by the relation n= no(l —exp(—‘c/t1 ),
where n is the concentration of aerosol entering the chamber and tl is -
the characteristic time of the chamber. Since the time-average concen-
tration, predicted from this expression during the pause of length t, was
equivalent to the average mass concentration measured above, the concen-
tration at the beginning of the inspiration was easily calculated.

Third, in the 5.7 and 7.6ym runs, the number concentration was
determined by assuming the same size distribution in the model and at
the filter, as in the hydrosol. However, for the 0. 088 m runs the distri-
bution of singlets, doublets, triplets, etc. was determined during each
run from particles deposited on the electron microscope grids in the
"3.D'" model. The distributions on the grids were corrected to the distri-
bution in the air in the model by weighting the number of each type of

aggregate by its local transfer coefficient. The transfer coefficient for

ts, 7ym and 7.6ym collected on Millipore 0.45yum HAWG 047 00,
0. 088m collected on Millipore 100 my VCWP 047 00.
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cach size of agpregate was estimated for an aerodynamically equivalent
sphere and by using the theoretical equations discussed in Chapter 3.

Tﬁbe losses between the holding chambér and the photometer or
between the holding chamber and the filter were negligible for all particles,
»except 5.7ym and 7. 6ym diameter. The fraction lost by sedimentation
in the horizontal section of tubing was calculated (Fuchs, 1964: Eqn.26:14).
The fraction lost in the 90° bends by inertial impaction was estimated by
first approximating the circular cross section by rectangles (Figure 3.3).
The predictions by Hacker, Brun and Boyd (1953: Fig. 9) for the depo-
sition efficiency of droplets in 90° elbows in potential flow wére then
- applied to each rectangular section. Total calculated losses were 13. 6%
for 5.7ym and 20% for 7 6um particles.

Errors in the measurement of concentration caused by free
stabilizing agent and inorganic impurities in the hydrosol solution were

insignificant (Appendix B).

4,6 Measurements with the Two-Dimensional Model

Particles were collected on the glass plates which formed the
inside and outside walls of the ""2-D'" model. Calculations suggested
and experiments verified that adhesives were needed to prevent losses
for only the 7.6um particles (Appendix B). Consequently, the surface
of the plates was used to collect the 2.68ym, 2,02yum and 0.365ym

particles. The plates were cleaned before each run in an ultrasonic bath
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of distilled water and detergent, followed by rinsing with double distilled
water and with toluene or chloroform. Before the plates were placed in
the model, they were decharged by exposure to a Staticmaster® for at
least one hour,

In the O. 79vum runs and runs #24 and #25 for 1. 1ym, the
collecting surface of the clean glass plates was coated by an opaque
layer of carbon black befofe decharging. The carbon black was applied
evenly from a burning candle.

For the 7.6ym runs and run #36 of the 1./ 1ym particles, three
strips of 1/2” wide, '"Scotch' Brand Double Stick Tape were placed
evenly on ’;h.e clean glass plates. Next they were decharged v.vith the
Staticmaster for at least one hour.

The collecting platés were exposed to between 30 énd 60 breaths
to allow sufficient deposition for statistically meéningful counts, All
singlet particles were manually counted by placing the plates on the
stage of an optical microscope® at 645X magnification. The clean glass
and cellophane tape runs were counted by substage illumination, and the
carbon coated runs were counted by side illumination.

The particles. were counted in strips (2.54 c¢cm. x0,01375 cm., )

1 Staticmaster Ionizing Unit, Model N. 2U500, Po-210 Nuclear Products
Company, El Monte, California.

? American Optical Spencer Microstar binocular microscope, 43X objective,
15X eyepieces.
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along the center line of the plates at distances of 0.0069, 0,0275, 0.11,
0.22, 0.3175, 0.635, 1.27 and 2,54 cm.‘ from the leading edge

(Figure 4,10). The raw count data are shown in Appendix C with the
number of breaths, the average particle concentration, an& the counting
area. The particles on the outside slides were counted only for-the first
few runs to determine the magnitude and trend in comparison to the
inside slide.

It was desirable to count at least 100 particles in each area to
minimize the statistical error; however, constraints of time and
particle concentration prohibited this for most runs. This is clearly
demonstrated in Appendix C where the number of/counts at 2.54 cm.
from the leading edge are 10-50 times lower than at the tip.

Most of the éggregates were observed in the locations near the
leading edge. However, the ratio of the number of aggregates to the
number of singlets at any location was negligible for the 7.6, 2.68 and
2.02ym particles. The maximum ratio was between 10 and 20% near the
leading edge for the 1.099, 0.79 and 0.365ym particles, but some of
these aggregates may have been formed by singlets colliding with

previously deposited singlets, doublets, etc.

4.7 Measurements with the Three-Dimensional Model

4.7.1 Optical Microscopy

All particles, except for those of 0.088m and 0.365ym diameter,
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were counted by optical microscopy. Because it was not feasible to .
count the particles deposited directly on the aluminum walls of the
daughter branch, the walls of each section in Figure 4.6 were covered
with a single, precut strip of '"Scotch!' Brand Tape®' with the smooth,
nonadhesive side exposed to the aerosol. The excess width of tape was
folded along the flat édges having screw holes, Final cutting of the tape
to conform to the concave shape of the carina was done with a scalpel,
following the contour of the carina. The tape caused a 0.5% reduction
in the branch cross-sectional area. Next, and before decharging, some
of the tapes were coated with adhesive.

All tapes were decharged by exposure for at least an hour to the
Staticmaster. No static charge could accumulate during the run because
the deposited pa,rrticles weie maintained at their Boltzmann charge distri-
bution by the bipolar ions. After the inhalations were completed, the
two tapes were carefully removed from the models without touching the
collecting surfaces. The sti‘cky side of each tape was placed flat on top
of two strips of 1/2'" wide ""Scotch'' Brand Double Stick Tape which had
been previously adhered to a clean, glass microscope slide. The exposed
surface of each tape had the shape and dimensions shown in Figure 4.11,

Calculations suggested and experiments verified that adhesives

! No. 600, 1" wide, 60yum thick, transparent, plastic; manufactured by

Minnesota Mining & Manufacturing Company.
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were needed to prevent losses for 5. 7ym particles at the low flow rate |
and for 5. 7ym and 2, 02ym at the high flow rate (Appendix B). Conse-
quently, in the 0.79, 0.81 and 1.1ym runs and in runs #4 and #12 of
2,02 um, particles were collected directly on the clean, nonadhesive
surface of the tape. For the remaining 2. 02ym runs and the 5. 7ym
runs, two different adhesives were applied to the top of the tape.
2.02ym run #14 used a thin coating of clear silicone liquid', while
runs #17, #19 and #24 for 2.02ym and all of the 5. 7ym runs used a
thin, smooth coating of vaseline®, Since the pa.tternsb and magnitude of
deposition in runs #14, #17 and #19 agreed with run #12, the adhesive
made no significant different for the 2. 02ym particles at 100 cm. /sec.
During a run the model was exposed to between 300 and 600 breaths
. to allow sufficient deposition for statistically nieaningful counts. Tapes
on the glass microscope slides were manually counted with the micro-
scope used for the '"2-D'' model and by substage illumination.

Singlets in all runs were counted in discrete areas shown in

' Dow Corning 200 Fluid: A dimethylpolysiloxane with viscosity of 30, 000
c.s. @ 25°C. It was mixed 1:50 with benzene and applied with an eye-
dropper to the tape surface., The section was canted a few degrees from
horizontal to allow slow flow from the end of the branch to form a thin
(~1ym) coating.

® Jar of vaseline, paint brush and aluminum sections with tape coating
were placed in an oven at 55°C until the vaseline melted. Materials
were removed from the oven and vaseline was applied to the tape by
brushing in an axial direction until the vaseline began to harden. Under
the microscope the coating appeared smooth and thin (~1ym). In run
#17 the model was not preheated before the hot vaseline was applied.
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Figure 4.11, which included 18 contiguous areas around the circum-
ferencé of the daughter branch (Figure 4.7) at each of 9 or 10 locations
downstream. For all runs, except 5. 7um, the magnification was 645X,
the counting area was 0, 002949 cxn.2 (0.01375x0,2147), and the axial
locations were at 0. 0069, 0.0275, 0.11, 0.22, 0,3175, 0.635, 1.27,
2.54, 3.81 and 4.45 cm. downstream from the base of the concave
section of the carina. For the 5.7ym runs the magnification was 150X,
the counting area was 0.01204 crn.2 (0.056x%0,2147), and the axial
locations were at 0,028, 0.112, 0.224, 0.392, 0.672, 1.27,2.54, 3,81
and 4.45 cm.

The raw count data matrices are shown in Appendix C. The row
numbers of each matrix, 1,2,3,......... ,19, correspond respectively
to Y=+49, +8, +7,..... ,0,-1, -2,...... , -9 in Figures 4.7 and 4. 11.
Fractional counts resulted when counting was done in an area twice as
large as usual.

Like the ""2-D'" runs, most of the aggregates were doublets and
triplets and were observed near the carina. The ratio of the aggregate
count to singlet count at any location was negligible for the 5. 7jym and
2.02 um particles. The maximum ratio was between 10 and 20% near the

leading edge for the 1.1ym and 0.79ym runs.
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4,7.2 Electron Microscopy

The 0. 088ym and 0.365ym particles were counted by electron
microscopy. Although the 0.365um particles were counted on the glass
'plates in the ""2-D'" model by optical microsco‘py, they could not be
distinguished cléarly on the tapes of the ""3-D'" model with the optical
microscope.

The branch walls of the ""3-D'" model were covered by four strips
of tape’, having adhesive on both sides in such a manner that no excess
tape was folded along the flat walls of the aluminum sections. The tape
caused a 2.2% decrease in the cross-sectional area of the branch.
Circular holes of 0.198 cm. diameter were precut in the tapes, and 42
electron microscope grids® of 3.1 mm outside diame}ter were carefully
centered over the holes in the tape in the model so that their edges were
held by the adhesive. The thin, copper grids were easily bent to conform
to the contoﬁr of the walls. The holes under the mesh portion of the
grids prevented the tape adhesive from tearing the thin, Formvar films

covering the exposed surface of the grids. Grids were centered at Y =+9.0,

+6.0, +3.0, 0,0, -3,0, -6,0 at X=0.155, 0.465, 0.775, 1.08, 2.0, 3.0

! 113cotch! Brand Double Stick Tape, 1/2'" wide and SOgm thick manufac-
by Minnesota Mining and Manufacturing Company.

2 Cohen-Pelco Handle Grids, 500 mesh, copper, 15ym thick, 3.1 mm
O.D., Catalog #3 HGC 500, Ted Pella Company, Tustin, California,
Grids were coated with Formvar prepared from a solution of 0.5 - 1%

w/v Polyvinyl Formal 15/95 Powder in Ethylene Dichloride. Carbon
was evaporated onto the Formvar coating to improve its heat conductivity.
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and 4.0 cm. from the carina as shown in Figure 4.12., The collecting
surface of the grids protruded approximately 15 |ym above the surface of
the tape. They should not have disturbed the streamline flow or inter-
fered with the downstream deposition on other grids, because they lay
well within the boundary layer and because deposition of 0.365 and -

0. 088um particles is controlled by diffusion. After the grids were in
position, the collecting surface of the model sections Qere decharged by
the Staticmaster for at least one hour,.

During a run, the modei was exposed to between 500 and 2000
breaths to allow a statistically significant number of particles to be
deposited. The particles were manually counted with the aid ofba trans-
mission electron microscope’ at 6000X and 18000X magnification,
respectively, for the 0.365m and 0. 088ym runs.

The particles were counted in 10 contiguous columns, with approx-
imately 30 mesh windows per column, located in the center of each grid.
The fluctuation in counts in this region of the grids appeared to be random.
The number of windows counted per grid, the averagé area of the
windows on each grid, and the average number of singlets counted per
window on each grid are tabulated in matrix form in Appendix C. The
labels on the rows of the matrices, 1, 2, 3,4, 5, 6, 7 correspond to the Y

locations +9, +6, +3, 0, -3, -6, - 9. Although the areas of the windows

' Carl Zeiss Electron Microscope, EM9A.,
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were uniform within one grid, the average area per window varied
between grids', The average area was determined for each grid by
random sampling of windows and measuring their areas with a micro-

meter eyepiece®

on the optical microscope used in Section 4. 7. 1.

All of the grids were counted in 0.365m run #28. Since the
depositioﬁ pattern was essentially symmetrical about Y =0, only the
grids at Y=%9, +6, +3 and 0 were counted in 0.365ym run #32 and in
the two 0.088yum runs. This allowed a significant shortening of the over-
all counting time.

- The number distribution of aggregates were much more poly-
disperse for the 0.088yum runs than for the 0.365um runs. The number
percent and mass percent of singlets in the air in the model were,
respectively, 44% and 10% in run #31 and 25% and 0. 8% in run #33, From

the mass percentages and the mass collected on filter #1, the singlet

concentration in the inhaled air was estimated as described in Section 4. 5.

4.‘ 8 Calculation of the Local Transfer Coefficient from Data

The local transfer coefficient at any point in the models was

calculated as follows:

The grids were all 500 mesh; however, the width of the copper mesh
- separating the windows varied between grids,

? Filar Micrometer Eyepiece, American Optical Ca’caiog #426C. A 10X
eyepiece with the 43X objective of the microscope was used to measure
the window dimensions.
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B (# counts)
loc (area)(# breaths)(time)(correction factor)(concentration) °

(4.1)

The ''concentration' is an arithmetic average of the particle concentra-
tiohs which were measured for each inhalation.

The ''correction factor' corrects the inhalation ''time' to the
approxiymate time period during which the given location was exposed to
the particle-laden air. The exposure time is shorter than the inhalation
"time'' because the volume of clean air, which is initially present between
the gate and the count location in the daughter branch, must be displaced
by dirty air before deposition can occur, The '"correction factor' assumes
the flow profile in the parent branch and the daughter branches is flat
with a magnitude equivalent to the time-average experimental flow rate.
Table B2 lists the correction factors which were used for each count
location in the ''2 —.D" model. In the "3-D" model a constant correction
factor of 0.937 was used for all the locations; it corrects for the time of
passage of the volume of clean air in the parent branch and the bifurcation
region before the carina.

The local transfer coefficients for all experimental runs in both
models are listed in Appendix C. The phrase '"raw mass transfer coef-
ficient'' is used in place of local transfer coefficient in the heading to the
matrices of data from the ''3-D'' model,

In the ""3-D' contour maps described in Chapter 6, weighted

average local transfer coefficients were used to generate the contours
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which represent the data from more than one run. Each was calculated

from the following formula:

k1oc1- (# breaths;)(concentration;) , (4.2)

(# breaths;)(conc entration,)

Weighted Average k

I

loc

oy

e

sz TIMZ

N equals the number of runs to be averaged. This formula was derived
by assuming that the statistical error in the "# counts’ was the predomi-
nant source of the variance in each k and by assuming that all k

loc; locy

had similar magnitudes. Both assumptions were valid for the data used

to calculate the contours.
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Chapter 5

EXPERIMENTAL RESULTS AND ANALYSIS:

TWO-DIMENSIONAL MODEL

5.1 General Data Analysis

Runs were made with 0.365, 0.79, 1.099, 2.02, 2,68 and
7.6um diameter particles in the ""2-D' model with 5. 6 liter inhalations
in 1,63 seconds. The flow pat’cerh simulated a 450 c.c., 1,63 sec.
inhalation of particle-laden air into a human trachea with a diameter of
1.9 cm. Measured lécal transfer coefficients for the '"2-D' model are
tabulated in Appendix C, and the transfer coefficients along the inside
wall are compared with theory in Figures 5.1 through 5.7.

In Figure 5.1 the "V'" shape of the curve repre sehting the data
at any one of the three deposition locations is characteristic of plots of
efficiency versus particle size reported by Thomas and Yoder (1956) for
aerosol filtration by fibrous filters. This is to be expected since the
basic mechanisms--diffusion in the small particle size range and impac-
tion and sedimentation in the large size range--are the same for filtration
and lung deposition. The minimum deposition efficiency occurs within
the transition range between the two mechanisms at a diameter between
0.5um and 1.0ym, as in filtration. The ""V' shape is similar to plots
of the deposition fraction versus particle size predicted (Figure 1.4)

and measured (Landahl, Tracewell and Lassen, 1951, 1952) for the
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entire respiratory tract. This is expected since deposition by the same
mechanisms occur in each generation of the lung.

The highest local dosage occurs near the carina and is an order
of magnitude or more greater than the depositivon at the end of the branch,
depending on particle size. Larger particles (impaction subrange)
produce higher local dosages near the carina, relative to the average
deposition, than smaller particles (diffusion subrange).

In Figure 5.1 deposition data are compared with the theory of
impaction including interception in potential flow, and quasi-steady
diffusion theory for point particles in laminar boundary layer flow
(Sections 2.3.5 and 2.4.3). The impaction calculations were made for
U=100 cm. /sec., which corresponded to the time-average velocity in
the trachea during the run, and at A=0, 92 cm:1/3 (Section 4.2). The
diffusion calculations were based on Equation 2. 4. 3 with a velocity
distribution from Figure 4.4. The time-average velocity U was 100
cm. /sec. and A was 0. 92 crn._l/3

The 2. 68um and 7.6um data agree fairly well with the theory of
impaction including interception, and the data for the 0.365yum and 0.79
um particles are in fair agreement with diffusion theory. Data for the
1.099um and 2. 02ym particles fall in a region between the two theories.

Agreement between impaction theory for potential flow and

experimental data has been reported for the collection of particles on

cylinders and spheres (Fuchs, 1964:162; Walton and Woolcock, 1960).
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One explanation for the deviation of theory from experiment in the 0. 8
to 4um range is the effect of unsteady aerodynamic bbundary layers
which were not taken into account in the impaction calculation, &
Separate impaction calculations which accounted for a steady
boundary layer along the wedge are discusséd in Section 2.3.7. Results
of those calculations (Figure 2. 8), made for U;IOO cm. /sec. and
A=0,82 cm._l/g, predict no deposition beyond x, = 0. 01 cm. for the
particles in this study. All the deposition for the 1 to 4ym range is

predicted to occur at x, < 4um. However, the results of calculations

1
(Figure 2.9, Section 2.3.7), for steady boundary layer flow at various
velocities from Figure 4. 4, s‘uggest‘that 1.0 to IOp,ﬁl particles deposit
more efficiently during the high velocity phases of the unsteady inhalations
than durihg the low velocity phases. Likewise, the distance from the
carina at which deposition vanishes is greater during the high velocity
phase. Thus, the re\sulting time-averaged depositipn is greater at
every location than predicted from steady bound'aryvlayer flow with
U=T, but it is still less than deposition calculated for potential flow,
The boundary layer affects small particles more than large particles
(Section 2. 3. 7); consequently smaller particles in the 0.8 to 4 m range
deviate further from the impaction theory in Figure 5.1.

A further explanation of the increase in deposition during unsteady

inhalations as compared to steady boundary layer flow is associated with

the time required to reach a quasi-steady boundary layer thickness
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during pulsatile flow. As estimated from Section 1.3.6 for U=100
cm. /sec., the percentage of the inspiration time, during which the
momentum boundary layer was thin in comparison to its quasi-steady

thickness, was 2% at X, = 1.0 cm. and 5% at x_ =2,54 cm. This sﬁggests

1
minor increases in the loc;al deposition. Convective diffusion probably
also contributed, but only weakly, to the deposition of particles in the

1 to 4um range.

The data shown in Figure 5.2 through 5.7 are compared with
theories for impaction and interception in a steady potential flow at
U=100 cm. /sec. and A=0, 82 cxn._l /3 and with the quasi-steady diffusion
theory for point particles in larﬁinar boundary layer flow at U =100

1/3

cm. /sec. and A =0.92 cm. All theories were evaluated at the same

conditions of temperature and pressure--25° C. and 74 cm. Hg.

5.2 7.6um Particles

In Figure 5 2 the theories for impaction with and \;vithout inter-
ception and the theory for pure interception are compared with data for
7.6yum particles. The three data points in Figures 5.1 and C.1 were
from run #19. The theories show that impaction dominates near the
carina, but that interception controls further downstream.

The data agree in trend with impaction theory for particles of
Rp =3.8ym, but they are two or three times larger in magnitude at most

locations. The deviation of theory from data is caused by several factors.
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The calculated transfer coefficients with A =0, 82 are lower than those
for A= O 92 (compare Figures 5.1 and C.1). The 7.6ym (average
diameter) particles are distributed with respect to size with‘\/d?f_= 8. Tum
(Table B.1). Although each deposited particle was not sized, a greater
number gf particles with dp> 7. 6ym was counted than with dp< 7.64m,
The local transfer coefficients depend strongly on the Stokes (x dg) and
Interception (= dp) numbers. Therefore, calculations based on dp= 8. 7Tum
would more accurately approximate the data than those made for dp= 7. 6um.
Finally, the theoretical time—averaged deposition curve for 7.6um
or 8. 7ym particles lies above the curve calculated for a steady velocity
of 100 cm. /sec., the time-average experimental velocity. This is

‘demonstrated most clearly in Figure 2.7 and Section 2. 3. 6.

5.3 2.68um Particles

Figure 5.3 compares the theories of impaction (including inter-
ception) and of pure interception with data for 2. 68um particles. The
three data points in Figures 5.1 and C.1 are an arithmetic average of
data from the three runs.

Interception is the dominant contribution to impaction theory
along the entire length of the wedge because the magnitude of the pure
interception curve is more than 50% of the impaction curve. The data are
in fair agreement with either theory when one accounts for statistical

errors in the raw count data. However, as plotted, the data generally
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agree better with interception theory because the unsteady boundary
layers slightly suppress the impaction mechanism. Since the boundary
layer is thicker at greater distances from the carina, this suppression

is most obvious in data at x1 =2.54 cm.

5.4 2.02ym Particles

In Figure 5.4 the theories of impaction, interception and quasi-
steady convective diffusion are compared with data for 2. 02 m particles.
The three data points in Figures 5.1 and C.1l are from run f#41.

The data fall between the theories of interception and quasi-steady
diffusion, but they favor the interception theory. As expected, the
unsteady boundary layer caused a greater inhibition of deposition for the
2,02ym f)articles and é greater deviation of the 2. 02ym data from the
impaction theory than for the 2.68ym particles. The data points at
0. 0069 cm. and 0.0275 cm. in Figure 5.4 are lower in magnitude than
expected from the trend of the other data which génerally agrees with
the trend of the impact‘ion and interception theories. Thié result may
have been produced from nonidealities in geometry and flow ai; the
carina in the experimental model (Section C. 3).

This analysis suggests that deposition of 2. 02 ym particles
was controlled by impaction with interception in the unsteady boundary

layer along the wedge.
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Figure 5.4 Comparison of Theories with Local Transfer Coefficients
for 2. 02 ym Particles Depositing on a Horizontal 90° Wedge in the 2-D
Model for Simulated 450 cc, 1.63 sec Inhalations. Impaction and Inter-
ception Use Steady Potential Flow with U=100 cm/sec and A=0.82 ,
Diffusion(Point Particles) Uses Quasi-steady Boundary Layer Flow
with U=100 cm/sec and A=0.92.
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5.5 1. 099um Particles

Figure 5,5 compares the theories of impaction, interceiotion
and quasi-steady diffusion with data for 1.099yum particles. The three
data points in Figures 5.1 and C.1 are from run #24.

The data fall between the interception theory and the theory of
quasi-steady diffusion, but the magnitudes and the trend of the data gener-
ally favor the diffusion theory, and to a greater degree than in the case
of the 2, 02 an data. Again the un;;teady boundary layer is observed to
inhibit more effectively the impaction and intercebtion of smaller parti-
cles, and especially at 2.54 ¢cm., as shown by the data of runs #24 and #25.

In run #36 particles were collecfed on double-stick tape instead
of carbon black used in runs #24 and #25. The data at 1.27 and 2.54 cm.
in run #36 are larger in magnitude than in the other runs because the
surface of the strips of tape in these two locations was raised such that
the particles were captured more effectively.

In conclusion, the deposition of 1.099m particles along the wedge
was controlled by impaction with interception in the unsteady boundary
layer, but convective diffusion with interception probably contributed

significantly to the deposition at the more distant locations.

5.6 0. 79ym Particles

Figure 5.6 compares the same theories with data for O. 79um

particles. The three data points in Figures 5.1 and C.1 are from run #31.
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Figure 5.5 Comparison of Theories with Local Transfer Coefficients
for L.099 ym Particles Depositing on a Horizontal 90° Wedge in the 2-D
Model for Simulated 450 cc, 1.63 sec Inhalations. Impaction and Inter-
ception Use Steady Potent1a1 Flow with U=100 cm/sec and A=0.82 .
Diffusion(Point Particles) Uses Quasi-Steady Boundary Layer Flow
with U=100 cm/sec and A=0,92 .
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Although the data agree well in magnitude and in trend with the
theory of quasi-steady diffusion, they deviate further in the negative
direction from the diffusion theory at more distant locations than at
locations closer to the carina. If the interception effect could be included
in the diffusion theory, the data would appear even loWer in magnitude
relative to the theory than in Figure 5.6. This deviation can be explained
as follows: During pulsatile inhalations with the model initially filled
with clean air, more time is required to fill the concentration boundary
layer with particles in the region far from the carina. Hence the more
distant locations should have a relatively lower transfer coefficient in

comparison to the quasi-steady diffusion theory than the closer locations.

5.7 0.365Qm Particles

Figure 5.7 compares theories of interception in potential flow and
diffusion of point particles in quasi-steady boundary layer flow with data
for 0.365um particles. The three data points in Figures 5.1 and C.1 are
an arithmetic average of the data from both runs.

The data agree in trend with diffusion theory but afe 1.1t02.0
times larger at most locations. Improved agreement could probably be
obtained by including the finite diameter of the particle in the boundary
condition in a numerical solution of the equation of convective diffusion.

To avoid a time-consuming background count, the plates used in

run #44 were not c_lean'ed before making run #45. The data for run #45
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Figure 5.7 Comparison of Theories with Local Transfer Coefficients

for 0. 365 um Particles Depositing on a Horizontal 90°Wedge in the 2-D

Model for Simulated 450 cc, 1.63 sec Inhalations. Interception Uses
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were generally lower than #44 because some of the singlets depositing
in #45 were not counted when they formed agglomerates with particles
from run #44. The data at 2.54 cm were lower compared with
diffusion theory than the other data because of the clean boundary layer

effect discussed for the 0. 79um data.

5.8 Concluding Analysis

The results of the detailed analysis of each particle diameter
agrees with the conclusions of Section 5.1 and suggest additional gener-
alizations. First, interception played a significant role in the deposition
of all the particles studied. Deposition by convective diffusion at loca-
tions 22,54 cm. from the carina was retarded by the clean air which was
present in the model before each inhalation.

Experiments with the "2-D' model supported the validity of the
experimental approach and showed acceptable agreement with the approx-
imate theories. Therefore, the next step wasan experimental investigation
of the deposition in the "3-D'" model to evaluate the significance of
sedimenﬁation and secondary flows which were absent f{rom the "2-D"

model,
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Chapter 6

EXPERIMENTAL RESULTS AND ANALYSIS:

THREE-DIMENSIONAL MODEL

6.1 Contour Maps and Cumulative Surface Area Distributions o_f Local

Transfer Coefficients

The first set of runs was made for 0,088, 0.365, 0.79, 1.1,

2.02 and 5. 7ym particles in the ""3-D'' model with 450 c.c., 1.88
second inhalations. In the sec‘ond set 0.088, 0.365, 0.81, 1.1, 2.02
and 5. 7ym diameter particles were used with 450 c.c., 0.94 sec.
inhalations. Separate ?uns were also completed for 1.1 and 2.02ym
pa;rticleé with the model in‘ a horizontal or prone orientation (gravity
vector perpendicular to the plane of the bifurcation) and for 450 c.c.,
1. 88 sec. inhalations. Count data and the corresponding local transfer

coefficients, k. , are tabulated in Appendix C,

loc
Deposition patterns for each run were obtained by converting the
kloc data into contop.‘r Maps 1 -12. The contours represent ylocations of
constant transfer coefficient similar to topographical maps of the
earth's surface. The value of X along the abscissa represents the
distance in centimeters downstream from the carina (Figures 4.9 and

4.10), while Y along the ordinate represents locations around the cir-

cumference of the branch (Figures 4.8, 4.9 and 4. 10). Each Y segment
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corresponds to a distance of ¢ (Branch Diame’ter)/lS =0.215 cm., and
each map represents a surface area of 18.4 cm. 2 in the daughter branch.
The contours were determined by a computer as described in Section C.4.
The surface area between each contour was measured with a
planimeter, and a cumulative surface area distribution with respect to

values of k was plotted for each map. These plots are labeled

loc
Graph 1, 2, .....c0u... , 12, and each follows its corresponding contour
map at the end of this section. The average value of kloc over the surface

of the daughter branch, kav’ was calculated by dividing the area under
the cumulative surface area distribution curve by 100. kav is indicatedb
in each plot along with the percent of the surface area of the daughter
branch w@th kloc > kav'

A second average transfer coefficient, kc, was determined only
for the surface area in which particle .depoéition actually occurred.
This area was equivalent to the region enclosed by the last contour
listed in the legend of each map. Hence, kc was calculated as follows:

1. The area under the cumulative surface area distribution
curve between 0% and the % of the model area enclosed by the last
contour listed in the legend was determined by graphical integration.

2, This area was divided by the percentage of the model area

enclosed by the last contour listed in the legend.

kc and the percent of the area with klocz kc are indicated on each graph.
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6.2 Analysis of the Contour Maps

6.2.1 General Trends for 5. Jum and 2. 02,;m Contour Maps

Maps 1 - 4 show the deposition trends for large particles which
are controlled by impaction, sedimentation and interception. A peak
in deposition or "hot spot' occurs along the inner wall (Y = -1 to +1) at
the carina in each map. A second peak occurs between 0.4 and 0.8 cm,
downstream for 2. 02um particles at U=100 cm. /sec. The 2. 02 um
particles deposit in a long plateau with a minor peak between 0.4 and
2.6 cm. downstream be’tween Y=# when U=200 cm. /sec. ; they also
form a secondary peak at X,:O' 8 cm., Y=2.0 in Map 4. Impaction
causes the peak at the cariﬁa, while secondary flows may be the cause
of the peaks between X=0.4 and 0.8 cm,

Beyond the distant peak betweep Y=12, kloc decreages along one
or two ridges running to the end of the branch. The value of kloc also
decreases toward the outside wall for given X because the sedimen-
tation flux decreases from Y=0 to Y=%4.5. Contours parallel to the X
axis characterize deposition controlled by sedimentation. Deposition
on the outside wall (]Y\>4. 5) was probably caused by the secondary
flows, since no sedimentation can occur on these surfaces with the
model in the vertical orientation.

Asymmetric patterns about Y=0 are in part caused by asymmetries
in the model gebmetry. However, the main cause in the 5.7 and 2. 02

um runs was the large statistical error in the small number of particles
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counted at each location beyond the carina. The asymmetries in Maps
1 and 3 were minimized by averaging the data from multiple runs.

The cumulative surface area distribution demonstrates the
uniformity of deposition. A horizontal distribution curve indicates
uniform deposition over the surface, while a narrow, vertical peak
demonstrates a strong nonuniformity of "hot spot''. For example,
Graph 2 shows that kav in Map 2 is 0. 0342 cm. /sec. and only 32,5% of
the area has a kloc 2kav' About 50% of the surface area received no
deposition. The peak '"hot spot'' on Map 2 (area within contour A) has
a transfer coefficient more than 48.5 times larger than the integrated
average value and its surface area is only 0.13% of the totél or 2.4 mm. 2
Therefore, the approximately 20, 000 epithelial cells within this region

in the real lung (Altshuler, et al., 1964: Fig. 3) would receive at least

48.5 times more 5. 7um particles than predicted for uniform deposition.

6.2.2 General Trends for 1.1ym and 0. 79um Contour Maps

Maps 5 - 8 demonstrate the deposition patterns expected for
particles in the 0.5 to 1. 5um range. The deposition of particles in
this transition range can b‘e influenced simultaneously, but to different
degrees, by the mechanisms of inertial impaction, sedimentation,
interception and Brownian diffusion.

In some ways the patternsaresimilar to those for larger particles

(Section 6.2.1). Besides the peak at the carina each map has a second or
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multiple peaks at X =0.4 to 0.8 cm. between Y=+ 2.0. The '>"' and

"’ >” shaped contours, demonstrating the ridge of deposition running
axially between the Y =+2, 0 strips, are more obvious in these maps
than in those for the 5.7 and 2. 02m particles. The ">'"" shape is
associated with the high axial velocity of the air near the wall in this
region. The ‘l;" and ”i” contours are associated with the pair of
se.condary flows imposed on the axial flow on each side of Y =0 (Figure
3.2, Sections 1.3.2, 3.2, 2‘, and 4. 3).

In contrast to the large particles, a significant number of 1.1
and 0. 79ym parti‘cles deposit on the outside wall, and the deposition in
the 200 cm. /sec. runs terminated at larger Y locations than in the
100 cm. /sec. runs. Contours bey’ond the Y=+2.0 region are not
paré,llel to the X axis, like the contours for large particles, but are
convex toward Y=+ 9,

Map 8 demonstrates best the expanding region of deéosition for
particles in this subrange. In this case the expansion proceeds outward
in a diagonal direction from Y =0, (X =0.4-0.8 cm. Vto Y=49, X=0.9-
2.0 cm. Because they can be carried farther by the helical flow before

depositing, small particles have a wider deposition pattern than the large

particles.

6.2.3 General Trends for 0.365m and 0. 088, m Contour Maps

Maps 9 - 12 demonstrate the deposition patterns for small particles
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controlled by convective diffusion. Maps 10, 11, and 12 are perfectly
symmetrical since strips Y =-3, and -6 were not counted. Instead,

the data for Y =+3, and +6 were used. Because Map 9, in which all the
grids were counted, is nearly symmetrical, this shortened the counting
time with no loss of accu?acy.

The peak of deposition at the carina in each map is much broader
and the slope of each peak is less steep than observed in the maps of
the transition and impaction subranges. A second peak is observed only
for the low velocity, 0.365ym run.

Studying Maps 9 through 12 in that order shows that the strong
">'" patterns in Map 9 gradually become more blunted and wider and
»aprl)roach straight, vertical lines in some regions of the maps. Straight,
vertical contours with decreasing k10C in the +X direction characterize
convective diffusion downstream from the entrance to a straight tube
(Levich, 1962: 112-115; Gormley and Kennedy, 1949),

In Maps 9 and 11 lobular patterns or ridges of deposition are
observed from Y =0, X=0.4- 0,8 cm. diagonally to Y=+9, X=2.,1 cm.
The two ridges are more intense in Map 11 than in Map 9. In othér
words, the elevation of each ridge in Map 11 above the surrounding low
lands is greater than in Mép 9, and the crest of the ridge in Map 11
decreases in elevation less rapidly toward Y=+9, X=2.1 cm. than in
Map 9. In Maps 10 and 12 the ridges run diagonally from Y=0, X=0.4 -

0.8 cm. to Y=+9, X=1.2 cm., and they are more intense for the 0. 088
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than the 0.365y m run. These patterns are drama‘tic evidence of the
effect of the secondary flows which is analyzed in detail in Section 6. 5.
ILobular patterns can be observed in nearly all the maps in the same
location; however, they become more obvious and extend farther toward
the outside wall as particle size is decreased and as velocity is increased.

The cumulative surface area distributions demonstrate the sharp
peaks at the carina gaused by convective diffusion. They also demon-
strate that the deposition covers the entire surface, but is more uniform
beyond the carina for the 0.088 than for the 0.365um particles.

Gréph 12 shows that kav is 0.0027 cm.v/sec. and that 30% of the
surface area received deposition greater than or equal to the average.
‘"The peak '"hot spot'' on Mép 12 (area within Contour A) has a transfer
coefficient 3. 74 times larger than kav’ and its surface area is only
0.61% of the total or 11,2 mm. 2 Accordingly, the approximately
150, 000 epithelial cells in this area at the surface of a human lung
receive at least 3. 74 times more 0. 088um particles than predicted

from uniform deposition.

6.2.4 Compatrison of kav’ "Hot Spot!' Intensity, and the Uniformity of
Deposition
Figure 6.1 compares the integrated average transfer coefficient
from the contour maps according to the part'icle diameter aﬁd the time-

average flow rate. The 100 and 200 cm. /sec. sets of data have the
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characteristic "V' shape observed in Figure 5.1 for the "2-D'" model.
Likewise, the minimum kloc for the 100 cm. /sec. set occurs at the
same location as in Figure 5.1--between 0.5 and 1ym.

The minimum in the 200 cm. /sec. set of data shifted to smaller
particles--between 0.35 and 0. 7ym diameter. The relatively small in-
crease of kav for the 0.365 and 0. 088ym particles when the velocity
increased from 100 cm. /sec. to 200 cm. /sec. is consistent with the

theory of convective diffusion (Equation 3. 8) which predicts kav to

i

increase as U”., The larger increases of the 0.79-2, 02 m particles
are partially predicted from the theory of simultaneﬁus deposition by
impaction, interception, and sedimentation (Section 2.3.4). The
additional enhancement of 1.1 and 0.79um particles compared to the
2,02 m is associated with ‘the increased deposition of the 1.1 and 0.79
um particles on the outside wall at the higher velocity.

Figure 6.2 demonstrates the variation of the intensity of the 'hot

1 3 - ’ 3 - h .
spot'' effect with particle size. The parameter kO. 6%Area/kav was chosen

i 1
kO. 6%Area is the average value

as an indicator of the '"hot spot' intensity.

of kloc over 0.6% of the area having the greatest transfer coefficients on

each map. k at 0% of the area and between contours was estimated by

loc
linear extrapolation and interpolation. 0.6% of the area corresponds
to roughly 150,000 epithelial cells.

The plot shows that the ""hot spot'' intensity varied from a high of

25.4 for the 5.7ym, 200 cm. /sec. run to a low of 3.35 for the 1.1ym,
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100 cm. /sec. run. The intensity is greatest for particles in the
in:lpaction and sedimentation subrange and increases rapidly with
particle size. The intensity is also greater at the higher velocity for
particles with dp> 1.0ym. Particles in the diffusion subrange have
the lowest intensity (~3. 8) which is essentially constant and independent
of velocity.

Figures 6.3, 6.4, and 6.5 show other ways of analyzing the
nonuniformity of the deposition.» In Figure 6.3 the percentage of the

surface area of the contour maps having k CS kav/lo is compared for

lo
Maps 1 - 12, The data were obtained from Graphs 1 - 12,

The fraction of the surface receiving essentially no deposition
decreases smoothly from a maximum of 49% for the 5. 7p,m particles
to 0% for the 0.365 and 0.088ym particles. The 0.79 and 1. lym
particles covered more surface than the 2. 02 and 5. 7um particles
because trajectories of particles in the transition subrange deviate less
from the flow streamlines. Consequently, they have a.v greater proba-
bility of flowing along the outside wall where they can deposit by
interception and convective diffusion.

The 0.79 and 1. 1ym particles covered more of the surface at
200 cm. /sec. than at 100 cm. /sec. because the secondary flows were
more intense at the higher velocity. In other words, particle-laden
air replaced the clean air along the outside wall more rapidly at the

higher velocity. Also, local shear rates along the outside wall increased

substantially at the higher velocity, causing increased deposition by



175

00l

71-1 sdew ut uonpisods oN

ATTerjuss s SUIAISDIY BIIY 92BJING 91} JO 988IUDIS J

(w7) ¥31IAVIA TIDILHVd

€°9 @In3st g

0'G 02 ol ¢0 20 '0 GO0 w_
T T T T T 1 TTRT TP 1e T _9__,0 W
)
— —01 M
m
D32
— —0¢ 3
oF
- —0¢ _“_343
Huv
| ot o=
VivQ 00s/wo00Z <N & | m=
= viva 29s/w200l =0 o0 —0§ 5T
RN TN Ll IA
- : 09 ~
Q
S
o)



176

interception and convective diffusion. The increase in the surface
coverage as U increased from 100 to 200 cm. /sec. was greater for the
0. 79um than for the 1.1ym. The 0.79ym particles, having a smaller
relaxation time, are more effectively entrained by the helical flow and
can be carried farther along the outside wall before depositing.

The surface area receiving no depdsition increased slightly for
the 2. 02 and 5. 7ym particles whep the velocity increased from 100 to
200 cm. /sec. Increasing axial velocity tends to localize deposition by
impacﬁon and sedimentation. This effect outweighed increases in the
intensity of the secondary motions which tend to cause deposition by
interception and impaction on the outside walls. The lower values and
the larger increase from 100 to 200 cm. /sec. for the 2. 02 than for the
5.7um particles are expected because 2.02m particles are more
effectively entrained by the helical flows.

In Figure 6.4 the percentage of the surface area with klocZkav
is compared for Maps 1 -12. The percentage for each Map is also
shown by the dashed line labeled kav on its corresponding Graph. A
larger percentage in Figure 6.4 indicates a greater uniformity of
deposition. The 0.79 and 1. lym particles have the most uniformity
while the 0.088 and 5. 7ym particles at 200 cm. /sec. have the least.
In all cases, except for fhe 0.79 and 0.365ym particles, the uniformity

is greater at 100 cm. /sec. than at 200 cm. /sec.
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In Figure 6.5 the percentage of the surface area with a klocz kc
is compared for Maps 1 - 12. The percentage for each map is also
shown by the dashed line labeled kc on its corresponding Graph. Larger
perceﬁtages in Figure 6.5 indicate a greater uniformity of deposition
within the area of each map in which particles are actually collected
(the area receiving deposition is approximately equal to 100% minus the
corresponding ordinate value in Figure 6.3). The 5.7Um particles have
the least uniformity at both flow rates, and there is no flow dependent
trend for the smaller particles. However, the most and similar
uniformity generally occurred for 1. 1, 0,79 and 0.365ym particles
at either flow rate and for 0.088ym at 100 cm. /sec.

Results from Figures 6.1 through 6.5 have application to inhalation
therapy with medical aerosols, and to the diagnosis of lung diseases by
X-ray opaque or radioactively tagged aerosols.  To deliver an aerosol
to the human airways which will completely cover the walls in the most
uniform manner, unit density particles with diameters < 0.5ym should
be inhaled at low rates. Parficles between 0.5-1.0ym can be inhaled
at any flow rate for a highly uniform coating over more thah 75% of the
airway surface. To obtain the most nonuniform coating with the least
surface coverage in the upper airways, unit density particlesz5yum in

diameter should be inhaled rapidly, as by panting. This will also

assure a maximum accumulation at the carina of each bifurcation.
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6.3 Comparison of Experiment and Theory

6.3.1 5.7um Particles

In Plots 1 and 2, the theory of deposition by inertial impaction
and sedimentation of finite diameter particles (ISI theory; Section
2.3.4) and the theory of sedimentation (S theory; Section 2.3.2) are
compared with data for 5. 7ym particles. The transfer coefficients
were measured along the Y=0 strip in the "3-D" model during 1. 88
and 0. 94 second inhalations respectively in Plots 1 and 2. A=A3SI/
S_=1.14 cm. -7/29 was used in the numerical calculations in keeping
with the ""3-D" modification to the '"2-D' theory in Equations 3.1,

3.2, and 3.3. A =1.14 also agrees with the experimental flow con-
ditions in the model. . ISI theory does not coincide with the S theory at.
large X because the interyception effect is not included in the S theory.

The data in Plot 1 a:gree well with ISI theory from X=0 to
X=1.3 cm. The last three data points agree with the S theory because
the unsteady boundary layers inhibit the interception expected from
potential flow (Section 2.3, 5.1). l Data in Plot 2 have greater scatter |
around the ISI theory than in Plot 1. Much of the scatter can be ex-
plained by statistical counting errors (Section C.2).

The 5. 7ym particles had «/:_z = 6.32um (Table B.1); therefore

if the boundary layer did not inhibit the deposition, data in Plots 1 and

2 should be greater in value than the ISI theory. Likewise, the



181

S0 T T TTTTTT T T TTTTT] T T3
| ©  57um WAV. 3-D RUNS 21, 22 _
| —— IMPACTION AND SEDIMENTATION |
| ——— SEDIMENTATION |

3
Q
w
N
=
L
O
o
X
00l L1l N N N |
oJo] 0.l 1.0 5.0
X (cm)

Plot1 Comparison of Theories for 5.7 ym Particles Depositing on a
Vertical 70° Wedge with Transfer Coefficients Measured Along Y=0 in
the 3-D Model for 450 cc, 1,88 sec Inhalations. Impaction and Sedi-
mentation Theory(w/ Interception) and Sedimentation Theory (w/o
Interception) Use Steady Potential Flow with U=100 cm/sec and A=1, 14,



182

1 1 LI LA |' I 1 LI AL ll I 1 |
K © 57um 3-D RUN 27 ]
- |IMPACTION AND |
B SEDIMENTATION
- : ~—— SEDIMENTATION .
1.0 —
s F .
5 F :
~N N -
E
3) - _
~ ©
0 - .
° 0]
x o
O.l —
e e e e e e e e e e e e e e e e ]
. : o.
_ o) ]
Lottt Lol L4
O'OIO.OI 0.1 1.0 : 5.0
X (cm)

Plot 2 Comparison of Theories for 5.7 um Particles Depositing on a
Vertical 70° Wedge with Transfer Coefficients Measured Along Y=0 in
the 3-D Model for 450 cc, 0.94 sec Inhalations. Impaction and Sedi-
mentation Theory(w/ Interception) and Sedimentation Theory(w/o
Interception) Use Steady Potential Flow with U=200 cm/sec and A=1, 14,



183

200 cm. /sec. data should deviate further from the theory than the
100 cm. /sec. data. Some of the points in both plots agree with these
predictions.

The highest axial velocity occurred along the Y=0 strip and
caused the '"" > "' shaped contours or deposition ridge in Maps 1 and
2. A declining ridge from X=0 to the end of the branch is predicted
from ISI theory; however, if the theory had accounted for this higher
axial velocity, data in Plots 1 and 2 would have been lower in value
than the theory.

The momentum transferred to the 70° wedge of.the "3-D'" model
was calculated for 5. 7um particles at U=200 cm. /sec. They impacted
at E;. maximum velocity of 50 cm. /sec. when the trajectory coincided
with the stagnation streamline; therefore, the maximum amount of
momentum transferred was only‘ 7.64x10 ° dyne-sec,

In conclusion, 5.7ym particles deposited along the Y=0 strip
between the carina and X=2.5 cm. by simultaneous impaction, sedi-
mentation, and interception. From 2.5 cm. to the end of the branch,
sedimentation controlled the deposition. Each theory is a good approxi-
mation of the transfer coefficients in the regioﬁ where it controls the
deposition.

6.3.2 2. 02y m Particles

Plots 3 and 4 compare the same theories used in Plots 1 and 2

with transfer coefficient data for 2. 02ym particles which deposited
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along Y=0 during 1. 88 and 0. 94 second inhalations, respectively. The
three data points nearest the carina and the four most distant points

in Plot 3 generally agree with the S theory. The points at 0,22, 0.3175
and 0.635 cm. are higher in value than the other points, and they
correspond to the major peak in Map 3. Secondary flows caused this
peak and the fortuitous agreement between the ISI theory and data in
this region.

The trend of data in Plot 4 generally agrees with the S theory,
as in Plot 3; however, the 200 cm. /sec. data are approximately 2 times
greater than the 100 cm. /sec. data. This is expected if the deposition
was controlled by interception and sedimentation in potential flow. The
first three data points underestimate the ISI theory because the unsteady
boundary layers inhibited the deposition. The data at 0. 0275 cm. in
both plots are conspicuously low, perhaps because the geometry and
flow at the carina in the experimental model did not exactly match
the theoretical model (Section C. 1).

It is difficult to explain why data in Plot 4 greatly exceed the
ISI theory, especially since the 5.7ym, 200 cm. /sec. data generally
agreed with the ISI theory. Thinner boundary layers and more intense
secondary flows can only explain a minor rise above the theory. For
some unknown reason, the measurement made of the particle con-

centration may have been too low.
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In conclusion, 2.02| m particles deposit along most of the
Y=0 strip by sedimentation and interception. Some inertial impaction
took place at the carina and possibly in regions where secondary flows
enhanced the deposition. Neither theory adequately represents the data
because they neglect the unsteady boundary layers. Nevertheless,
sedimentation theory is useful for approximating the trend of the data.

6.3.3 1.1lym Particles

Plots 5 and 6 compare the same theories used in Plots 1-4 with
transfer coefficient data for 1.1ym particles which deposited along
the Y=0 strip during 1. 88 and 0. 94 second inhalations, respectively.
In Plot 5 the data are generally parallel to and slightly below the S
theory for X=0 and X=1.5 cm. This shows that the unsteady boundary
layer was thick enough on the average to prevent all impaction and
interception predicted from a potential flow regime. But at U=200
cm. /sec. the boundary layer was thinner and allowed more deposition
by simultaneous impaction, sedimentation and interception. This
explains why data between X=0 and X=1.0 in Plot 6 are moré than a
factor of 2 larger than those in Plot 5.

Data in Plot 5 fall below the S theory because deposition is
retarded by the clean air initially present in the model, and because
sedimentation may be inhibited by boundary layer effects (Section 2. 3.2).

Considering the '"clean air effect'’, the exposure time of the branch to
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particles is shorter at the more distant locations because it takes
longer for the particle-laden air to reach the core above these locations.
Also, since the clean boundary layers are thicker at the more distant
locations, more time is required to fill them with settling particles.
Thus the exposure time at any location is less than the corrected in-
halation time used to calculate kloc (Section 4. 8).

The 'clean air effect'' is even more dramatic in Plot 6 between
X=0.7 and X=3.8 cm. The decrease starts closer to the carina and is

more rapid than in Plot 5 because the time to fill the clean boundary

layers by sedimentation is a larger fraction of the inhalation time at

[ TR

U=200 cm. /sec. than at U=100 cm. /sec. (& ’(Xl) is proportional to U~

while inhalation time is proporfional to U_l). Another factor contri-
buting to the decrease in Plots 5 and 6 is the greater inhibition of
interception (predicted from potential flow theory) by the thicker
boundary layers at the end of the branch (Section 2. 3. 3).

The successive ''>' and 'S " shaped contours in Maps 5-8 show
this declining ridge of depositon along the strips l;etween Y=22. The
peak of the ridge along the "">'' contours cortresponds to the strip over
which the highest axial velocity is found, and the sides of the "">'"" have

progressively lower axial velocities. Deposition is highest in the

region of highest axial velocity as a result of thinner boundary layers,
more rapid clearance of clean air from the core, and more rapid

filling of clean boundary layers with particles.
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The deposition of 1.1ym particles along the Y=0 strip was
controlled by sedimentation and interception over most of the branch.

The theory of sedimentation accurately estimates k over part of

loc

the strip at U=100 cm. /sec. Both theories inadequately approximate

k at U=200 cm. /sec.
loc

6.3.4 0.79yum Particles

Plots 7 and 8 compare the data along Y=0 in Maps 7 and 8 with
three differenf theories. The first two are the same as in Plots 1-6.
The third is the quasi-steady diffusion (QD) theory or in other words
the theory of convective diffusion for quasi-steady laminar boundary
layer (B. L.) flow along a 70° wedge. Equation 3.9 was used to predict
the local transfer coefficient, with A=1.14 cm,. -1/29 corresponding to
the experimental flow conditions.

The 100 cm. /skec. data in Plot 7 lie relatively farther below
the S theory than the 1.1yum particles in Plot 5 because deposition by
all mechanisms is more effectively retarded by the unsteady boundary
layer, and because more time is needed to fill the clean boundary
layers. The data decrease beyond 1.0 cm. for the reasons stated in
Section 6. 3.3 for Plot 5, and the peak data point at 0.3275 cm. cor-
responds to the peak ""hot spot'' in Map 7.

The 200 cm. /sec. data in Plot 8 are shifted above the S theory,

but not as far as the 1. 1ym data were shifted in Plot 6 because the
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boundary layer more effectively retards the deposition of the smaller
0.79um particles. The decrease in the data at the end is also analogous
to Plot 6 and the same explanations apply.

If convective diffusion were controlling the deposition, the clean
boundary layer effect \;;rould still be present. Since the data do not fall
below the QD curve along the entire length of the branch and farther
below at larger X locations, convective diffusion is rejected as a sig-
nificant mechanism. Sedimentation with interception was controlling
and S theory can be used to approximate the local transfer coefficients
along Y=0,

Comparison of results for 2,02, 1.1 and 0.79ym pérticles
shows that the retardation of deposition by unsteady aerodynamic
boundary layers was greater for smaller particles and at the lower
flow rate, The "clean air effect' was also greater for smaller pé,rticles
and at the lower flow rate.

6.3.5 0.365ym Particles

Plots 9 and 10 compare data along Y=0 in Maps 9 and 10 with 2
different theories for convective diffusion. Curve (1), the QD theory,
is calculated from Equation 3.9 with NU evaluated from Figure 4.4

(NU = 9,62 for U = 100). Curve (2) is calculated from Levich's

(1962:112-115) solution for diffusion to a tube in quasi-steady

Poiseuille flow with 3\/ Vo evaluated from Figure 4.4 (4 Vo = 5.65 fqr

V., = 2U, = 201.6),
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The data at X=0.155, 0.465, 3.0 and 4. 0 cm. lie slightly
above curve (l). The larger positive deviation of the daté from curve
(1) between X=0,75 and X=2.0 cm. was caused by the enhanced depo-
sition associated with the secondary flows. The peak point at X=0,775 cm.
cqrresponds to the secondary peak in Map 9. All data are geherally
higher than theory because a uniform rather than a skewed velocity
profile is assumed in the daughter branch. The skewed profile in the
plane of bifurcation (Figure 3.2) predicts the highest axial velocity and
shear rates along Y=0. This is demonstrated most clearly by the
"> contours along the Y=0 strip in Map 9.

Curve (2) pl.‘edicts lower transfer coefficients than curve (1)
and generally falls belowythe data, as explained in Section 3.4.

In Plot 10 all except the secqnd point fall below curve (1), and
the negative deviation of the data from the theory is greater at more
dis.tant locations. The rate of decrease from X=2 to X=4 cm. is also
greater than in Plot 9. This lower trend and sharper decrease in
Plot 10 compared to Plot 9 were caused by the clean boundary layer
effect (Section 3.4). The time period needed to develop the steady
concentration distrivbution is greater at larger X and greater for larger
particles in the diffusion range,

Wang and Friedlander (1968) derived a similarity solution

for the unsteady form of the equation of convective diffusion. From
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this solution they determined the time for development of ‘the steady
concentration boundary layer for 0.2ym particles in the sixth generation
of Weibel's Modél "A'" for a tidal volume of 450 c. c. inhaled over 2
seconds. Choosing t=0 when the particles reach the carina at X=0 in

the sixth generation, 0.3 and 0,6 seconds were required respectively

to develop a steady concentration distribution at X=0, 221 and

X=0.626 cm.

By a‘nalogy, during a 450 c.c. inhalation of 0,365ym particles
over 0. 94 seconds a significant fraction of the inhalationtime is
required to develop steady concentration distributions beyond X=0.5 cm.
along Y=0. The a;xial velocity is less aiong Y strips more distant from
Y=0; hence, the concentration distribution will develop moré slowly
causing much less deposition toward the outside walls than along Y=0.
This is observed in Maps 9 and 10, but more obviously in Map 9
where the secondary flows are less intense and less effective in
replacing the clean air along the outside walls with the particle-laden
air. |

The peak at X=0,75 cm. in Plot 9 corresponds to the secondary
peak within contour C in Map 9. In Plot 10 the enhanced deposition
caused by the secondary flow shifts to X=0.5 cm.; however, the sharp
decrease in deposition beyond X=0.5 cm. precludes a secondary peak

in Map 10.
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Convective diffusion controls the deposition of the 0.365ym
particles in the '"3-D'" model and the QD theory (curve 1) is fairly
accurate for approximating the local transfer coefficients along Y=0.
The secondary flows and clean boundary layer effects must be taken
into account to improve the accuracy of the estimate.

6.3.6 0. 088yum Particles

Plots 11 and 12 compare data along Y=0 in Maps 11 and 12 with
the same theories used in Plots 9“and 10. The trends of the data and
the agreement between data and theory in Plots 11 and 12' are nearly
identical to those for 0.365um in Plots 9 and 10, respectively; hence,
the same arguments and explanations apply.

The 0. 088urri>data at 200 cm. /sec. fall off less rapidly with
distance below the theo‘ry than occur;ed for the 0.365m data ét
200 cm. /sec. because the 0. 088y m particles develop steady con-
centration distributions more rapidly at any X location than the
0.365um particles. The enhanced deposition caused by the secondarSr
flows are apparent in Plots 11 and 12 between 0.4 and 1.0 cm. even
though they do not form secondary peaks on Maps 11 and 12.

Comparison of data in Plots 1-12 shows that the highest local
transfer coefficient measured along Y=0 is found at X<0.3 cm. and,
depending on particle size and inhalation rate, is 2 to 45 times greater

than the transfer coefficient at the end of the branch. Except for the
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effects of the secondary motions, results from all the Plots are con-

sistent with conclusions for the '"2-D'" model data.

6.3.7 Comparison of Experimental Deposition Efficiency and Theory
Figures 6.6 and 6.7 compare the deposition efficiency (€)
measured in the daughter branch of the ""3-D'" model with theories from
Chapter 3 and from the literature. The experimental data poiﬁts were

evaluated from the kav data in Figure 6.1 by the following:
€ = —=—— . (6.1)

Curve (1) represents ¢ for inhalaticn into the daughter branch
of the "3-D'' model, as calculated from Landahl's (1950a, 1963)
deposition model. The probabilities for impaction and sedimentation
were calculated from the 1950 artic»le, and the diffusion probabilities
were calculated from the 1963 article. The separate probabilities were
combined to determine e.

Curve (2) represents ¢ during inhalation, calculated from the
deposition model of the International Radiological Protection Com-
missions's Task Group on Lung Dynamics (1966). The separate
deposition probabilities were summed to determine €.

Curves (4) and (5) were calculated respectively from the S and

the ISI theories by using Equation 3. 4. kav in Equation 3.4 was the
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average transfer coefficient over the appropriate theoretical curve in
Plots 1 - 8. Curve (3) was calculated from QD theory by using the
semi-empirical expression,

L
- SkaVRZ .

(6.2)

2.__
TrRl U

k is evaluated by averaging k in Equation 3.9 over the length of

av loc
the daughter branch. Since Equation 6.2 is equivalent to multiplying
Equation 6.1 by 2/, the theoretical kav predicted for a twb—dimensiopal,
70° wedge is applied over only 63. 7% of the circumfereﬁce or surface
area of the daughter branch.

Landahl's model greatly overestimates the data at both inhalation
rates because of the following: First, the formula for the diffusion
probability was derived by neglecting all air flow; it assumes that
diffusion‘occurs normal to the walls of the tube when the initial particle
concentration is uniform at any cross section. Although the formula is
used throughout the respiratory cycle, it is only valid for modeklbing
deposition by diffusion during the pause between inhalation and exhalation,
and for modeling turbulent diffusion {Levich, 1962: 155) from fully
developed turbulent flow. Both of these mechanisms would be more
effective than convective diffusion for 0.088um and 0.365ym particles
in the "3-D’" model,

The efficiency of sedimentation predicted by Landahl's model

is only slightly greater than curve (4); hence the great overestimation of
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the data in the impaction and sedimentation subrange is predominantly
caused by the inaccuracy of the expression for impaction. Since the
expression is only a semi-empirical 'correlation based upon the
collection efficiency of impaction range particles in a 90° elbow, it does
not account for the deceleration of air at the carina and boundary layer
effects which can significantly deter the impaction of all particles.

The Task Group's Model overestimates data greater than 0.1 um
in diameter, but to a lesser degree than Landahl's model for a number
of reasons. The sedimentation probability of Findeisen (1935) predicts
slightly less deposition than curve (4), and the impactién expression of
Findeisen gives a slightly lower efficiency than Landahl's impaction
expression.. These two factors cause the Task Group's Model to
predict a slightly lower ¢ than Landahl's model in the impéction and
sedimentation subrange,

Second, Gormley and Kennedy's (1949) expression for convec-
tive diffusion in steady Poiseuille flow in a straight, cyiindrical tube
gives a fairly accurate estimate of the 0,365 and 0.088ym data in both
figures. Combining the sedimentation and impaction probabilities with
the diffusion probability causes the .disagx;eement between curve (2) and
0.365,;m data.

At U=100 cm. /sec. the 5.7 and 2. 02 um data agree well with
the impaction and sedimen‘catiqn theory. Sedimentation theory agrees

well with the 0.79 and 1.1y m data, and the 0.365 and 0. 088 m data
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are in good agreement with the quasi-steady diffusion theory. The
same conclusions apply at U=200 cm. /sec. , except that the 0. 81 and
1.1ym particles lie between curves (4) and (5). This occurred because
impaction and interception were retarded less by the thinner boundary
layers at this higher velocity. Also, the secondary flows enhanced the
deposition of these particles along the outside wall at U=200 cm. / sec.
compared to U =100 cm. /sec.

Enhanced deposition by the secondary flows may be the expla-
nation for the greater positive deviation of the 0. 088um data from
curve (3) than the 0.365m data. This explanation may also apply to
the 2. 02ym datum at U =200 cm. /sec.

Figures 6.6 and 6.7 suggest that experimental deposition in the
transition subrange between 0.1 and 1. 0ym can be more accurately
modeled if one mechanism is assumed toA control the deposition of each
particle, than if the efficiencies from all mechanisms are combined.

The good agreement between the data and the ""3-D' model
theories suggests that they can be used to approximate deposition during
inhalation in the large airways of humans. However, data for particles
between 0.4 and 0. 8gm and less than 0. 08 um and for other inhalation
rates could more accurately define the ranges of applicability of each
theory.

Using the dimensionless parameters (Section 2.4) and the '"3-D"

modifications (Section 3.2), curve (3) in Figures 6.6 and 6,7 has the
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general form

/ m+1)/2

ISVERYE Z(Aésl/53)1/2(%>Pe-2/3Rel/6(L/Rzg,

e=1.6(m 8 (hz/h)l

(6.3)
where A?: =A3R;n. This correlation of data in the diffusion subrange
applies for Pe <2.4x 108 at Re =810 and for Pe < 3. 8x108 at Re=1620.

Curve (4) in both figures follows from Equation 2.17b as

_ 4R2 L Stk \‘ si (6 4)
€= 2 ‘ Fr // lna- l ®
'n'Rl

It approximately correlates the data at Re = 810 for 1.4x 10_5<Stk/

Fr<7.6x 10_5. At Re =1620 it underestimates the data by a factor of
-6 -5

2 for 5x10 "<Stk/Fr<2x10 7,

From Equations A.26 and 3.4 and the ''3-D" modifications for

A in Section 3.2, curve (5) has the following parameter dependence:

g R - .
o — e 1l e {
€ ﬂ RZ f8 L(L/RZ),Q, (A3 Sl/S3),Stk, Fr,IJ (6.5)
‘ 1

Multiple regression analysis of curve (5) in both figures for Stk, Fr

and I gives
4R_L ;
e=11. 3(————2—2——> st 0 36 pm0-39241. 02
“ﬂRl

(6.6)

-3
It approximates data at Re =810 and Fr=16.6 for Stk>1.3x10 ~ and

I>2. 4x‘10~4. At Re=1620 and Fr =66, it approximately correlates

- -4
data for Stk>1.3x10 3 and I>1.6x10 .
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In conclusion, data in Figures 6.6 and 6..7 demonstrate the
relative, average mass dosage of each particle size expectéd in the
daughter branch of a large airway in human lungs when equal mass
concentrations of each particle size are inhaled. To show the relative
""hot spot'' effect, these data should be multiplied by the corresponding

k /k  value in Figure 6.2. The data demonstrate the relative
0.6%Area’ av _
number dosage of each particle size, assuming equal number concen-

trations of each size are inhaled.

6.4 Comparison of Deposition in Unsteady and Steady Flow

Although particle filtration theory was developed for steady flow
conditions, a number of experimental sfudies havg demonstrated that
the collection efficiency measured during pulsatile flow differed from
the efficiency measured dﬁring steady flow conditions at the time-
average pulsatile velocity (Jordan, 1958; Stafford, et al., 1972).

By analogy, deposition during normal respiration in the lung
probably cannot be accurately modeled by steady flow conditions. To
test this hypothesis, deposition along Y =0 in the ""3-D' model was

compared during steady and pulsatile inhalations.
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The steady flow experiments were performed by Dennis Y. Loh®
1.1ym particles were inspired at steady flow rates ranging from 4.58
to 24.5 liters/min. Each corresponds to one or two points on a flow
rate vs. time curve like Figure 4.4, when the time-average flow rate
over the curve is 14.4 liters/min. (E= 100 cm. /sec.). The transfer
coefficients measured at each location from each steady flow run were
time-averaged over the curve like Figure 4.4 to obtain a predictioﬂ of
quasi-steady deposition for a 450 c.c., l.88 séc. inhalation.

The velocity of Run K, U=109.2 cm. /sec. at 15,7 liters/min.,
was very near the time-average velocity of U=100 cm. /sec. It was the
only run in which the transfer coefficients were measured over the
entire surface in the manner identical to the unsteady '"3-D" runs. |

Map 13 and Graph 13 were plotted from Run K for comparison with the

1.1ym, U=100 cm. /sec. results in Map 5 and Graph 5.

! Former student in Chemical Engineering at the California Institute of
Technology. Dennis Loh performed the experiments as an under-
graduate research project in the summer of 1972 under the direction
and supervision of the author. The same ""3-D" model apparatus and
procedure was used as in the unsteady, l.lyum runs described in
Chapter 4, except for the following:

1. Photometer calibrations and concentration measurements were
made at a sample flow rate of 8. 06 liters/min.
2, Tygon tubes were attached to each daughter branch with plexi-
glass adapters,
3. An air pump produced the necessary volumetric flow rates within
the model because the pressure head from the nebulizer was insufficient.
4., Counts were only taken along the Y =0 strip.
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Graph 13 = Cumulative Surface Area Distribution for Map 13 Showing
the % of the Surface Area of the Daughter Branch with a Local
Transfer Coefficient = Stated Value (dp: 1.1 ym, U = 109.2 cm/sec)
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The major difference between the deposition patterns in Maps
5 and 13 occurs along the inside wall between Y=+2. The ''>'" and
”; ! contours are r?ot found in Map 13; instead, a ridge of deposition
within the D contour stretches from X =0.6 cm. to the end of the branch.
A minor peak at the carina and two peaks of approximately constant
elevation along the ridge at X=1.2-2.0and X =3,2-4.76 in Map 13 are
in contrast to the major peaks at the carina and at X=0.2 - 0. 8 cm. Iin
Map 5.

During the steady flow runs, no ''clean air effect' is expected;
but the axial velocity is still highest along the Y =0 strip. These two
facts explain why there is a narrow ridge of fairly constant elevation
along Y=0 on Map 13, while a ridge of declining elevation, defined by
"> contours, occurs along Y=0 in Map 5. The two peaks in Map 13
may have been caused by the secondary motion‘s or by statistical errors.

Comparison of the curves in Graph 13 and Graph 5 shows that
both the surface area distribution of kloc and the '"hot spot'' intensities
are similar., kav and kc in Graph 5, however, are approximately 4
times larger than kav and kC in Graph 13.

These large differences are more dramatically demonstrated
in Figure 6.8. The unsteady flow data were measured along the Y=0

strip in Map 5. The steady flow data were from the Y =0 strip in Map 13,

and the prediction of quasi-steady deposition obtained from all the steady

flow runs is also shown. The unsteady flow data are explained in
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Section 6.3.3. The steady flow data have a generally uniform trend

beyond the carina like the sedimentation theory, but k o for X>0.2 cm.

lo
is in the range of the quasi-steady diffusion theory for point particles.
Also, if steady laminar boundary layers ‘are accounfed for in sedimen-
tation theory (Section 2.3.2), perhaps the steady flow data for X > 0.2 cm.
can be estimated with better precision.

The disagreement between the unsteady and steady flow data may
be caused by differences in the efficiency of impaction (including inter-
ception), differences in the efficiency of sedimentation and/or differences
in the ''clean air effect'’. It is also interesting to note that ¢ from Map 13
agrees well with the theoretical ¢ for convective diffusion of 1. luym
particles.

The quasi-steady prediction from the steady flow data demonstrates
a small peak at X =0.0275 cm., a saddle between X=0.2 and X=1,0 cm.,
and a ridge from X =1.0 cm. increasing in elevation toward the end of the
branch. This is in marked contrast to the unsteady flow data which are
much larger and show sharp, high peaks at the carina and at X =0.22 cm.
This suggests that, if sécondary flows cause the beaks downstream from
the carina, local intensities of secondary motions and their effects on
particle depositipn differ between unsteady and steady inhalations.

| Thus, deposition measurements, made during steady inspirafory

flow of 1.1ym particles through the '""3-D'" model, cannot be used directly

or in a quasi-steady calculation to approximate ¢ or the deposition patterns
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occurring in the '"3-D" model during simulated inhalations. This should
also apply to other sizes of particles.

This conclusion is not surprising because during 450 c.c.,

1. 88 sec. inhalations in the "3-D'' model the quasi-steady flow hypothesis
is either invalid for all X or at least invalid for X> 0.7 cm. (From
Section 1.3.5, Freq>1; or Freq <<1 only at X> 0.7 cm. According to

\ bJaffrin and Hennessey (1972), the breathing frequency is too high and

the flow rate too low to satisfy the hypothesis). Since Freq accounts for
the local disturbances in the momentum boundary layer, it may be more
useful than Freq for estimating where the quasi-steady deposition hypoth-
esis holds. However, the ''clean air effect' invalidates this hypothesis.
Furthermore, it does not hold for 1.1ym particles because their tra-
jectories deviate from a quasi-steady trajectory, especially during the
deceleration phases of inhalation.

In multiple generation models of the lung, Section 1.3.5 suggests
that quasi-steady flow is valid for all generations during normal breathing,
except it may not apply to the first bifurcation if the flow rate in the
trachea is less than 500 c.c. /sec. It may also not be valid in regions
of intense secondary flows, even though Freq and Freq indicate it
should hold. Quasi-steady deposition will nothold for impaction range
particles in regions having high flow rates.

In conclusion, deposition is strikingly different in lung models

during steady and unsteady flow having the same time-average velocity.
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Particle deposition studies done with steady flow in lung models
probably cannot be used to accurately model deposition in the human

lung.

6.5 The Effects of Secondary Flows on Particle Deposition

Local heat transfer coefficients measured in curved tubes
suggest possible effects of secondary flows on particles in the diffusion
subrange. Coefficients ‘reported by Seban and McLaughlin (1963) varied
by afactor of four from the outside bend to the inside bend around the
circumference of the tube. The four-fold variation of shear rates
around the daughter branéh of a bifurcation (Section 1.3.2) suggests a
wide variation in the transfer coefficient for particles in the diffusion
subrange. However, these heat and particle transfer coefficients cannot
be analogous because tube coils do not properly simulate the sharp
bend between the axis of the parent tube and the inside wall of the
daughter branch at bifurcations.

The best examples of the effects of the secondary flows are the
lobular patterns 01; the two declining ridges of deposition running
diagonally from Y =0, X=0.4-0.8cm. to Y=29, X=2.1 cm. in Maps
9 and 11 and from Y=0, X=0,4-0.8 cm. to Y=%£9, X=1.2 cm. in
Maps 10 to 12. This shift in position of the ridge from X=2.1 to X=1.2
cm, was caused by the doubling of the number of helical revolutions per
unit distance as the flow increased from U =100 to U =200 cm. /sec.

These lobular patterns or diagonal ridges are observed in nearly all the
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maps in the same location. They are more obvious, however, and extend
farther toward the outside wall for the smaller particles and at the higher
flow rate.

Other examples, which are associated with the lobular patterns,
are the peaks of deposition between Y=+2 and X=0.2 - 0.8 cm. in most
maps and the corresponding peaks from X =0.2 -0.8 cm. along Y=01in
Plots 1 -12. Secondary flows initiate near the carina and become fully
déveloped in this region (Sections 1.3.2, 3.2.2, and 4. 3), causing
enhanced deposition for all sizes of particles. In this region enhancement
is greatest because the secondary flows are most intense, the boundary
layers are the thinnest and the clean air is replaced most ra?idly.

YM-ajor experimental evidence for the effect of secondary flows
during steady flow runs is described below. Map 13 éhoWs that 1.1yum
particles in steady flow deposit beéyond Y =%2 toward Y =% 9 in a pattern
analogous to those produced by the unsteady helical flows in this same
region in Map 5. The peaks Within contour B in Map 13 between
X=3,2and X=4.76 cm, Aand at X =0, 6275 cm. also corresponds to
similar peaks in Figure 6. 8 for the ”quasi—steady data'’. The enhance-
ment of deposition at the last counting site along Y =0 was also observed
for unsteady runs in Plot 6, Plot v‘8, and Figure D.1l. This is evidence
that the helical flow, generated near the carina, completes one revolution

between X = 3.2 cm. and the end of the model.
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Further evidence, reported by Chua and Wang (1972) for steady
flow in a similar bifurcation model, showed that 0.109ym particles peak
along Y = 0 near the carina and at two diameters downstream. A peak
wa s noted along the outside wall (Y =£9) at one diameter downstream.

More evidence of effects and a thorough explanation of how
secondary flows cause these areas of enhanced particle deposition
during steady and unsteady flow are presented in Appendix D. A
pictorial description of the helical flows helps to provide a clear inter-
pretation for the diagonal ridges observed on the contour maps. The
variation of the effect on different size particles is also explained in
terms of deponsitrion mechanisms.

The following summarizes the overall effecf of secondary flows
on particle deposition in the "3-D'" model. Local enhancement of
deposition of 1.1um particles attributed to the secondary flows is
greater for unsteady inhalations than for steady inspiratory flow, and
locations of enhancement also differ. These differences arose because
the ''clean air ‘effect” (Sections 3.2.2 and 6.3.3) is absent in steady runs,
the local structure of the boundary layer differs in fhe two cases, and
the location of the helical flows differ.

During pulsatile inhalations, overall and local enhancement of
deposition by the secondary flows was greatest for vdiffusion range
particles, intermediate for particles in the transition range, and least

for particles in the impaction range; it was also greater at U =200 than
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at 100 cm. /sec. for all particle sizes, as expected from theory
(Sections 3.3 and 3. 4).

The contribution of the secondary flows to the overall deposition
efficiency ¢ is small, but to estimate local nonuniformities the secondary

flows must be taken into account.
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Chapter 7

APPLICATION OF MODEL RESULTS TO LUNG DEPOSITION

7.1 Application to the First Bifurcation

7.1.1 Effects on Deposition of Complexities in Geometry

The lumen of the primary bonchi is enlarged at the carina
causing a slightly lower axial velocity than in the "2-D" and "'3-D"
models. Thus, deposition by imﬁaction and convective diffusion is
probably less at the carina in the lung than estimated from the models,
but the general patterns of deposition are similar.

The actual carina is usually not as sharp as in the '"3-D'"" model.
Consequently, flow around the carina is somewhat analogous to flow
around the forward surface of a circular cylinder; the broader region
of stagnation flow causes a broader '""hot spot'' at the carina.

The corrugation of the walls of the primary bonchi increases
interception at the high points and reduces interception at the low points
compared with smooth-walled models. Microscopic folds in the mucous
membranes lining the bronchi increase deposition where the folds are
not concealed by mucus.

Because the breathing frequency is low, the 5% variation in the
diameter of the large bronchi during normal respiration should not

disturb the boundary layer and should not cause significant radial flows.
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Also, since the dimensions of the models approximate the time-
averaged dimensions in the real bronchi, par’cicle deppsition should be
similar,

Data obtained for air at 25° C. and 74 cm. Hg. apply to the
human lung at 37° C. and 76 cm. Hg. because the differences in the

absolute and kinematic viscosities are too small to affect deposition.

7.1.2 Compar‘isony of Cyclic Flow with the Single Breath

Since clean air ié drawn back through the '"3-D'' model during
the expiratory phase, particle deposition takes piace only during the
inhalation phase of the respiratory cycle. There is no pause between
the two phases, In the lung, particles that remain airborne after the
inspiratory cycle can deposit during pauses betweeh the two phases or
during expiratory flow. Consequently the ""3-D'" model results approx-
imate the deposition only during inhalation in the primary bronchi.

For certain sizes of particles the deposition in the primary
bronchi during the non-inhalation periods is small compared to the
deposition during inhalation. Graphs such as Figure 1.4 and the associ-
ated calcuiations support this generalization for particles in the diffusion
subrange (dp< 0.1ym) and in the impa‘ction subrange (dp>‘2|4m). For
such particles kav and the local transfer coefficients measured in the
'""3-D" model approximate deposition in the primary bronchi during

normal breathing.
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Particles with aerodynamic diameters between 0.1 and 2. 0ym
deposit with the least overall efficiency in the lungs. Accordingly,
deposition in this size range during the rest of the cycle is about the
same as thé,t during inhalation.

During the pauses, particles within the 0.1 - 0.5 m range
deposit uniformly throughout the primary bronchi, while those in the
0.5-2.0um range deposit by sedimentation around the inside wall.
Consequently, the deposition patterns in Maps 1 - 12 must not be
significantly modified; the "hot spots' would also be found at the same
locations with nearly the same intensity. Quantitative estimates of
deposition by diffusion and sedimentation during pauses can be made
from either Beeckmans' (1965) or Landahl's {1963) model.

During exhalation, the 0.1 - 0.5um particles deposit by convec-
tive diffusion and rates can be estimated from Levich (1962: 112 - 116),
Secondary flows génerated at the end of the branch (Section 1. 3.2) may
enhance deposition. The net effect is a more uniform pattern of depo-
sition beyond X =1.0 cm. However, the intense "hot spots’’ on Maps
9 and 10 near the carina and along the diagonal ridges are not changed.

During exhalation, 0.5 -2.0m particles deposit along the
inside wall of the branch by sedimentation, and secondary flows may
enhance deposition along both walls., The net effect in Maps 3 - 8 is
to convert the '>!' shaped contours at the end of the branches into

parallel contours. The "hot spots'' remain at the same locations with
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nearly the same intensity.

Particles remain sﬁspended in the airways after exhalation in
the real lungs. Figure 1.4 shows that the concentration which remains
is negligible compared to the inhaled concentration for dp> l1ym and
‘dp< 0.1ym. Particles with dp =0.5ym have a concentration about 50
to 75% of the inhaled concentration.

Suspended particles increase the deposition during inhalation by
partially nullifying the 'clean air; effect'' (Section 6.3). The following
equation demonstrates this effect:

‘ #Earticles -k

[n (7.1)
area loc| new

nnew - nold) tZ ]’

where kloc is the local transfer coefficient for one particle diameter

when there is no ''clean air effect'', n = concentration of particles
: new

in the inhaled air, n = concentration of particles remaining suspended

old
in the airways before inhalation, t=inhalation time period, and t2 =the
time to develop the steady concentration boundary layer or to fill the
clean air with sedimenting particles to the same concentrations as the
inhaled air. Equation 7.1 shows that suspended particles increase the
deposition at ahy location above that measured in the ''3-D' model runs
by an amount equal to klocnoldtZ'

The net result is that the values of the la st few data points along

any Y strip in the 0.365, 0.79 and 1.1lym maps should be slightly



225

greater to better approximate deposition in the lungs.

7.1.3 Effects of Turbulence on Deposition

The effect of turbulence (Section 1.3.3) on deposition can best
be analyzed separately for each size range. For dp<0. 5um, turbulent
diffusion is the deposition mechanism. For dp> 0.5um, sedimentation
and impaction are the mechanisms.

An additional complication is the humidification of the air within
the trachea during mouth breathing. When the inspired air is dry and
cool compared to lung conditions, Hidy and Brock (1969) and Owen (1969)
predict that diffusiophoresis can significantly inhibit the deposition of
0.1 to 1.0ym particles occurring by turbulent diffusion in the trachea.
Turbulent deposition of particles outside this range would not be signi-
ficantly deterred. Nevertheless, if the laryngeal jet is directed é.gainst
the inside wall of the trachea rather than axially on account of the trachea's
nonvertical orientation, a ''hot spot' or streak of deposition of all
particle sizes would be expected, even with the deterrence by diffusio-
phoresis.

Pedley, Sudlow and Shroter (1971) show that the boundary layer
remains laminar in the daughter branches of the first bifurcation for
Re<15000. An inhalation rate greater than 260 liters/min. (near the
normal maximum inspiratory flow rate) is required for Re>15000 in

the primary bronchi. Thus, turbulent eddies generated by the larynx
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during normal breathing are probably contained in the flow outside the
laminar momentum boundary layer.

For d_>0.5um, these eddies can enhance deposition by projecting
the particles into the laminar boundary layer at a higher local rate
than when no eddies are preisent. The largest particles (largest T) have
the greatest probability of penetrating the boundary layer (Friedlander
aﬁd Johnstone, 1957). The enhancement for dp> 0. SMm would be
greatest in regions with the thinnest, time-averaged momentum boundary
layer--the carina of each bifurcation. Enhancement by sedimentatibn
and impaction would be greatest in the primary bronchi and decrease in
subsequent generations at the same rate as the turbulence is calculated
to decay (Section 1. 3. 3). The amount of enhancement for dp> 0.5yum on
the carina is difficult to estimate, but it is probably not significant for
Re<3000.

Schlesinger (1973) recently compared the depos'ition rates for
particles of 9um, aer’odynamic diameter in a hollow cast of thé trachea
and the first few orders of bronchi, with and without an attached hollow
cast of a larynx. At steady inhalation flows of 15, 25, 35, 45, and 55
liters/min. with a larynx, he found significant enhancement of deposition
in the trachea and negligible enhancement in the primary bonchi,
compared to runs without the larynx.

For dp< 0.5ym, the concentration boundary layer is thinner

than the momentum boundary layer. Because of the short branch length
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and low transfer rates, the particle concentration above the concentra-
tion boundary layer is essentially constant and equal to the mainstream
concentration. Turbulent eddies would keep the mainstream well mixed
and might enhance their deposition compared to nonturbulent conditions.

Kestin (1966) found that free-stream turbulence with intensities
of 1.0, 1.9 and 2.5% increased the local heat transfer coefficients by
35, 60 and 80% respectively over the forward surface of a cylinder
having a laminar boundary layer. ;'.For laminar boundary layer flow over
a flat plate at zero incidence, free-stream turbulence does not change
the heat transfer coefficients measured in the absence of turbulence.
When a pr’essure gradient was imposed on the plate to cause a linearly
accelerated free stream (analogous to wedge flow with m=1), an inten-
sity of 4.L5% in free-stream turbulence caused a 6,2% increase in the
local heat transfer'coefficient.s. A 1% intensity caused no measurable
increase,.

Kestin speculates that the eddies cé'use oscillatibns in the
boundary layers, resulting in a time-averaged change in the temperature
’and velocity profiles. However, the change is least close to the wall
where the thin concentration boundary layer lies. Therefore, free-
stream turbulence in the parent branch should not enhance deposition
for dp<0. 5um along the strips between Y =%2 in the daughter branch,
when the intensity is < 1%; an increase of <6% might occur in this region

at an intensity of 4. 5%,
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Since the carina becomes more rounded toward the dorsal and
ventral walls of the trachea (Figure 1.2, Section 1.2.2), enhancement
of deposition on these surfaces by free-stream turbulence may approach
the behavior of circular cylinders. The net effect would be an increase
in the area and intensity of the "hot spot' at the carina. This effect
would probably be greatest in the primary bronchi and decrease in
subsequent generations at approximately the same rate as turbulence
decays {(Section 1. 3. 3).

In con_clusion, turbulence generated during normal inhalations in
the lung may slightly alter the local deposition patterns and € in the

primary bronchi from the results of the '"3-D'' model.

7.1.4 Effect of Particle Charge

In the '""2-D'" and "3-D'" runs particles were decharged, and the
theories neglect deposition by electrostatic forces. Since natural and
therapeutic aerosols are charged, deposition can be enhancéd in the
lung by two mechanisms. One is the attractive force between the charged
particles and its imagé in the lung surface. The electrostatic repulsion
force of the surrounding particles in the air in the lung, called the
"space charge effect', is the other.

Fry (1970) found that electrostatic charges on atomized PSL
aerosols of 4. 06 and 1.86ym diameter caused negligible enhancement

of deposition in the nasopharyngeal region of humans, Experiments by
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Fraser (1966) in animals suggested that only a 1 to 2% enhancement can
be expected in the lungs when natural aerosols carl;y a normal charge
(10 to 20 electrons per particle).

Calculations (Appendix B.5) were made to compare the signifi-
cance of the electrostatic mechanisms with impaction, sedimentation
and diffusion iﬁ the primary bronchi. They suggest that charge effects
are negligible for re s’pirable particles generated by atomization and for
natural aerosols which usually carry fewer charges than particles
generated by atomization.

This evidence indicates that results for the "3-D" model can
be used to estimate deposition of natural and therapeutic aerosols in the

primary bronchi of humans,.

7.2 Application to the Second and Lower Generations

The geometry and flow behavior in the "3-D'" model are more
similar in some ways to lower generations of the human lung than to
the first bifurcation. For example, the first three geometrical differ-
ences discussed in Section 7.1.1 do not arise or are not significant
between »the "3-D" model and lower generations.

The 20% variation in the diameter of the lower airways during
normal respiration can generate radial flows. These are likely to be
significant only in the smallest airways, and the time-averaged diameters

of the airways are probably adequate for modeling deposition by diffusion
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and sedimentation. Flow oscillations caused by the heart will improve
the gas mixing in the airways and alveoli. Consequently, minor
modifications of equations for diffusion and sedimentation may be
required for the pause periods., Conclusions to Section 7.1.2, 7.1.3
and 7.1.4 also apply to lower airways.

Considerations of similarity indicate that deposition patterns
and efficiency data for the '""3-D'' can be applied to the lower airways
under certain conditions (Sections A.3 and 2.4.1). Experimental data
from the ""3-D'" model also agree well, over a limited range of param-
eters, with the theories for kloc and e whiéh were derived to apply
to any bifurcation.

For the diffusion range, Equation 2.43 with A = A351/S3
(Section 3.2.1) can be used to estimate deposition along the Y =0 strip
at bifurcations in 1éwer airways, and Equation 6.3 can be used to
estimate the deposition efficiency. Contour Maps, 9, 10, 11 and 12
can be used to approximate the distribution of the deposifion estimated
by Equation 6.3 and to show the ""hot spots''.

These maps apply to the lower airways because secondary flows
occur at every branch down to Re~10 and the axial velocity profiles are
similar., Secondary flows have the same general effects on deposition as
shown in the maps, but the enhancement of deposition is less in the lower

airways where the flows are less intense. Although axial velocity
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profiles in the parent branches of lower airways may differ from the
profiles in the parent branch of the ""3-D'" model, profiles in the
daughter branches will not differ significantly from the "'3-D'" model.
In addition, secondary motions in one generation keep the diffusion
range particles well mixed for entry into the next generation.

For dp> 0.5um, Maps 1-8 describe deposition trends and "'hot
spots' locations in vertically oriented bifurcations. For other orienta-
tions, impaction with interception will still cause a '""hot spot'' at the
carina, but the intensity will decrease in lower airways with slower
axial flow. Sedimentation will produce a pattern similar to that along
the inside wall on Maps 1 - 8.

For particles with Stk>1.3x 107> and at Re >800, the deposition
efficiency in lower airways can be roughly approximated by Equation
6.6. Likewise, the local transfer coefficients can be approximated by
obtaining the "2-D'' numerical solution for simultaneous impaction,
sedimentation and interception. It is obtai ned as in Section 2.3.4
except that components of the terminal settling velocity, which are
consistent with the bifurcation orientation, are used in Equations 2.20
and 2.21, The solution is then applied to the daughter branch as
described in Section 3.2.1.

For particles with Stk«l. ?:xlO_3 and dp> 0.5um, ¢ in lower |
airways can‘ be roughly approximated by Equation 6.4. Equation 2.17b,

when multiplied by cos 0, approximates the local transfer coefficients
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beyond the carina.

Alternatively the fraction of particles of any size depositing in each
generation during the respiratory cycle can be approximated by the
models of Landahl (1950a, 1963), Beeckmans (1965), or the Task Group
on L'ung Dynamics (1966). The local distribution of the fraction depositing
in each branch can then be estimated from the appropriate contour maps
and equations.

Another approach worth investigating is the use of the single
bifurcation as a model element for calculating deposition in the lung--
just as single fiber elements are used to cal.culate collection efficiencies
in fibrous filters. The theoretical and semi-empirical relations for ¢

from the "3-D'"" model would be used in the calculations.

7.3 Cigarette Smoke, Atmospheric Aerosol and Lung Cancer

Schlesinger and Lippmann (1972) measured the deposition
efficiency for 1.7 to 12, 2ym particles (unit density) in each lobar
bronchus of silastic lung models. Good correlation was found between
deposition and the frequency of occurrence of bronchial carcinoma in
the lobar bronchi. Results for our ""3-D'' model show that particles of
this size cause the most intense '"hot spots' at the carina. The momen-
tum which these particles transfer to tissue is negligible. Therefore,
the hypothesis that impacting particles directly injure tissue and that

such injuries subsequently play a role in carcinogenesis should be rejected.
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Particles in the 2 to 10ym subrange contain a significant part of
the mass in the atmospheric aerosol of cities where pollution is domi-
nated by the combustion of coal and fuel oil (Pasceri and Friedlander,
1965). From information on the distribution of carcinogens with
respect to particle size and the deposition results from the ''3-D'" model,
it is possible to estimate the local dosage of carcinogens along the
respiratory passage.

Carcinogens are known to exist in cigarette smoke, and there is
strong statistical evidence linking smoking and bronchial carcinoma.
Hence it is of interest to compare the deposition efficiency in the lung
for pérticles in cigarette smoke with the frequency of occurrence of
bronchial carcinoma. Data reported by Keith and Derrick (1960) for
tobacco smoke, produced by a 44 c.c., 2 sec. puff, showed a relatively
stable size distribution between 0.1 to 1. 0ym which peaked between 0.2
and‘ 0.25um. Harris (1 960) reported a distribution which peaked at
0.16m with a maximum particle size of 0. 5,4};3,1’.’(1 for a 35 c.c., 2 sec.
puff. Recent data by Porstend8rfer (1971) show that the é,yer_a,ge diameter
of cigarette smoke increases by a factor of 1.55 when the relative
humidity increases from 40 - 50% to 100%. These data suggest that the
peak in the number distribution of cigarette smoke in the human lung is
between 0.25 and 0.4um, corresponding to a peak in the mass distribu-

tion in the 0.45 to 0. 6um range.
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Data from the "B—D" model show a minimum deposition effi-
ciency in each branch and a minimum '"hot spot' intensity at the carina
for particles in the 0.25 to 0. 6ym range. Consequently,‘ if the distri-
bution of carcinogens with respect to particle size in cigarette smoke
is assumed uniform, the dosage to the carina is near a minimum for a
given mass loading of smoke. In spite of this, a heavy smoker suffers
large dosages in the upper airways by inhaling a large mass of smoke
particles.

Convective diffusion controls the deposition of cigarette smoke
in the upper airways. To compare the relative deposition with the
frequency of occurrence of bronchial carcinoma, Weibel's Model "A"
was used with 450 c.c., 2 sec. inhalations and the flow rate curve of
Fi@re 4.4, Bifurcétjon angles were assumed to be 70°, Equations
6.2 and 3.9 were used to calculate the deposition efficiency by convec-
tive diffusion of 0.3 m particles in each branch of the first three
generations., Then, the fraction of the particles exiting the trachea
which deposited in each generation and the ''total fraction‘r' which
deposited in generations 1, 2 and 3 were calculated.

‘The number of cases of carcinoma which originated in the main
bronchi were summed and were referred to as the number of cases in
generation #1. ' Likewise, the cases for the lobar and segmental bronchi
were summed and were respectively referred to as cases in the #2 and

#3 generation. The percentage of the ''total fraction'’ which deposited
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‘ |
in each generation was compared with the frequency of occurrence of

bronchial carcinoma in the corresponding generations.

The re sults are shown in Table 7.1. The relative average
dosage of 0.3ym particles, which is predicted for the first three
generation in Weibel's Model '"A'" of human lungs, agreves roughly with
the frequency that bronchial carcinomas originate in each of these
generations. It should also be noted that nearly the same relative
average dosages are predicted for any particle in the diffusion subrange.

Auerbach et al. (1961) and Kotin and Falk (1959) have found
histologiéal evidence that bronchial carcinoma originates more frequently
in the bifurcation regions than at other locations along the major airway.
The '"hot spots shown on Maps 9 and 10 for 0.365ym particles are also
located in the bifurcation region. Approximately 10 times more
cigarette particles deposit in the pulmonary region than in the tracheo-
bronchial tree. However, the average number of particles deposited
per unit area in the pulmonary region is only about 1/50th of the number
deposited per unit area within the ""hot spots'’ near the carina of each
bifurcation in the upper airways. The relative ""hot spot'' dosage of
cigarette smoke to the carina in each of the first three generations of
the lung, calculated from Equation 3.9, is the same as the relative
dosage in Table 7.1. If the secondary flows are téken into account, the
relative '"hot spot'' dosages do not change significantly. Thus the heavy

dosage at these '"hot spots'' may be critical for initiating the malignancies.
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# Cases of % of Relative Dosage+
Gen Carcinoma Cases Cigarette Smoke

# per Gen per Gen in Each Generation

+ Case I
1 16 15.4 19.7
2 44 42,3 31,2
3 44 42,3 49,1

§ Case II v
1 40 17. 4 19.7
2 } 190 82. 6 80. 3
3

‘I‘ Case III

1 296 36,4 19.7
2 } 518 63.6 80. 3
3

+(Fraction of the particles exiting the trachea which deposited
in generation i)/(Total fraction of particles exiting the trachea
which deposited in the first 3 generations)x 100

¥ Garland, et. al. (1962)

; Garland (1961)

]i Bryson and Spencer (1951)

Table 7.1

Sites of Origin of Bronchial Carcinoma and

Relative Dosages of Cigarette Smoke* During
450 c.c. 1.88 second Inhalations into Weibel's
Model A, '

" Calculations for 0. 3um diameter, unit density spheres
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7.4 Tissue Dosage and Effects

A more complete model for calculating local dosage to tissue
requires additional information on local transport rates of particles by
the moving mucous film and on rates of transport of specific chemicals
from the particles to tissue.

Several regions of stasis in the moving mucous film occur in the
broﬁchial airways (Hilding, 1957). The carina in all airways is one
such region, and it also corresponds to the location of the main '"hot
spot" for most particles. Particles depositing at these 10catior;s will
ramain, and partiales carried by the mucous film can deposit at the
same locations. Acidic particles, like HZSO4 droplets, could also
cause new areas of stasis in the film if they destroy ciliated cells in the
"hot spot'' locations.

Afferent nerve endings, which serve as irritant or cough recep-
tors in the tracheobronchial tree of mammals, are most concentrated
at bronchial bifurcations (Widdicombe, 1954). Stimulation of these

receptors in large airways by SO, or irritant particles causes constric-

2 .
tion of uppef and lower airways. Stimulation of similar receptors in
lower airways causes constriction of lower airways (Nadel, et al.,

1965; Alatrie, 1973). '"Hot spots'' observed in the bifurcation region help
explain how bronchial constriction and coughing can occuf so rapidly

after inhalation of irritants. This evidence also offers a teleological

explanation for the high concentration of receptors at bifurcations.
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Amdur and Corn (1963) studied the dose-response of guinea
pigs to zinc ammonium sulfate aerosol. They found an increase in flow
resistance with decreasing mass median diameter between 1.4 and
0.29 ym at a concentration of 1 mg/m3. The calculated increase in
resistance per single particle, however, was greater for the largest
particles. Thus, the greater number concentration of the smaller
size aerosol outweighed the greater individual irritancy of the larger
particles.

To interpret these data one first notes that the upper airways of
the guinea pig are approximately 9 times smaller in diameter than
corresponding generations in the human lung. However, calculations
indicate that the percentage of respired particles retainéd in the
pulmonary region and the percentage retained in the tracheobronchial
region, for a given particle diameter, are similar in the guinea pig
and man (Kliment, Libich, and Kaudersova, 1972). Accordingly, the
local deposition patterns from the ''3-D'' model apply approximately to
bronchi in the guinea pig.

Zinc ammonium sulfate particles from 0.29 to 1.1ym in diameter
are aerodynamically equivalent to unit density spheres with diameters
from 0.4 to 2.0ym. These particles cause ""hot spots'' at bifurcations,
but those for the larger particles are more intense. Also, the fraction
of inhaled parficles depositing in any bronchus is greater for the larger

salt particles. This helps explain why single large particles are more
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irritant than single small particles.

Two cases were considered to explain Amdur and Corﬁ's result,
Tirst, average transfer coefficient data in Figure 6.1 were divided by
the particle mass to give the number of particles of each diameter
deposited per unit area when equal mass concentrations of each size are
inhaled into a specific generation. kav/ds vs. dp has a trend similar
to that of increasing resistance with decreasing particle size over the
0.4 to 2. 0ym range. This suggests that the larger ngmber of small
particles per area can stimulate more individual receptors than a
smaller number of large particles in the same area. Therefore the
increase in resistance is not dependent on the mass dosage alone.

In the second case, kav/ds vs. dp was plotted from data in
Figure 6. 1. This weights kav for each siée particle by its surface area
or time for dissolution. The points for dp< 0.8um had a trend similar
to A;ndur and Corn's data., The 1.1 and 2.02ym data also fall in line
with the smaller sizes after the kav data‘ are corrected for the losses
of large particles in the nose (guinea pigs are nose breathers). In this
form kav represent the relative mass of particles of each size depositing
in a lower order airway when equal rhass concentrations afe inhaled
through the nose. Thus, when equal masses of small and large particles

deposit in the same area, the small particles dissolve more rapidly

than the large ones.and cause a greater increase in airway resistance.
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The rate of dissolution is important because the moving film
of mucus spreatis the '"hot spots'' of particles and dissolved chemical
over a wider area, diluting the local concentration of irritant. A
higher rate of dissolution, therefore, assures a higher concentration
of the irritant at the receptors. In deciliated areas, a higher rate of
dissolution assures a more rapid response to the irritant.

In conclusion, factors besides average local deposition rates are
important for modeling the acute dose-response of irritants in the lungs.
These include ‘ghe particle surface area or rate of dissolution, sites of
irritant receptors, and transport rates of particles and chemical in the

mucous film.

7.5 Gas and Heat Transfer and Other Applications

The local transfer rates of pollutant gases, such as SOZ’ NO2
and 03, to the walls of the lungs can be estimated from the theoretical
and experimental results for the diffusion subrange. This is based on
the approximation that diffusion boundary layer theory can be extended
to the case of ¥/D-1. As shown in Section 2.4.2, this approximation
causes an error of only a few percent, Thus, the analysis of Section
7.2 for the diffusion subrange applies to gases. Maps 11 and 12 for
0. 088ym particles approximate the local patterns of gas transfer during
inhalation, and the magnitude of kloc for the gas is estimated by multi-

2/3

lying k 0. i . i
plying k; ' for 0889@ particles by (Dgas/Dparticle) This also
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applies to heat transfer in bifurcating tubes for which Scx Pral.

Results for fhe diffusioni subrange can be used to estimate
transfer rates of gases and suspended protein or fat molecules from
blood flowing through bifurcating vessels in the human body or artificial
systems. When flow and geometrical similarity are maintained, the
contour maps for the 0. 088 ,m and 0.365um particles directly approxi-
mate the local deposition rates for fat and protein molecules because
their Schmidt n‘um‘c;ers have the same range, 104 to 105.

Liocal mass and heat transfer coefficiénts are usually more
difficult to measure than the transfer coefficients for particles in the
diffusion subrange. Therefore, the experimental approaches used in

this study can be applied to other flow systems to approximate local

and mass transfer coefficients.
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Chapter 8

SUMMARY

8.1 Summary of Experiments, Results, Conclusions and Applications

Experiments on particle deposition have been conducted in two
and three-dimensional models simulating the first bifurcation of the
7 human lung (Bell and Friedlander, 1973). Local transfer coefficients
were measured for monodisperse latex aerosols of unit density in the
size range from 0. 088 to 7.6ym. Flow rates sifnulated normal inhala -
tions at conditions of rest and moderate exercise. Particles were
counted by optical and electron microscopy, and the aerosol concentra-
tion was measured either by light-scattering photometry or bsr gravi-
metry. The deposition patterns, measured in the ''3-D'" model for
each aerosol at two flow conditions (450 c. c’. tidal volume inhaled over
1. 88 or 0.94 sec.), were depicted by computer-plotted maps with
contours of constant transfer coefficients. |

Curves of local transfer coefficients for particle deposition in
both models are similar in form to those for the deposition efficiency
in the entire lung and for the collection efficiency of fibrous filters.
The minimum transfer coefficient occurs within the transition subrange
at a diameter between 0.5 and 1.0ym. The highest local dosage occurs
near the carina and, depending on particle size, is an order of magni-

tude or more greater than the deposition at the end of the branch.
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Larger particles (impaction subrange) produce higher local dosages
near the carina, relative to the average deposition, than smaller
pa.rticles (diffusion subranée).

Calculations of deposition at the bifurcation by inertial impaction,
sedimentation and interception were based on a steady, two-dimensional
flow over a wedge. Steady and quasi-steady laminar boundary layer
flows along a weage were employed to model the particle deposition
occurring by convective diffusion. These two-dimensional theories
were modified for application to the "3-D'" model,

| Theoretical calculations for impaction and interception of 2. 68
and 7.6y particles.in the '"2-D' model agree fairly well with experiment,
while diffusion theory is in fair agreement with data for 0.365 and 0. 79
gm particles. Data for the 1.099 and 2. 02ym particles fall between the
two theories because the unsteady aerodynamic boundary layers inhihit
deposition. Impaction calculations with a steady laminar boundary layer
predict no par;cicle deposition beyond 0.0l cm. from the carina. Inter-
ception played a significant role in the deposition of all particles, and
depo'sition by convective diffusion at locations >2.54 cm. from the
carina was retarded by the clean air in the '"2-D'" model before each
iﬁhalatiori. ,

In the case of the ""3-D'" model, the minimul;n local and average

deposition for the 450 c. c. , 1.88 sec. inhalations (U =100 cm. /se_c. in
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the parent branch) occurs between 0.5 and 1um, but for the 450 c.c.,
0. 94 sec. inhalations (—[-J-: 200 cm. /sec.) the minimum occurs between
0.35 and 0. 7ym. Particles in the diffusion and the impaction and
sedimentation subranges may have the same average transfer coefficient,
but their deposition patterns are considerably different,

Peak '"hot spots'' were located at the carina and between 0.2 to
0.8 cm. downstream along the inside wall of the daughter branch. The

"hot spot’' intensity, k /kav, varied from a high of 25.4 for the

0.6%Area _
5.74m, 200 cm./sec. runto a low of3.35for the 1.1ym, 100 cm./;ec.
run., In other words, the 150,000 epithelial cells lining the lung wall
Within the small area of this '"hot spot'' receive 64 times more 5. 7ym
particles than predicted by assuming uniform deposition over the branch.
The intensity is greatest for particles in the impaction and sedimentation
subrange and increases rapidly with particle size. | The intensity is

also greater at the higher velocity for particles >1.0ym. Particles in
the diffusion subrange have’the lowest intensity (~ 3.7), which is
‘essentially constant and independent of velocity.

A '"cumulative surface area distribution' curve for each contour
map demonstrates the uniformity of dosage. The percentage of the
surface receiving essentially no deposition decreases from a maximum
of 49% for the 5. 7ym particles to 0% for the 0.365 and 0.088ym particles.

The 5.7 and 2.02ym particles deposited nonuniformly along the inside

wall by sedimentation and impaction with interception. Deposition of
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0.365 and 0. 088yum particles by convective diffusion was nonuniform
and extended over the entire surface of the daughter branch in the "3-D"
‘model. The 0.79 and 1.1 um particles deposited nonuniformly along the
inside wall by sedimentation and nonuniformly along part of the outside
wall by interception and diffusion from the helical flow. The degree of
nonuniformity within the area receiving deposition was greatest for the
5. 7um particle at both flow rates; the most uniformity generally occurred
for the 1.1, 0.79 and 0,365ym particles at either flow rate.

If the secondary flows and sedimentation are accounted for, the
deposition along the Y =0 strip (inside wall) in the ""3-D'" model is
consistent with the data frorn the "2-D'" model. The ';Z—D” {heory of
simultaneous impaction, sedimentation and interception agrees fairly
well with the 5. 7ym data. The 0.365 and 0. 088 ym data are in fair
agreement with the "2-D" theory of convective diffusion of point particles
in quasi-steady laminar boundary layer flow. The 2.02, 1.1 and 0.79
um data fall between the two theories; in addition, the trend of the data
agrees best with sedimentation theory., To improve the agreement
between the data and theory, the effects of unsteady boundary layers,
secondary flows, and clean air in the model before each inhalation must
be taken into account.

Deposition efficiency calculations based on the wedge flow in the

"3-D'" model are in better agreement with the experimental results
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than the theoretical models of either Landahl or the Task Group on
Lung Dynamics., Landahl's model overestimates all the data; the Task
Group's model only overestimates all data >0.1ym and to a lesser
degree than Landahl's model. The experimental deposition in the
transition subrange between 0.1 and 1. 0ym can be more accurately
modeled if one mechanism is assumed to control the deposition of each
particle than if the efficiencies from all the mechanisr‘ns‘ are combined,
Deposition patterns and the overall magnitude of the transfer
coefficients were significantly different for unsteady and steady inhala-
tion of 1.1lym particles. Experimental studies with steady flow in
lung models are not accurate for modeling the deposition in real lungs.
The contribution of the secondary flows to the overall deposition
efficiency (¢) is small, but to estimate local nonuniformities the secon-
| dary flows must be taken into account. Secondary flows caused peaks
and ridges of deﬁosition downstream from the carina in both unsteady
and steady inhala’cioné, but the local enhancement was greater for
unsteady inhalations. Locations of the enhancement by secondary motions
also differed for the steady and’unsteady inhalations. During unsteady
inhalations, the overall and local enhancement was greatest for the
diffusion subrange, intermediate for the transition subrange, and least
for the impaction ‘subrange. For all particle sizes the overall and
local enhancement was also greater at U =200 cm. /se;. than at U = 100

cm. /sec,
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The "2-D" and "3-D'" models (experimental and theoretical) can
be used to estimate deposition in the tracheobronchial tree of normal
lungs. The deposition fraction, occurring in each successive generation
of the lung during the inhalation and exhalation phases, can be approx-
imated using an airway model and the theoretical and semi-empirical
correlations for ¢, derived from the "3-D'' model. The local distribu-
tion of the deposition within each branch of each generation can then be
estimated from the appropriate contour maps or from the theoretical
relations for kloc’ derived from the '"2-D'" model. During pauses,
deposition by diffusion and sedimentation can be calculated either from
Beeckmans' (1965) or Landahl's (1963) model.

The results have application to inhalation therapy with medical
aerosols and to the diagnosis of lung diseases by X-ray opaque or
radioactively tagged aerosols. To deliver an aerosol to the human airway
which will\completeiy cover the walls in the most uniform manner, unit
density particles with diameters < 0.5, m should be inhaled at low rates.
Particles betwéen 0.5 and l.lOL,Lm can be inhaled at any flow rate for a
highly uniforrﬁ coating over more than 75% of the airway surface. To
obtain the most nonuniform coating with the least surface coverage in
the upper airways, unit density particles > 5ym in diameter should be

inhaled rapidly, as by panting. This will also assure a maximum

accumulation at the carina of each bifurcation.
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Current federal standards for atmospheric particulate pollution
are stated in terms of total mass loadings per unit volume of air. For
example, the current primary standard, which relates to human health,
is 75um/m3 (annual average). Data from this study indicate that,
depending on particle size, the average dosage in a generation of the
lung may vary by as much as 100 times for the same massloadihg of
particulé,te matter. Although particles in the diffusion and impaction
subranges may have the same average dosage, their local dosages can
vary by as much as 60 times. Thus, pa;rticle size should be taken into
account in setting standards for particulate pollution.

Although approximately 10 times more cigarette particles deposit
in the pulmonary region than in the tracheobronchial tree, the number
deposited per unit area within the '"hot spots'' near the carina of each
bifurcation in the upper airways is 50 times greater than the average
number of particles deposited per unit area in the pulmonary region.
The relative intensity of the '"hot spots'' calculated for cigarette smoke
in the ‘first three generations of the human lung roughly agree with the
frequency that bronchial carcinomas originate in each of these gener-
ations. However, a more comprehensive model for calculating the
local dosage to the tissue must include the local transport rates of
particles by the moving mucous film and the rates of transport of spe-
cific chemicals from the particles to the tissue. Modeling of acute

effects from irritant particles and gases, like an increase in flow
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resistance, must include the locations of the afferent nerve endings in
the tracheobronchial tree. Specifically, it was found that if the dissolu-
tion time of soluble particles is assumed proportional to the particle
surface area, their effects on flow resistance in Guihea pig lungs can
be estimated by using the '"3-D' model results.

Other'important applications are to gas and heat transfer.
Estimates of local transfer rates of pollutant gases such as 03 and SO2
in the lung airways and/ of gases and fat molecules at bifurcations in
blood vessels can be made from the results of the diffusion subrange.
Local mass and heat transfer coefficients are often difficult to measure.
By prop'eﬂy taking the Schmidt number into account, local particle

transfer coefficients in the diffusion subrange can be used to estimate

heat and mass transfer coefficients.

8.2 Future Research

Further efforts in lung modeling should concentrate on developing
a more comprehensive model to account for average and local particle
deposition, particle clearance rates, local transport rates of specific
chemicals to the tissue, local radiation dosages, and possible acute
effects like changes in the flow resistance. The various components
are currently at different stages of development. At some point they
must be tied together in a dynamic model which can assess the health

effects of environmental pollution.
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A short experimental study should be done to determine the local
deposition patterns in the parent branches of a network of branching
tubes during unsteady and steady exhalations. The results would serve
as an experimental check on the postulated effects of deposition during
exhalation on the inhalation results of the '""3-D'' model.

Research is also needed to explain and model the behavior of
aerosols in unsteady laminar boundary 1a;yers and in unsteady secondary
flows such as those in the lungs. The effects of free-stream turbulence

on particle deposition at bifurcations should be investigated.



251

Appendices
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Appendix A
THEORETICAL DERIVATIONS

Al Potential Flow Solution in the Two-Dimensional Model

Milne-Thomson (1968) gives a procedure for determining
‘the streamlines in a canal with a side branch. Since the "2-D"
model is symmetric, the streamlines can be derived by modifying
Milne-Thomson's procedure for either the top or bottom half of the
model--the center being determined by the stagnation streamline.
The top half of the model is shown in the z-plane in Figure A.1l. The
free stream vélocity upstream from the branch at A is U, and the

downstream velocity is U,. A _C is the stagnation streamline,

2
while the streamline A _ED_ undergoes an abrupt change of direction
at E, causing an infinite velocity.

First, the branch form in the z-plane is eliminated by trans-

forming into the Q-plane (Figure A.1l) by the transformation equation

U U
- = = ___+"
Q 1ogV logq ie

-16 =u,-iv,. Here, q=\/u2 +v§, the stream speed. Along

where UV =qge ¢ £ £

the sides of the main canal § = 0; while along the branch § =¢. At C
q=0; hence, Q is infinite. The infinite strip in the Q-plane can now

be mapped into the { -plane (Figure A.1l) by means of the Schwarz-
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Figure A.1 Planes Used to Determine the Potential Flow
Solution for the Two-Dimensional Model
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Christoffel transformation, which results in the following:
¢ = mla, -(%7/“- (A.1)

The following values of { and ¥” correspond by the above

transformation equation:

and ¢ =d v = Uze_la. (A.2)

Therefore, from (A.1)a= 1, and d = (UZ/U)W/a.

The next step is to construct the complete potential plane or
W-plane where W=¢ +i). ¢ represents the potential function, while |
Y represents the stream function. |

Using ;b =0 on A_ED_, the boundary conditions are as follows:

on A ED b =0,
[00] [0

on A C Y = Uh,
and on CDm P = U2h2°
Therefore,
Uh = UZhZ’ (A. 3)

which also follows from the equation of continuity.
Taking ¢ =« at Aoc and ¢ = -= at Dw, the result is the W-plane
diagram shown in Figure A.1l. To map the W-plane into the {-plane,

the Schwarz-Christoffel transformation is used again to give
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K
dw -1 1
a T K ) e L ED T T
Integrating K
W= —t—10g & + Ly (A.4)
(a+d) %8 ((Fa) :

where ,Kl and L1 are complex constants.

The author's original potential flow derivation was critically
analyzed by Dr. Norman Malmuth and Dr. William Hall (1970). They
found that Milne-Thomson's derivation and the author's derivation
were in error, because Kl and L. were assumed to be either real or

1
imaginary. As indicated above, Kl and Ll must be assumed to be
complex constants to be evaluated correctly.
Using the boundary condition that P=0 on D E, (C+a) and

{C-d) have the same sign. Thus, on D_E the logarithms are all real.

Therefore, on DmE (Re =real, Im=imaginary)

ReK
$ = (atd) log \§——\+ReL
ImK
oA 1 ¢-d
and ¢—O—(a+d) log lg+a‘+Ile.
-ImK
- ¢-d
Hence, ImL, = (a+d) log ‘Q+a‘

Evaluating the log in the limit as Re( approaches °°, log (1)=0, There-

-Imk
: 1 ¢ -d
=0. P — .
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-d
Evaluating the log in the limit as (- 0, log }-;‘ = constant; hence

IrnK1 = 0. Applying the other boundary condition that ) = Uzh2 at C,

set ¢ =0 since C is a stagnation point. Thus, (=0 at C and substituting

into (A.4)

iReK 7 iImK, a4
= 3 ] = — + -~ +i
W =iU,h, o7a) oy log \al ilmL

1.
From the results of the first two boundary conditions above, the last

two terms equal zero. Rearranging,

h (a+d)
ReK 2 _ Uh(a+d) K.
Using ¢ =0,
ReK
0 = —— 1log 151-1+ReL - 7 ImK..
(a+d) a | 1
Therefore,
_-Uh, d _
ReL1 = log [a] =L

Substituting these values of L1 and Kl into (A.4) and setting a=1

from (A.2), the general solution for the complex potential in the

symmetric model is the following:

W——ﬂ—l [Qé_d—lj (A.4°)

From (A.1)
i ﬁ/a

Gt~
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Rearranging,

-dW _ . -ig.al/w
o = v = U %, (A.5)

Differentiating (A.4”) and dividing by (A. 5).

dz

[(Q d) (€+1):\ % —a/ﬂ

Integrating with respect to { with g =Tr/4 for the 90° model,
-1 /4

:%einmu dc - J(;-H dg]

~ 4
Transforming variables by { =x, evaluating integrals from tables

(Dwight, 1951) and substituting d = (h/h2 )4 from (A.2) and (A.3)

above,
. 1/2 1/4 1/4
zZ =x tiy = /Zh 177/4{1/2 log ‘Ql/z-\/ €1/4 *1 \-Ptan-l Li_gl_/z
¢ 2 1-¢
1/4
-h, C -h/h h
2 im/4 2 -1 1/4 72
—e log |=—————|+2tan C -— |+ (A.6)
T gl/4+h/h2 I: h]}

Since z =0 corresponds to { =0 from the transformations in Figure
A.1, the integration constant C =0,

Because (A.6) is not analytically invertible to give { =f(z), one
must use (A.4")and (A.6) as the solutions for the complex potential at
locatiop z in the z-plane in terms of the implicit variable, {. The

stream function i) is the complex part of W in terms of { at location z
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in terms of (. Likewise, the complex velocity, v’ =uf—ivf, is given

by (A.5) in terms of  at location z in terms of { in (A,6). Therefore,
derivation of an analytical expression giving the stream function or
the complex velocity as a direct function of z-coordinates is not

feasible.

A.2 Approximate Potential Flow Solution Along the Wedge of the

"2-D'" Model

Expanding each term of the complex potential function (A.4°)
in an infinite Maclaurin Series about { =0 and combining terms, the

result is
W?%b—[in-(lﬂ/d)g +1/2(1-1/d2)g2 - 1/3(1+1/d3)g3 touus ] (A7)

The expansion is an analytic function of ¢ for | |<d or 1, whichever is
smaller. Neglecting the second order and higher order terms in (

and differentiating with respect to { produces

%ZY?U%[_GJF 1)] (A. 8)

Dividing (A. 8) by the negative of the complex velocity in (A.5) gives
a
dz h ( T % 1
= = Zexpli += 1. :
ac = 7 explia) 1+5 (A.9)
Integrating (A. 9) with respect to { and setting the integration constant

equal to zero (sincez =0 at { =0),
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(1-e/m)
exp (i) Ty (1+1/4d). (A.10)

7 =

h
T

Solving for ¢ in (A.10) and substituting d = (h/h2 )Tr/a,

¢ ={ (2 )exp(-ia) z}<#>{ (%}" /o H}CTL)

Substituting (A.1l) into (A.7), truncated after the first order term in

(A.11)

¢, results in

(m+1)

W =—-_-§—- Uexp(-mm) 2z +i Uh, (A.12)

m-+l1

where m=¢/(m-o¢). The constant A is defined as

. h, n/a ,-m
- {mal (%) ) (A-13)

The general equations for the potential and stream functions

and the velocity components, all in terms of polar coordinates

2
(r=(x +y2)1/2, f =arctan y/x) with the origin at the carina and

6 =7 on the stagnation streamline, are as follows:

0 = == Ur™ cos[mr-(m+1)8], | (A.14)
b == U™ infmr- (m+1)97+ Un, (A.15)
u, = AUr" cosm[r-9], | (A.16)
and e AUr ™ sinm[p-6]. (A.17)

For the '"2-D'" model with the 90° wedge in Figure 2.1, m=1/3

and A =0, 82 cm,. _1/3. (A.12) through (A.17) are valid for the model



260

in the range lg \ <d=0,284, which corresponds to r<0.7 cm. These
equations are only approximations of the general potential flow
solution in this region, since the second and higher order terms of
the series expansion were neglected. For r=0,7 cm. and \Q‘ =0.284,
the sum of the second order through fourth order terms of the series
is 81% of the first order term. For |(|=0.18 and r=0.5 cm., the
sum of the second order through fourth order terms is only 37.6% of
the first order term. Hence, the approximate solufcion is most exact
close to the cari’na.

leo tests of the‘a_.ccuracy of (A.12) through (A. i?) are as
follows: |

1. Using (A.15}, the stream function on the outside wall of
the daughter branch (r=1.3 cm., 6=31/4) is 19.4 cm, 2/sec. A
general solution for the entire channei would predict i) = 0 on the out-
side wall.

2, From (A.15), A is calculated assuming the boundary
condition ) =0 at r=1.3 cm. and §=3¢/4. It equals 1.03 compared
to 0. 82 determined by (A. 13). |
Both results indicate that the approximate solution underestimates the

total flow through the channel by 20%.
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A3 Similitude Analysis

The analysis of the deposition of aerosols in the lung can be
greatly simplified by using similarity theory. The aerosol deposition
data obtained in a bifurcation model of one generation of the lung can
be applied to predict the aerosol deposition in other generations if the

following requirements hold:

1. Geometrical similarity of the flow boundaries,

2. Similarity of the fluid flow in each generation,

3. Similarity of the trajectories of the particles in each
generation.

U, h and h/U are chosen as the characteristic velocity, length,

and time respectively for the parent branch. Likewise, U,, R, and

2° 72
RZ/UZ are the characteristic parameters for the daughter branch. R2
is the half width of the daughter branch and U2 is the free stream
potential velocity in the daughter channel. In dimensionless form
Equation 2,14 becomes
d'l—l,' _ (—1)1,_3;_.6." )/Stk (A 18)
dt’ f 's : )

The Stokes number (Stk = U'r/R2 =hS/R2) is the ratio of the particle
stopping distance in the direction of the free stream flow in the

parent branch to the characteristic length of the daughter branch.
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—

V’ is the dimensionless terminal settling velocity defined as the ratio
s .
of the Stokes Number to the Froude Number (Stk/Fr). The Froude
. .
Number =U /g R2 =Fr.
For a general unsteady flow field in the bifurcation model,

the x and y components of the fluid velocity are

’_.

Ye

fl(x',y',t',og,hz/h, Re, Freq”)
and £ =f2(x , v ,t ,a,hz/h, Re, Freq'),

where y is one-half of the wedge angle, h2 /h is the ratio of the branch
width to the main chamnel half width, Re =2hU/v or 2R, U, /v is the
fluid Reynolds Number based on the channel dimensions, and

Freq’ = {S(uu/v)l/2

is the frequency parameter discussed in Section
1.3.5. x” and y” are the dimensionless cartesian coordinates shown
in Figure 2.1, After choosing an initial condition, (A.18) can be

solved analytically or numerically for the particle velocity at any time

at any position (x”,y"):

u’ = f3(x',y',t',a,h2/h, Stk, Fr,Re, Freq”)

and v’ =f4(x',y',t',a,h2/h,Stk,Fr,Re,Freq'). (A.20)
For particles of finite radius, rp, the boundary condition u’ =v’=0
holds when yl' = rp/R2 =1. yl' is the dimensionless coordinate perpen-

dicular to the wedge and I is the Interception number.

The local flux of particles to the surface of the wedgeAby inertial
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forces, Fs’ has the units of particles/cm. sec. for the ""2-D' model.
This can be related to the flux of particles in the main stream flow

before the wedge by the continuity relation, Fsdx =Fody. Here dx

1 1

is a differential distance along the wedge surface and dy is a diffevr—

ential segment perpendicular to the main stream flow. All particles
flowing through segment dy in the main stream of the parent branch

with flux FO deposit on segment dx1 of the wedge surface with a flux
of Fs. Fs = Fody/dxl is obtained analytically from (A.20) using the

boundary condition yl' =1, or it can be obtained numerically by

F =F Ay/bx.. In either case
s o 1
F_=Un f,x",t",0,h, /h, Stk, Fr,Re, Freq’,I), (A.21)

where n_ is the particle concentration in the main stream of the parent
branch.
The local particle transfer coefficient, kloc(t g =Fs(t ')/nm, and

the average particle transfer coefficient, k__(t )] =IL k (t%)dx_ /1.,
av s loc 1
where L =the length of the wedge surface in the model. The local

can be defined for h>x. sing as

deposition effici
eposition e 1c1ency, elOC, 1

e. (t7) = (1/sing)f_(x ',t',a,hz/hl,Stk,Fr,Re,Freq',I). (A.22)

loc 571
The overall efficiency, ¢, of the wedge in the bifurcation for particle
removal by inertial impaction, sedimentation and interception is the

following: °
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e(t’) = kav(t')nmL/Unmh = (L/h)fé(t',a,hz/h, Stk, Fr,Re, Freq’, I).

(A.23)

When the quasi-steady flow assumption holds and when potential
flow is used to approximate the steady flow regime, Freq < 0.1 and
Re=», The time-averaged local transfer coefficient for a single
inspiration is calculated by time-averaging the deposition results
predicted by steady potential flow during each differential time interval.

This is equivalent to

t
_1 o .,
Kloc T % ikloc(t Jat = Ut (x", o, A", Stk, Fr, 1), (A.24)

where A' is the constant in Equation (2.5) in dimensionless form.

Then,
k =Uf (== 4 A’ Stk, Fr 1) (A.25)
av 8<R2 y Oy » > » .
and
L , '
e = (L/h)f8<E—,a,A ,Stk,Fr,I). (A.26)
: , |

When the déposition occurs only by inertial impaction of particles
of finite diameter, the Froude number is neglected in (A.24), (A.25)
and (A.26). For pure inertial deposition the Interception number is
also set equal to zero. When the particies of finite diameter follow
the streamlines and deposit by interception, Stk and Fr are neglected.

Deposition of finite diameter particles by sedimentation depends on all
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parameters in (A.24) through (A.26). If the Interception mechanism
is neglected for a settling particle in the lung model, the dependence
on A’ and I drops out of (A.24) through (A.26). When a steady laminar
boundary layer is included in the flow regime, the deposition function
also depends on the Reynolds number and a dimensionless boundary
layer thickness, § '(xl). i

The conclusions of the dimensionless number analysis are as
follows:

1. Rigorous similarity for simultaneous inertial impaction
and sedimén‘cation of finite diameter particles in two different bifur-
cation models, when potential flqw is valid, requires geometrically
similar (g, A, L/h are equal) andkequal Stokes,‘ Froude and Interception
numbers for the two rhodels. However, assuming that air of the same
temperature and particles of the same density are used in the two
models, the equality of the Stokes, Froude and Interception numbers
cannot be maintained.

2. If the mechanism of interception is neglected, the/ Froude
and the Stokes number can each be held constant in the two different
models when lung air and particles of fixed density are used. Hence,

simultaneous inertial impaction and sedimentation of respirable

-1/2 ,)1/3

1

(x

i 6'(x1) = 5(}s:1)/R2 = constant (A‘Re)
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particles, having negligible Brownian motion, will be approximately
similar in each bifurcation region in which potential flow is a valid
approximation. The same conclusion holds for pure ihertial or pure
sedimentation deposition.

3. When the mechanism of sedimentation is negiigible (for
bifurcation models in certain orientations), similarity can be main-
tained for inertial impaction of particles having large diamefers and a
fixed density in lung air in bifurcation regions in which potential flow
is a valid approximation.

4. In certain regions of the lung and for certain particle
sizes, the laminar boundary layer along the wedge of the model is
important in de’termining the loclal‘ deposition. Assuming air at lung
conditions and particles of fixed density, similitude cannot be main-
tained if inertial impaction, sedimentation and intercéption are
simultaneously‘importan’c. The same is true for simultaneous sedi-
mentation and interception.

5. Where the laminar boundary layer is important and
whén sedimentation can be neglected, similarity can be maintained
for inertial impaction and interception for bifurcation wedges approx-
imating flat plates (o~ 0). The same conclusion applies when either
pure inertial impaction or pure interception is the controlling

mechanism,
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6. When the laminar boundary layer is important and
interception can be neglected, similarity cannot be maintained for
simultaneous inertial impaction and sedimentation deposition of fixed
density particles in lung air.

7. When only sedimentation is important and interception is

neglected, deposition similarity can be maintained.

A 4 Critical Stokes Number for a General Bifurcation Model

Figure 2.1 and the z-plane in Figure A.1 illustrate the shape
and dimensions of the bifurcating model. The critical Stokes number,
Stkcr’ represents the minimum value of the Stokes number. needed for
a particle to impact on the model carina in a finite amount of time. It-
neglects the effect of interception and sedimentation. From the
approximate potential‘flow solution around the wedge (Section A. 2) the

velocity of the stagnation streamline is

uw=AUr cos(g-6)| . =AUr" = AU|x|™

e=m

where m=¢/(7-¢) and ¢ =1/2 the wedge anglé.
h
Al GEY ™
| mT-a L\ h
Using the x component equation of motion for a particle on the stagna-

tion streamline (neglecting sedimentation),

ETE e T
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Letting u=dx/dt =d|x|/dt and substituting for u,

L L dlx]

‘m
2 T dt

= O.

+AU‘X

This non-linear, second order differential equation can only be solved

analytically for the cases of m=1 and m=0. m=1 represents the

180° wedge or perpendicular wall and m=0 represents the flat plate.
For the case of m=1 and with the Stokes number = UT/R2 =

ZUT/hZ, StkCr was derived following Fuchs (1964: 163-164):

B _h /hZ‘Z
Stk__ = 1/(2Ah,) “he {KE—) +1}.

To determine StkCr for the general case of any 1;n, the results‘
derived by Levin and compilea by Fuchs (1964: 164,173) are used. The
fluid velocity along the x-axis béfore/ the stagnation point in any flow
regime can be expressed asymptotically by u= -axm, if the origin of
coordinates is at the stagnation point. Assuming Stkcr = Dap, where
D and p are constants, Levin has shown that p?'? -1/m. This result
can be applied to viscous or potential flow. |

For the case of potenﬁal flow in the bifurcation model, the

stagnation stream velocity is u= cax = AU‘xlm

Stk__ =Da-l/m=D(AU)—I/m:DU_l/m{%[<%>n/a+l]}. From

S‘ckcr = 1/(2Ah2) determined for m=1, D is equivalent to Ullm/th.

. Substituting, Stk
cr

Therefore, for the general case
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b I
Stkcr = m [(T) + IJ' ) (A.27)

Evaluating Stkcr for specific wedge angles in the two-dimen-

sional bifurcation model with h2 =1.3 and h=0. 95;:

h b2 -
o . = = — e =
180° wedge o =1/2 St thKh) +1J 0.668,
h
2h o 2~4
(o] — e ) =
90° wedge o =1/4 Stk__ gy K h> +1] 0.698,

6h b, J2
(o] - = - — =
30° wedge q=m/12  Stk__ Tiek, [(h > +1] 5.5,

h 'hZ ¢
(o] — = P — = ™
0° wedge =0 Stkcr thrr [:( ™ > +1 ] .

This analysis indicates that, when sedimentation and inter-
ception can be neglected, a 20um particle must be carried at a free
stream velocity greater than 369 cm. /sec. to deposit on the carina
of the two-dimensional model. For 10um particles to deposit by

pure inertial impaction, the free stream potential velocity must be

greater than 1475 cm. /sec.
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Appendix B

EXPERIMENTAL PARAMETERS,

EQUIPMENT, AND PROCEDURES

B.1 Efficiency of Deionization

The efficiency of the deionizer® discussed in Chapter 4 was
evaluated for the aerosol of 0.365ym particles as follows. The charged
and decharged aerosols were each passed through a parallel plate diffusion
battery having a uniform electric field and laminar flow between the
plates. From a measurement of the fréction of particles removed by
the battery, the average terminal particle velocity in the field, and in
turn its charge, was calculated (Fuchs, 1964: 113—115). The aerosol
which bypassed the deionizer had an average electronic charge of 28,
while the deionized aerosol had an average charge of only 0.4, 28 net
charges compares favorably with the medians of 45+ and 15- charges
measured by Whitby and Liu (1968), and 0.4 agrees with 1.4 predicted

by the equilibrium Boltzmann distribution.

B.2 Effects of Impurities on Concentration

Possible errors in the concentration measurement caused by the
free stabilizing agent and inorganic impurities in the hydrosol solution

were also ihvestigated. Langer and Lieberman (1960) and Langer and

! 3M Company, Model 3B4G, 3 millicuries Kr-85, 12" active length
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Pierrard (1963) have documented some of the problems caused by these
agents, The fraction of a filter sample composed of stabilizing agent and
inorganic impurities was estimated from data on the composition of the
stock, monodisperse latex suspensions (Lippie, 1965). The maximum
estimate of the fraction or concentration error varied between 1 and 3%
for all particles, except it was 7.4% for the 0.088ym particles.

Another possible error was the additional light scattering in the
photometer caused by the small particles of hygroscopic stabiiizing agent
and inorganics. Size distribution measurements® of 2.02, 1.1, 0.79
and 0.365ym aerosols, which had been generated from a Bird Microne-
bulizer at similar conditions to those reported in Section 4.4, indicated
that the stabilizing agent and inorganics had a particle size <0.25ym.

If all the particles formed by these impurities were 0.2um in size, they
W‘O]lld have caused a 5% increase in the scattering of 1.1um particles
and a 3.8% increase in the 0. 79ym signal.

All experimental runs and photometer calibration runs for one
particle size were made from the same stock solution. Also all exper-
imental runs used the same dilution of the stock solution, and some of
the points on the calibration curve were made at this same dilution. A

straight line was a fairly good fit for all calibration points made at

* Measurements made by Steven L. Heisler and Rudolf Husar in 1972 at
the California Institute of Technology using a single particle optical
counter system including a Climet sensor and a multichannel analyzer,
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dilferent dilutions.  This may not have been true if the stabilizer particles
had scattered a noticeable fraction of light, in which case they would have
scattered a different fraction as their size varied between different
dilutions. Therefore, the only concentration error caused by the stabi-
lizing agent and inorganics was found in the mass measurement of mono-

disperse particles collected on the filter.

B.3 Particle Adhesion and Shea‘r Losses

Particle collection on the walls of the daughter branches of the
experimental models was designed to simulate the real lung. Therefore,
all losses of particles from their initial deposition sites and accumula-
tions at secondary sites had to be prevented. Particles can be lost if
they rebound after collision with the surface, if they are sheared looseb
and reentrained by the air, or if they are sheared loose and roll along
the surface to secondary deposition sites.

Célculations were made to assess the probability of aerodynamic
shear losses or rolling losses of the PSL particles from the cellophane
or glass surfaces of the models. The calculations followed those made
by Visser (1970) for measuring the force of adhesion between submicron
carbon-black particles and a cellulose film in a flowing aqueous solution.
A Hamacker constant of 10_13 ergs was chosen as a lower bound for
calculating the adhesion force. The velocity profile in the boundary

layer along the 90° and 70° wedge (Equation 2,10, Section 2.23) was
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uséd to calculate the shearing force on the particle at the peak experi-
mental flow conditions in the model. The force of adhesion was at least
two orders of :r_hagnitude larger than the shearing force for all experi-
mental particles at all locations, except within a particle ldiameter of
the carina. There the particle diameter was larger than the &isplace—
ment thickness; accordingly the potential velocity of the streamline
passing through the particle center was used. The shearing force and
adhesion force were then of the same order only for the 5. 7um and

7.6 m particles. These calculations predicted that approximately 50%
of the 5. 7ym and 7. 6ym particles which deposited within 5. 7um and
7.6pum respectively from the carina could have been lost if aﬁ adhesive
had not been used.

These calculétions also concurred with Fuchs (1964: 348), who
indicates that it is impossible to blow particles with diameters below
1.0-2.0ym from deposits on clean plates, even at U=200 m. /sec.
Recent expeﬁmental work by Dahneke (1973) indicated that 1 m. /sec. is
the minimum velocity needed for rebound of 1. Oym PSL from polished
quartz plates in a vacuum. The maximum impaction velocities of the
experimental particles in the model were calculated to be at least an
order of magnitude lower than 1 m. /sec. because they decelerate with
the potential flow regime and lose most of their remaining momentum
in the viscous boﬁndary layers. Rebounding, therefore, was probably

not a problem in the experimental runs.
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The deposition of the particles 1. Oym and larger was tested in
the model with and without adhesives.' Adhe siveg were needed to prevent
losses in the ""2-D" model for the 7. 6ym particles and in the "3-D"
model fqr 5.7um at the low flow rate and for 5. 7um and 2.02m at the
high flow rate. No rolling with secondary deposition‘was observed for
any particle size,

Calculations following Levich (1962: 659) predicted and experi-
mental observations verified that no surface waves were initiated in the

adhesive coatings at the experimental conditions of the runs.

B.4 Alternative Counting Techniques

Attempts were made to develop a less time consuming, and less
tedious technique for counting the particles. In one case vibrating,
piezo-electric crystals were experimentavlly investigated for sensing the
mass of the deposited particles. However, the crystals were more
sensitive to temperature flucuations caused by the flow of air than té
the small mass of particles deposited during the runs.

Commercially available and automatic optical counting devices
were too expensive and were not capable of distinguishing the particles
from the nonuniformities, gas bubbles and other impurities found
inside and on the surface of the glass plates and plastic tapes. Radio-
actively tagged and fluorescent particles required a much denser

collection of particles on the surface than could be obtained in a
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reasonable time period with the experimental apparatus. The trained
human eye was more effective in distinguishing between the spherical
latex particles and other spherical impurities than the other techniques,

and the eye could accurately count small numbers of particles in large

surface areas.

B.5 Deposition by Electrostatic Mechanisms

Although particles were decharged in the "2-D" and "3-D"
runs, the deposition of charged natural and therapeutic aerosols ’rnay
be enhanced in the real lung by‘two mechanisms (Section 7.1.4)., One
is the attractive force between charged particies and its image in the
lung surface. Tin.e other is the eléctrostatic repulsion force of thel
surrounding particles in the air, called the "'space charge effect'.

To compare deposition for these mechanisms with the efficiency
for impaction, sédimentation and diffusion 1n the primary bronchi, the
followiﬁg procedure was employed: Va.lﬁes of dimensionless force
parameters for the two electrostatic mechanisms (Kraemer and Johnstone,
1955) are directly comparablé to Stk and Stk/Fr because they arise from
the same force balan‘ce. The Peclét number is not directly comparable.
Consequently Pe for a particle in the diffusion subrange is replaced by
Stk for a particle in the impaction sﬁbrange which has an equivalent
ekberimental € in Figures 6.6 and 6.7. If the parameters for the

electrostatic mechanisms are much smaller than the parameter for the
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‘mechanism controlling deposition in the '"3-D'" model, enhancement of
deposition by charge is negligible.

The 0.365ym PSL particles, with a net charge of +30 esu. after
generation by atomization (Whitby and Liu, 1968) and a conc‘entration
of 105 particles/c. c., have a diffusion parameter 15 times and 300, 000
times larger than the parameters for electrostatic repulsion and image
forces, respectively. In this case charge effects are negligible. The
same conclusion holds for all respirable particles generated by atomi-
zation and for natural aerosols because they usually carry fewer charges

than particles generated by atomization.
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Average . Dilution Ratios
Particle Standardx* Polymer | of Stock Solutions
Diameter, um/| Deviation % Solids Type for Runs
0.008 0.0080 10 PSL 100:1
0. 365 0.0079 4 PSL 48: 1
0.79 0.0044 10 PSL 24: 1
0.81 0.0063 10 PSL 24: 1
1.099 0.0059 10 PSL 16:1
1.1 0.\0055 10 PSL, 24; 1
2.02 0.0135 10 PVTL 24:1, 16:1
2,68 0.0149 10 PVTL 24:1
5.7 Cog =126 10 SDVBL 15:1
7.6 g;z: oHm 10 SDVBL 16:1

% Average diameter and standard deviation determined by Dow
Chemical Co. by sizing under an electron microscope.

T psL = Polystyrene latex, Py = 1.05 gm/cc; PVTL = Polyvinyltoluene.

latex,

op = 1.05 gm/cec.

ep= 1.027 gm/cc; SDVBL = Styrene divinylbenzene latex,

i Og = geometric standard deviation for log hornﬁal distributions of
5.7 and 7.6 ym particles, determined by Daniel Chang, former
graduate student at California Institute of Technology.

\/ag , Which was evaluated for the 5.7 and 7.6 um particles by
using these values of ¢ yand followi

respectively 6.32 and 8772 um.
9.36 um.

- Table B.1

Fuchs (1964:13), was

8 d_al'? likewise was 6.68 and

Characteristics of the Stock Hydrosols used in the
Experimental Runs
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Appendix C
EXPERIMENTAL DATA AND ERROR ANALYSIS

C.1 Error Analysis in Model Experiments

The variance of a local transfer coefficient datum is calculated

from the following expression:

2
count o'breath concentration +
0 loc 1oc [< # counts> Q# breaths> (concentratmn >

( c. ><f§:§> (tfifé ] (C.1)

Each of the parameters are from Equation 4.1 in Section 4.8. The

probable error, P,E., of any transfer coefficient datum, assuming the

data follow a Gaussian distribution, is equal to 0. 6745 - 1., From
loc

Equation 4.2 and Bevington (1969), the variance of a weighted average

local transfer coefficient datum is calculated from the foliowing

expression:

2 1
= —, L2
CW.AV.k n (C.2)

loc 2( 1 >
E)
AN )
i kloc

a, and Uy for optical particle runs and oxy for electron microscopy

runs are given in Tables C.2 and C.3. The only non-negligible error

' Half of the observations of an experiment are expected to fall within the
boundaries denoted by k., +0,6745¢ .
loc kloc
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occurred at 0. 0069 cm. where the P,E. was 10%. Errors in locating
the Y strips and in placement of the grids are negligible.

In the "2-D' and ''3-D'' runs the leading edges of the cellophane
tapes and the glass plafe were jagged and slightly uneven on a.micro—
scopic scale of 0.001 to 0.0l cm. Air flow around this nonideal
geometry probably differed from the idealized flow. assumed in the
deposition theories for a sharp wedge. For most runs with particles in
the sedimentation and impaction subranges, the nonideal flow lowered
the value of transfer coefficients at X =0. 0069 and 0. 0275 cm. relative
to the trend of the other data points and theory.

Ot roaths’ darea’ otime’ O ¢ and the probable errors of the
time‘-average velocities are listed in Table C.4. Tables C.5 and C.6

list o and the particle concentration for each of the ''2-D"

concentration

and '"3-D" runs. ¢ was evaluated as described in Section C. 2
counts _
from data in Sections C.3 and C. 4,

In each run statistical errors in the # counts and the error in the
particle concentration were the major contributors to the variance of the
local transfer coefficient. In most runs a sharp decline in the number of
counts beyond the carina caused the count error to dominate the variance
of the transfer coefficients.

For example, sample calculations shown in Table C.7 for ''2-D"

Run 24 of 1.1yum particles indicate that the probable error for the transfer
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coefficient varies from 13.3% at x, =0.0069 cm. to 32% at %, =2.54 cm.

1
The increase corresponded directly to a decrease of the # count from 83
to 5 over this same range.

Error bars were not placed on '"'2-D" and ''3-D' data in the
figures because they were of little use for avnalyzing the‘data. to meet
the goals of this thesis. The probable errors were also not great
enought to invalidate any of the conclusions derived from the '"2-D' and
"3-D'" data. Nevertheless, data needed to evaluate the probable errors
for all transfer coefficients are available in Appendix C. Maximum
values of the probable errors, for the '"2-D'" runs and for tl;xel”3—D” runs
along the Y=0 sti'ip;;, generally occurred at the last point and were
around 35%. Data on the outside wall of the '"3-D'" runs which represent

only 1 count per counting area have a probable error of around 100% of

the value of the transfer coefficient.

C.2 Counting Errors

In the "2-D'" and "3-D'" runs measured by bptical micfoscopy,
all count data in one run were taken at different locations but in régions
of the same surface area. The human error involved in counting singlet
particles was almost nil because the particles were easily discerned on
the collecting surface. The surface density of particles was also
sufficiently low to minimize misses or repeat counts.

The major source of error in the count data were the statistical
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fluctuations in the counts caused by the stochastic nature of the physical
processes involved in the deposition of particles from an aerosol.
Within any one counting area, separate observafions of the number of
particles depositing in a fixed time interval are described by a Poisson
distribution (Bevington, 1969) with a mean | and a staﬁdard deviation
/M. For one run, the count datum at each location is assumed equal to
the mean of the Poisson distribution for that counting location (i.e.

# counts =|.).

The counting procedure for data collected from electron micro-
scope grids is described in Section 4.7.2. As in the optical microscopy
runs, the méjor source of error in the count data was statistical. The
approximately 300 windows, on which particles were cdunted in the
center of each grid, had the same surface area, and the particles were -
randomly distributed among the windows. Therefore, the staﬁdard
deviation of the count data in any one window, 0, is a constant equal to
the standard deviation for any window in the grid (c'i =0).

Defining z, = (# singlets counted/grid window i) and N = (# windows
counted on the grid), the average and mean number of singlefs counted
per window is given by |

~

u:_z_z

z./N.
i

v

The uncertainty in determing the mean, |, is given by '
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-2
ho/N VN
Thus O ounts S\/Z/N for "3-D' runs with 0.365 and 0. 088um particles.

C.3 Y2 -D'" Model Data

Figure C.1 is the same as Figure 5.1, exc‘ep’c the theories in
Figure C.1 were calculated with A =0. 82 cm. -173 instead of A=0.92 cm. -1/3.
Another difference is that the diffusion theory is for steady flow conditions
as predicted from Equation 2.52 for U=100 cm. /sec. A=0,82 cm. -1/3
is theoretically predicted from Eq_uatiop 2.5 for the ""2-D'" experimental
model. The local transfer coefficients predicted in Figure C.1 are
slightly less than those in Figure 5.1, but the same conclusions are valid.
Tables C.8 - C.13 list the paliticle counts and the corresponding
local transfer coefficients for each ""2-D'" run used in Figures 5.1 - 5.7

and C.1. Fractional counts mean the original counts were taken in an

2.
area one and one-half or twice as large as 0.035 cm. /

C.4 "3.D'" Model Data

Data from the '"'3-D'' runs used to plot Maps 1 - 14 are tabulated

Yraw

in matrixes following the tables of ""2-D'" data. For each run a
count data matrix'’ and a "'raw mass transfer coefficient data matrix'’
give the count data at each location and the corresponding local transfer

coefficient calculated from Equation 4.1. Transfer coefficients from

runs having the same size particles and flow conditions are averaged
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(Equation 4.2) to form "weighted average raw mass transfer coefficient
data''. The 7 -10 labeled colums are the X locations with the distance
from the carina given in centimeters. In the optical runs the row labels
of 1 -19 correspond respectively to Y =49, +8, .. ceo 1, 0, -1, .....
e -8, -9. In thé electron microscopy runs, row labels 1 -7 corres-
pond respectively to Y =+9, +6, +3, 0, -3, -6, -9.

The contours on the maps were determined by the following
method. The '"'raw mass transfer coefficient data matrix' or the
"weighted average raw mass transfer coefficient data matrix' of 19 rows
by 9 or 10 columns was ;onverted by linear interpolation into a 19 row
by 48 column matrix with the columns equally spaced. . Likewise, the
7 row by 7 column matrices for the electron microscopy runs were
converted into 7 rows by 48 columns matrices with the columns equally
spaced. From different trials, 48 was the rhinimum number of columns
required to produce a contour plot equivalent to ones obtained from
many more columns.

These enlarged matrices were automatically fed into a contour
plotting program called ""Contur’’, a library subroutine in the IBM 370
computer system at the California Institute of Technology. "Contur"
determined the locations of the contours of constant kloc by searching
the data matrix and linearly interpolating between the points.

Matrixes of the "#windows counted/grid'’ and of the ''average

window area/grid'" in the electron microscopy runs are needed to
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calculate the statistical errors. Data are not listed for row 7 because
it is the same as row 1. Data are not listed for rows 5 and 6 in Runs

31, 32 and 33 because these strips were not counted (Section 4.7.2).
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Relaxation Stopping¥* Diffusion 2
d ,um Time-sec Distance-cm Coefficient- S Ay+ - cm
el - hg D sec
20 1.23x1072 8.70x107? 1.28x1078 2x1078
10 3.08x107* 2.18x1072 2.40x1078 2x107%
7.6 1.81x10°% 1,28x1073 3.24x107® 1x107%
5.7 1.03x10™% 7.28x107° 4,35x10°8 -
5.0 7.70x1078 5.45x10" 2 5.00x107® 5x1078
4,0 5.03x107° 3.56x10°2 6.30x10° 8 4x107®
3.0 2.70x1078 1.91x1073 8.50x1078 3x1078
2.68 2.30x107® 1.65x10°® 9.55x10"8 2x107°
2.0 1.31x107® 9.25x1074 1.30x1077 1x1075
1.099 4.3lx10—6. 3.05x1074 2.54x1077 4x1078
1.0 3.54x10 ¢ 2.54x10 * 2.79x1077 4x107
0.79 2.35x1078 1. 66x107% 3,71x1077 --
0.365 | 6.20x1077 4.38x1078 9.85x1077 2.5x1078
0.088 | 7.90x107® 5.51x1076 9.02x107® -
*h, = %Usinoc where U = 100 cm/sec, o = /4
+Ay = vertical separation dis;tance between particles at starting

positions for each trajectory run for the 90° wedge. Con-
sidering only impaction and interception from potential flow.

Note: A time interval of 0.00001 seconds was used in all steady poten-
tial flow trajectory runs; a second time interval of 0.0001 or 0.0002
seconds was used inside of the boundary layer.

Table C. 1 Particle Parameters
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Casel : 645X magnification Case Il : 150x magnification
X Location (cm) O‘X(cm) X Liocation (cm) O, {cm)
0.0069 0.001
0.0275 0.6011 0.028 0.001
0.11 0.0015 0.112 0.0018
0.22 0.0019 0.224 0.0026
0.3175 0.0030 0.392 0.0038
0.635 0.025 | 0.672 0.0058
1.27 0.025 1.27 0.025
2.54 0,025 2.54 0.025
3.81 0.025 3.81 0.025
4,45 0.025 4,45 0; 025
Table C.2 Standard Deviation, 0y, for X Locations of- Data

in "2-D" and "3-D' Runs Counted by Optical
Microscopy
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Case I - Optical Particle Runs, 645X magﬁfication
Distance of Center of*

Y Strip Y Strip from Y=0, cm. cy, cm,
9 1,932 0.0072
8 1.717 0.0064
7 1,501 0.0056
6 1,287 0.0048
5 1.0725 : 0.0040
4 0. 858 0.0032
3 0.6435 0.0024
2 0.429 0.0016
1 0.2145 0.0008
0 0.0 0

-1 -0.2145 0.008
-2 ~0.429 0.0016
-3 -0,6435 10,0024
-4 -0, 858 0.0032
-5 -1.0725 0. 0040
-6 -1.287 ' 0.0048
-7 _ -1.501 ' 0.0056
-8 ' -1,.717 0.0064
-9 -1.932 0.0072

#*The error in finding the correct location for the Y=0 strip on the
tape is approximately equal to the width of one viewing area =+0.01-
0.02 cm. After the location for Y=0 is chosen, the locations of the
other Y strips are chosen consistently from it. Each strip is 15.6
view areas wide=0.2145%0. 0005 or o’Y:O. 0008 cm.

Table C.3 Errors in Y Locations of Data

Continued on the following page.



290

Table C.3 . Continued

Case II -- Electron Micrbscope Runs

Electron microscope girds could be accurately placed on
the tape to within #0.07 cm. of their desired position; hence,
Oxy = 0.1 cm. The error in placement is less than #0.07 cm.
for the 4 grids along Y=0 nearest the carina.
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In all "2-D' and "3-D'" runs, breaths were checked off one

at a time as completed. Thus, = 0.

% breaths
= 0.0068 sec. for 1.63 sec. inhalation (2-D).

“%time

o, = 0.006 sec. for 1.88 sec. inhalations (3-D).
time :

Ot = 0.0015 sec, for 0, 94 sec. inhalations (3-D).
time

O correction factor - 00001 for all runs.

O ren = 0-00196 cm® at 645X magnification (2-D).

O,res = 1+5%107° cm® at 645X magnification (3-D).

The P.E. in the area of windows of electron 'microscope
grids is +3%.
The P, E, for time-~-average velocities in the "2-D'' model
for 1.63 sec., 5.6 liter inhalations are as follows:
Parent branch -- U =100 £2,0 cm. /sec.
Daughter branch -- U, =73%2.0 cm. /sec.
The P. E. for time-average velocities in the ""3-D" model
are as follows:
1. 1.88 sec., 450 cc inhalations:
Parent branch -- U = 100 1,0 cm. /sec.
Daughter branch -- U, = 100.8%*1,3 cm. /sec.
2, 0,94 sec., 450 cc inhalations:
Parent branch -- U 200 * 2 cm. /sec.

Daughter branch -- U, = 201.6 £2.6 cm. /sec.

Table C.4 Experimental Errors for #Breaths, Counting Area,

Time, Correction Factors, and the Time-Average
Velocity
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Dp . Concentration GConcentration
m Run # #Particles/cc #Particles/cc
7.6 19 30 10
7.6 20 66 17
2.68 7 288 45
2.68 8 253 39
2.68 11 551 86
2.02 40 322 14

2. 02 41 632 28
1.099 24 6310 980
1.099 - 25 9200 1430
1.099 36 5800 900
0.79 30 31,900 5670
0.79 31 34, 700 6170
0.365 44 76, 600 6130

0. 365 45 84, 300 6750
Table C.5 - Standard Deviations for Concentration

in Each 2-D Run
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Dp Concentration 9Concentration

Lm Run # #Particles/cc #Particles/cc

5.7 21 18.4 5.2

5.7 22 1’4. 2 4.7

5.7 27 17.7 5.9

2.02 12 840 38

2.02 14 865 39

2.02 17 1250 56

2.02 19 730 33

2,02 24 1250 56

1.1 10 5990 920

1.1 18 é790 1050

1,1 25 13900 2160

0.79 13 21200 3774

0.81 26 66500 11837

0. 365 28 104400 8350

0. 365 32 74400 5950

0.088 31 76000 10750

0.088 33 59500 8640
"Table C.6 - Standard Deviations for Concentration in

Each 3-D Run
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Using equation C.1 to evaluate the variance of the local transfer -

coefficients, each parameter within the brackets is given by

'2V - 2 1 ) —- ‘ -8
o K [——————#coums) + 0 + 2.42x10°® + 10

+ 3.14x10-% + 1.73:;10-5]

Below the standard deviation, ok . the probable error
(P.E. = 0.6745 Ckloc)’ and the % probable error, 67.45 ckloc/kloc'

are tabulated from each of the transfer coefficient data points.

% 1 Oy x104 "

(em.) Feounts ! (cnllo/csec) P(.c?x;/}f.stleg) FE )
0.0069 0.012 8.25 5.55 ~ 13.3
0.0275 0. 0227 4.94 ~ 3.33 15
0.11 0.0476 2.89 1.95 18.5
0.22 0.05 2.8 ©1.89 18. 8
0.3175 0.05 2.8 1.89 - 18.8
0.635 0.0714 2.2 1.5 21
1.27 0.125 1.58 1.06 26.3
2.5¢ | 0.2 1.22 0.825 . 32
Table C.7  Error Analysis for 2-D Run 24 for 1.1lum

Particles
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2-D Run 19
Location Qutside Slide Inside Slide Inside Slide.

r =, (cm) Counts/Area Counts/Area kioc (cm/sec)

1 0. 0069 22 291 2. 74

2 0.0275 5 112 1,05

3 0.11 10 40 0. 376

4 0.22 '8 21 0.198

5 0. 3175 0 13 0.123

6 0.635 0 7 0.0660

7 1.27 0 4.44 0.0418

8 2.54 0 2.78 0.0262
2-D Run 20

1 0.0069 - 366 1.57

2 0.027 - 232 0.995

3 0.11 . 53 0.227

4 0.22 - 31.5 0.135

5 0.3175 - 27.5 0.118

6 | 0.635 - | 19.0 0.0815

7 | 27 | - 4.5 0.0193

8 2.54 - 2.0 0.0086

Table C. 8 7.6 um Data
#Breaths/Run = 60 Counting Area = 0.035cm®
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2-D Run 7
Location * Qutside Slide Inside Slide Inside Slide
Counts/Area Counts/Area Kige X 107
' (cm/sec)

1 3 32 6. 31

2 2 11 2.17

3 1 5 0.986

4 0 5 0.986

5 1 5 0.986

6 0 1 0.197

7 2 2 0.394

8 1 0 -
2-D Run 8

1 7 33 7.42

2 3 13 2,93

3 0 5 1,13

4 0 2 0.450

5 0 3 0.675

6 0 2.66 0.600

7 0 0 -

8 0 0.625 10.140
2-D Run 11

1 15 147 15.16

2 3 28 2.89

3 4 13 1,34

4 6 12 1.24

5 4 6 0.618

6 3 8 0. 825

7 3 2 0.206

8 8 1 0.103

* See Table C, 8 for x; values

Table C.9

2.68um Data

#Breaths/Run

30  Counting Area = 0,035 cm®
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2-D Run 40 #Breaths = 60 Counting Area = 0.035cm”
Location* Inside Slide klocx 10®
# Counts/Area (cm/sec)
1 "9 8. 85
2 4 3.93
3 5 4,92
4 3 2.95
5 5 4,93
6 2 1.98
7 1 0.995
8 0 -
2-D Run 41 #Breaths = 80 Counting Area = 0,035 em®
1 25 9.25
2 14 5.18
3 13 . 4,82
4 11 4,08
5 14 5.20
6 2 0.745
7 2.5 0.936
8 1.5 0.568

*See Table C. 8 for x, values

Table C. 10 2,02 um Data
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2-D Run 24 #Breaths = 60 Counting Area = 0, 035cm?
] Location Qutside Slide Inside Slide Inside Slide |

%, (cm) Counts/Area Counts/Area Ky e ¥ 10® (cm/sec)

0.0069 10 83 4,16
| 0.0275 3 44 2.21

0.11 14 21 1.06

0.22 5 20 1.01

0.3175 6 20 1.01

0.635 5 14 0.706

1.27 8 0.405

2.54 3 | 0.257

2-D Run 25 #Breaths = 60 Counting Area = 0.035cm”

. 0.0069 36 166.5 5.73

0.0275 14 60 2.06

0.11 20 29.5 1.02

0.22 18 29.5 1.02

0.3175 14 28 0.966

0.635 12 20.5 0.709

1.27 18 13 0.452

2.54 10 6 0.211

2-D Run 36 #Breaths = 50 Counting Area = 0.035cm®

0.0069 - - -

0.0275 - 24.5 1.60

0.11 - 21 1,37

0.22 - 20 1,31

0.3175 : 18 1.18

0.635 - 12 0.789

1.20 - 12 0.793

2.54 - 9 0.603

Table C. 11 1.099 um Data
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2-D Run 30 #Breaths = 20 Counting Area = 0.035 cm®

Location Inside Slide kiocx10*

x, (cm) Counts/Area (cm/sec)

0.0141 | 32 9.54

0.0354 27 8. 04

0.11 20 5.96

0.22 16.3 4,86

0.3175 13,7 4,09

0.635 : 10 2.99

1.27 ' 7.3 o 2.20

2.54 6.7 2.04

2-D Run 31 #Breaths = 40 Counting Area = 0.035 cm®

0. 0069 ' 214 : 29.2

0.0275 96 13.1

0.11 61 8.35

0.22 45 6.16

0.3175 ' 34 . 4.67

0.635 ' 25 | 3.44

1,27 21 2.91

2.54 12 1.68

Table C. 12 0.79um Data
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2-D Run 44 #Breaths = 50 Counting Area = 0.035 cm®
Location * Inside Slide kioc x10%
# Counts/Area (cm/sec)
2 1000 4,86
3 640 3.18
4 480 2.38
5 392 1,95
6 308 1.53
7 258 1.29
8 128 0.65

2-D Run 45 #Breaths

= 70 Counting Area = 0.035 cm®

Cw 3 O O b W

1440
512
388
342
172
152

4,65
1,66
1.25
1.11
0.562
0.502

*See Table C. 8 for X1 values

Table C.13 0.365um Data
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294

294

291

294

291

0.365 MILRUN,

MATRIX 3C
1
1 296
2 288
3 294
4 290
5 293
6 294
MATRIX 9D
i
1 4,606
2 4.606
3 4.0
4 4.606
5 4.66

6 4.66
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#WINDOWS COUNTED/GKID

0365 MICRON,

3
296

294

286

293

195

292

3-D RUN 28

4 5
294 294
294 296
291 290
296 294
295 288
294 265

AVERAGE WINDOW AREA/GRID
3-D RUN 28

UNIT5=

6
256

291
292
254
290

283

E-06 S5Q CM

4460
3.24
4266

5.2

289
273
295
293
293

294

4,66
4.66

4.66
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MATRIX 10C #WINDOWS COUNTED/GRID
0.305 MICRCNy 3-~U RUN 32
1 2 3 4 5 6 7
1 286 294 291 291 293 298 228
2 293 290 294 291.5 267.5 293 295
3 293.5 293 287.5  290.5 294 290.5  292.5
4  289.5 276 289 283 290 299.5 294
MATRIX 10D AVERAGE WINDUW AREA/GKID
0.365 MICRUN, 3-D RUN 32 UNITS= E-G6 SQ CM
1 2 3 4 5 6 7
1 7.08 4.66 7.08 4,66 7.08 7.08 6.45
2 4.66 42006 4,66 4,66 4460 7.08 5.4
3 4.85 4466 4466 3.24 7.08 7.08 4.0

4 4o bb 440 4. 006 4e 66 4506 4485 3.24
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MATRIX 11C
1
1 89.5
2 57
3 60
4 125
MATRIX 11D

2

8945

8745

89

120
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#WINDOWS CCOUNTED/GRID

0.088 MICRON,

3

S0

88

89

111.5

3-D RUN 31
4 5
89 8845
88 88
8845 95
94 88.5

AVERAGE WINDUW AREA/GRID

0.088 MICRCON, 3-D RUN 31

1 6.76
2 6e45
3 7.08

UNITS5=

89
88
120

89.5

E-06 SQ CM

88.5

8845

90

89
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MATRIX 12C #WINDOWS COUNTED/GKID
0.088 MICRGN, 3-D RUN 33
1 2 3 4 5 6 7
1 88 88.5 88 88 88 90 50
2 88 8845 89.5 88 88.5 89.5 89.5
3  B86.5 8845 88.5 90 | 88.5 88.5 90
4  88.5 87.5 88.5 90 90 88.5 88
MATRIX 12D AVERAGE WINDOW AREA/GRID
0.088 MICRGN, 3-D RUN 33 UNITS= E-06 SQ CM
1 2 3 4 5 6 7
1 5.4 3.24 3.24 4.0 4,0 4.0 4,0
2 5.4 5.76 5.4 5.2 5.4 5.2 4,0
'3 4.66 4,0 4.66 4.0 5.4 5e4 5.76

4 54 4.0 5.4 420606 4466 54 5.76
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Appendix D

DEPOSITION FROM HELICAL FLOWS -

D.1 Unsteady Flow

The major experimental evidence for the effect‘of secondary
flows on particle deposition is discussed in Section 6.5. Further
evidence is presented in Map 14 and Figure D.1. Map 14 shows the
deposition patterns for 1.1lyum particles for 450 cc., 1. 88 sec. inhala-
tions whep. the I\)lane of the bifurcation was horizontally oriented. The
Y =+4.5 strip was the preferred site for sedimentation during 200 of
the 400 breaths. During the last 200 breaths the model was rotated
180° so Y=-4.5 was the preferred site. Asymmetries in the contours
around Y/= 0 were primarily caused by unequal concentrations of particles
during each set of 200 breaths.

Regions of enhanced deposition run diagonally on Map 14 from
Y=0, X=0.2to Y=29, X=1.6 cm. The major peaks or '""hot spots'' for
the entire map occur along these two diagonal regions of enhanced depo-
sition, and generally correspond to the Y strips receiving the maximum
sedimentation. These diagonal regions also correspond well to those
suspected of being caused by secondary motions in the vertical runs.

It is interesting to note that the ''>'" shaped contours in Map 5

between Y =+ 2 shifted to locations in Map 14 between Y =+5 and +7 and
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Graph 14 Cumulative Surface Area Distribution for Map 14 Showing
the % of the Surface Area of the Daughter Branch with a Local
Transfer Coefficient 2 Stated Value (dp= 1.1 ym, U = 100 cm/sec)
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between Y=-5 and - 7. This is further evidence of the effect of the
clean air on sedimentation and of the effect of the secondary' flows on the
clean air.

Figure D.1 shows that the peak at X =0.2 cm. in the vertical
run, which was attributed to the secondary flows, corresponds to a
relatively less intense peak from X =0.1-0.2 cm. in the horizontal run.
The last data point in the horizontal run may have been enhanced by the
secondary motions, but this is not apparent in the vertical run because
sedimentation predominates along Y =0.

The diagonal ridges of deposition in the vertical, unsteady flow
runs are caused by secondary flows in the manner described below.
The explanation is easier to understand by ref.erring to Figure D. 2,
The helical paths of particles entrained in steady flow in Figure D.2
approximate best the flow patterns at the instant U=100 cm. /sec.
during pulsatile inhalations.

Particle-laden air, having the highest axial velocity from the
core of the trachea, initially impinges on the carina between the
Y =+ 2 strips, causing the highest local shear rates between X =0 and
X =0.8 cm. Secondary flows are initiated between Y+ 2 and X =0.2 -
0.8 cm., on account of the imbalance between local centrifugal forces
on the air and the local lateral pressure gradients. The resultant helical

flows carry the particle-laden air diagonally from Y =0, X=0.1-90.8 cm.
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Figure D.1  Comparison of Data Along the Y=0 Strip for 1.1 um Runs

with the 3-D Model in a Horizontal and Vertical Crientation.
(U = 100 cm/sec). '
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toward the outside wall and returns to the inside wall along Y =0 near
the end of the branch.

The helical flows rapidly replace the clean air initially present
along the walls beyond the Y =+2 strips. The clean air would be removed
much more slowly if secondary motions were not present. Consequently
particles in the diffusion and transition subrange, which are readily
entrained by the helical flows, are carried rapidly into these regions.
While the helical flows replace the clean air, they also cause higher local
shear rates or thinner boundary layers in these diagonal regions. The
boundary layer along the diagonal path increases in thickness toward the
outside wall, but it remains relatively thinner than the surrounding X
locations on the same Y strip.

Theories in Sections 3.3 and 3.4 help to explain the enhanced
deposition of each particle size caused by sécondary flows. The theory
also correctly predicts a greater enhancement for T =200 cm. /sec.
compared to U =100 cm. /sec.

The 0.088um and 0.365m particles deposit very effectively by
convective diffusion in regions of the thinnest boundary layer caused by
the helical flows. The 0. 088 m particles diffuse more effectively to
the walls and into the clean air regions than the 0.365m particles;
hence, a greater local enhancement occurs over a larger area.

The 0. 79ym and 1.1yum particles, having small settling velocities,

are partially entrained by the helical flows. In the diagonal regions along
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the inside wall, where the boundary layer is thin and centrifugal forces
are strong, their deposition is enhanced by impaction and interception.
Along the outside wall, they deposit most effectively in the diagonal
region‘s by either impaction with interception or convective diffusion with
interception. Since the most rapid replacement of the clean air occurs
along the diagonal regions, these areas also have the greatest exposure
time to the particles. The enhancement of deposition is relatively less
for the 1.1 and 0. 79um particles than for the 0.365 and 0. 088um
pa’rticles because impaction, interception and convective diffusion are
weak mechanisms for the 1.1 and 0. 79ym particles compared to convec-
tive diffusion for the 0. 088 and 0. 365um particles.

The effects of secondary flows on 2. 02 and 5. 7um particles are
weak and only occur along the inside wall. The large settling velocities
of these particles &‘\cause them to fall away from the outside wall before
they can deposit by interception, if carried there by the secondary motions.
The high local shear rates associated with the helical flows along the
inside wall allows enhanced deposition by impaction with interception.

Secondary flows at U=200 cm. /sec. are more intense than at
U=100 cm. /sec., and they complete approximately twice as many
helical revolutions in the same distance. Consequently, at U=200 cm. /sec.
they cause more rapid replacement of the clean air and mixing of the
particles with the clean air along the outside wall. Doubling of the

number of helical revolutions per distance shifted the position of the
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diagonal ridge of deposition from X =2.1 cm. to X =1.2 cm. in Maps
9, 10, 11, and 12 along the Y=3: 9 strip.

From the principle of continuity of flow, the helical flows are ex-
pected throughout the branch (Figure D.2). Enhancement of deposition
by the secondary motions, however, is apparent only in the diagonal
ridge starting at X =0.1 - 0.8 cm. within Y=%2 on the maps of the
unsteady runs for the following reasons: First, local shear rates are
lower or boundary layers are thicker at any X location downstream from
the diagonal ridge along any Y strip. Since the helical flows occur out-
side of the boundar}} layers (Pedley et al., 1971), thicker, local boundary
layers more effectively inhibit the deposition of particles transferred
into them from the helical flows. Secondary motions are also less
intense at the downstream location on account of energy dissipation.
Because of the clean‘ air initially in the model and the associated clean
boundary layers, the exposure times of the downstream locations to
particles transferred from the helical flows are less than locations
nearer the carina. Finally, the air carried by the helical flows which
pass near the wall between Y=+2 from X =1.5to X =4.0 cm. originated
from relatively particle-free air along the outside wall between X = 0

and X =1.0 cm. (Figure D, 2),

D.2 Steady Flow

The explanations of the effects of secondary motions on deposition
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during unsteady flow apply to steady flow, except for the following
differences:

1. The thickness of the steady momentum boundary layer at any
location is greater than the corresponding time-averaged, local thickness
in the unsteady runs. Therefore, l.1lym particles which are transferred
~into the boundary layer by the secondary flows have alsmaller chance of
depositing by impaction and interception than in the unsteady runs. This
is part of the explanation for the lack of peaks on Map 13 from X =0.2 to
X =0.8 cm. within Y =+ 2 which were observed on Map 5.

2. The clean air, which is initially present in the model during
the unsteady runs, is absent during the steady flow runs. Consequently,
regions having secondary flows of high intensity in the steady flow runs
cause less enhancement of local deposition than occurs in the unsteady
flow runs.

3.7 Since particles in the transition range are easily entrained
by the steady helical flows, they follow helical ;crajectoxjies along the
daughter branch. Some of the helical paths are expected to be relatively
particle-free and some to be particle-laden, depending on the exact
position from which they originated at the entrance to the daughter branch.
Naturally, the relatively particle-free paths can cause less enhancement
of deposition than the particle-laden paths.

Experimental observations in Section 4. 3 found that the helical

flows complete one revolution in approximately three diameters down-
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stream when U =100 cm. /sec. Figure D.2 sketches the helical paths
in the region of one of the two symmetrical vortices in the daughter
branch when U=100 cm, /sec. Particles on Path #1 follow the stagnation
" streamline in the axial center of the trachea and deposit near X =0
simultaneously by inertial impaction, sedimentation and interception.
Particles on Path #2 originate in the region’of high velocity
within the particle-laden core of the parent branchf They are carried
near the inside wall within Y=0to Y=+2 and X =0 to X =0. 8 cm., where
the helical flow originates. 1.lym particles can deposit in this region
if they are projected by the helical flow with a sufficient velocity to
penetrate the boundary layer. The heliclal path carries the particles
aléng the outside wall to Y =49 between X =1.8and X=2.6 cm. While
traveling along the Wé.ll from Y =0 to Y =4.5 deposition occurs mainly
by sedimentation from the helical flow through the boundary layer.
Between Y =4.5 and Y =9, deposition occurs by convective diffusion with
interception. The helicall path then returns to the inside wall at Y=0
betweén X =3,2 and X=4,76 cm. after crossing the center of the branch.
Here the helical flow makes a sharp bend to start its return to the outside
wall.. Because of the high axial velocity next to the wali along Y=0, a
more intense helical motion and a thinner boundary layer is found than
along the other positions where Path #2 passed near the wall. Centri-
fugal forces imposed on the particles by the secondary motions may be

sufficient to cause the enhancement of deposition observed in this region
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on Map 13 and in the ''quasi-steady data" ‘in Figure 6. 8.

Particles on Path #3 in Figure D.2 originate near X =0 at any Y
position along the outside wall. Here the air is relatively clean on
account of losses from the boundary layer in the parent branch. The
relatively particle-free air is carried in a helical path from the outside
wall across the center of the branch to the inside wall at Y =0 between
X=1.0and X=3,0 cm. The path then returns to the outside wall. In
regions where the relatively clean air passes near the wall, secondary
motions enhance the deposition negligibly in comparison to regions
touched by the paths carrying particles. This explains the relatively
low deposition on .Map 13 between X =3,6 and X =4, 76 cm. along the
outsidé wall. It also explains the points with low deposition in the
"quasi-steady data'' in Figure 6. 8.

This scheme of clean and particle-laden helical paths may also
explain the enhancement of the last data point in Figure D. 1, Plot 6,

and Plot 8.
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Appendix E

COMPUTER PROGRAM LISTINGS
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NOMENCLATURE

Arabic Notation

A = potential flow constant, em. oo see Equation 2.5

Ay ' = dimensionless form of A or A3

A3 = constant defined by Equation 3.1

C = slip flow correction factor - see Equation 2. 14

D = particle diffusion coefficient, cm.? /sec.

FO = parti_cle ﬂux in the main stream bef.ore the wed.ge in
the c.llrectlonaparallel to the stagnation streamline,
particles/cm® sec.

S = particle deposition flux on the wedge, particles/cm?® sec.
= avérage speed of two particles at their starting
positions cm. /sec. :

I = Inferception number = rp/Ra

L = length of the daughter branches in the models, cm.

Fr = Froude number = U® /gR,

Freq = frequency parameter = R ( w/v)%

Freq’ = modified frequency parameter = § (w/V)%

Pe = Peclét number = 2R, U, /D

= radius of lung branch, cm.
1 = radius of the parent branch in the '""3-D'" model, cm.

R, - = radius or half width of the daughter branches in the

models
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particle radius, cm.

Reynolds number for fluid flow in branch = 2hU/v or
2R, U, /v

Reynolds number at which turbulence initiates

particle Reynolds number = er Id - I—J.’f] /v

Reynolds number based on distancve along wedge = Ux; /v
ReX for which turbulence initiates at x,

cross-sectional area of parent branch in ""3-D" model,
2
cm®.

cross-sectional area of daughter branch in "3-D'" model,

cm®,

cross-sectional area at narrowest region in junction
before the carina, in '"3-D'" model, cm®

Schmidt number = v/D

Stokes number = UT/R,

critical Stokes number ~- see Equation 2.25

free' stream velocity in the parent branch, cm. /sec.
time-average free stream velocity in parent branch
free stream velocity in daughter branch
time-average free stream velocity in daughter branch
terminal settling velocity, cm. /sec.

Stk/Fr = dimensionless terminal settling velocity
complex potential

particle diameter, cm.

gravitational acceleration constant, cm?, /sec.

half width of the main channel in ""2-D'" model, cm.
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width of the daughter branches in the '"2-D'" model, cm.

half width of the narrowest region of the main channel
in the models, cm.

stopping distance, cm.
integrated average transfer coefficient, cm. /sec.
local transfer coefficient, cm. /sec.

average transfer coefficient within area in which
deposition occurs in the '"3-D'" model, cm. /sec.

constant, dependent on the wedge angle = o/(17- @)

local particle concentration, particles/cc

particle concentration in the free stream, particles/cc
stream speed, cm/sec.

polar coordinate, cm.

particle radius, cm.

time, sec.

particle velocity component in x direction, cm. /sec.
particle velocity component in y direction, cm. /sec.

particle velocity component parallel to the wedge,
cm. /sec.

particle velocity component perpendicular to the wedge,
cm. /sec.

x,y components of the stream velocity, cm. /sec.

X, Y components of the stream velocity, cm. /sec.
Cartesian coordinates in z-plane of model, cm.
Cartesian coordinate parallel to the wedge, cm.
Cartesian coordinate perpendicular to the wedge, cm.

complex coordinate = x + iy
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Greek Notation

o = potential function
) = stream function
= bisected wedge angle, radians
= constant from laminar boundary layer solutioﬁ for each

wedge angle :

5, é(xl) = momentum boundai‘y layer thickness, cm.

5i(X1) = displacement thickness, cm.

6c’ 6c(x1) = concentration boundary layer thickness, cm.,

e = overall deposition or collection efficiency of model

€oc = 1903.1 deposition or collection efficiency in model

C = transformation variable -- see equation (A.1)

M = dimensionless similarity variable used in boundary
layer solutions

6 = polar coordinate

o) = absolute viscosity of air, gm/(cm. sec.)

v,V = kinematic viscosity of air, cm? /sec.

v’ = complex velocity

0s Pg ' = density of air, g/cc

°p = density of the particle, g/cc

o = angle between a normal to the wall of the daughter
branch and the diameter of the branch in the plane of
the bifurcation, radians

T = relaxation time of the particle, sec.

Q = angle between the average velocity vector and the

stagnation streamline

W = angular frequency of breathing, sec” L,



10.

11,

12,

367

REFERENCES CITED

Alarie, Y. (1973).""Sensory Irritation by Airborne Chemicals, "
CRC Critical Reviews in Toxicology, 2:299-363.

Alavi, S. M., T. E. Keats, and W. M. O'Brien (1970). "The
Angle of Tracheal Bifurcation: Its Normal Measuration, "
Amer, J. Roentgenol,, 108:546-549,

Altshuler, B. (1959). '"Calculation of Regional Deposition of
Aerosol in the Respiratory Tract,' Bull, Math Biophys.,
21:257-270,

Altshuler, B., N. Nelson and M. Kuschner (1964). "Estimation

of Liung Tissue Dose from the Inhalation of Radon and Daughters, "

Health Phys., 10:1137-1161,

Amdur, M. C. and M. Corn (1963). '"The Irritant Potency of
Zinc Ammonium Sulfate of Different Particle Sizes,' Am. Ind,
Hyg. Assoc, J., 24:326-333,

Auverbach, O., A. P. Stout, E. C. Hammond and L. Garfinkel
(1961), '"Changes in Bronchial Epithelium in Relation to
Cigarette Smoking and in Relation to Lung Cancer,'" New.
Eng. J. Med., 265:253-267.

Basset, A. B. (1888). A Treatise on Hydrodynamics, lst Edition,
Cambridge, England:Deighton, Bell and Co., Chapter XXII.
Cited by Basset, A, B. (1961). A Treatise on Hydrodynamics,
Vol. II, New York:Dover, Chapter XXII.

Batchelor, G. K. (1953). The Theory of Homogeneous Turbulence,
London:Cambridge University, 74.

Beeckmans, J. M. (1965). "The Deposition of Aerosols in the
Respiratory Tract: I. Mathematical Analysis and Com-
parison with Experimental Data,!" Canadian J. Physiol. Phar.
43:157-172.

Bell, K. A. and S. K. Friedlander (1973). ""Aerosol Deposition in
Models of a Human Lung Bifurcation,' Staub-Reinhalt. Luft,
33:178-182,

Bevington, P. R. (1969). Data Reduction and Error Analysis for
the Physical Sciences, New York:McGraw-Hill, Chapter 5.

Bryson, C., C. and H. Spencer (1951). "Carcinoma of the
Bronchus, " Quarterly Journal of Medicine, New Sor1cs XX,
No. 78: 173- 187.




13,

14,

15,
16.

17.

18.

19.
20.

21.
22,
23’.
24,
25,

26,

368

Chandrasekhar, S. (1943). ''Stochastic Problems in Physics and
Astronomy,' Review of Modern Physics, 15:16-20.

Chua, .T. H. and C. Wang (1972). '"Particle Depositionina Y-
Shaped Branching Tube," J. Res. Assoc. Powder Tech,
(Japan), 9:37-45.

Dahneke, B. (1973). Information presented at informal research
seminar at California Institute of Technology, May, 1973,

Davies, C. N. (1945). '"Definitive Equations for the Fluid
Resistance of Spheres, ' Proc. Phys. Soc., 57:259-270.

Davies, C. N. (1961). "A Formalized Anatomy of the Human
Respiratory Tract, ' Inhaled Particles and Vapours, Ed. by
~C. N. Davies, London: Pergamon, 82-87.

Dekker, E. (1961). "Transition Between Laminar and Turbulent
Flow in Human Trachea, " J. Appl. Physiol., 16:1060-1064.

Dwight, H. B. (1951). Tables of Integrals and Other Mathema -

tical Data, New York:Macmillan, Equation 170.2,

Engel, S. (1962). Lung Structure, Springfield, Illinois:Charles
C. Thomas, 215-224.

Ermala, P. and L. R. Holsti (1955). '"Distribution and Absorption

of Tobacco Tar in the Organs of the Respiratory Tract,"
Cancer, 8:673-678.

Falkner, V. M. and S. W. Skan (1931). '"Solutions of the
Boundary-Layer Equations,' Phil. Mag., Ser. 7, 12:865-
873.

1
Findeisen, W. (1935). ”(l)'ber das Absetzen kleiner, in der Luft
suspendierter Teilchen in der menschlichen Lunge bei der
Atmung, ' Pfliger Arch. f.d. ges. Physiol., 236:367-379.

Fraser, D. A. (1966). '"The Deposition of Unipolar Charged
Particles of the Lungs of Animals,' Arch. Environ., Health,
13:152-157.

Friedlander, S. K. and H., F. Johnstone (1957). 'Deposition
of Suspended Particles from Turbulent Gas Streams, "
Ind, Engr. Chem., 49:1151-1156.

Friedlander, S. K. (1959). '"Principles of Gas-Solids Separations
in Dry Systems,'" Chemical Engineering Progress Symposium
Vol. 55, No. 25, 135-149,

Series,



27.

28,

29.

30.

31.

32.

33.

34,

35,

36.

37.

38.

39.

40.

41,

369

Friedlander, S. K. (1964)., '"Particle Deposition by Diffusion in
the Lower Lung: Application of Dimensional Analysis,"
Amer, Ind, Hyg. Assn. J., 25:37-42,

Friedlander, S. K. (1967). '"Particle Diffusion in Low-Speed
Flows,' J. Colloid Interface Sci., 23:157-164,

Fry, F. A. (1970). "Charge Distribution on Polystyrene Aerosols

and Deposition in the Human Nose,'' Aerosol Science, 1:135-146.

Fuchs, N. A, (1964). Mechanics of Aerosols, New York:Pergamon,

408 pp.

Garland, H. L. (1961). '"Bronchial Carcinoma: Lobar Distri-
bution of Lesions in 250 Cases,' Calif, Medicine, 94:7-8.

Garland, H. L., et al. (1962). 'The Apparent Sites of
Origin of Carcinomas of the Lung,' Radiology, 78:1-11,

Gormley, P. G. and M. Kennedy (1949). 'Diffusion from a
Stream Flowing through a Cyclindrical Tube,' Proc. Royal
Irish Acad., 52A:163-169,

Gussman, R. A, and Beeckmans, J. M. (1971). '"Theoretical
Consideration for Pulmonary Deposition in High Pressure
Environments: A Model,' Inhaled Particles III, Vol. 1, Ed.
by W. H. Walton, Surrey, England:Unwin Brothers, 33-41.

Hacker, P. T., R. J. Brun, and B. Boyd (1953). "Impingement
of Droplets in 90° Elbows with Potential Flow, ' National
Advisory Committee for Aeronautics, Technical Note 2999.

Ham, A. W. (1968). Histolo - 5th Ed., Philadelphia:J. B.
Lippincott Co., 746-750. ’

Harris, W. J. (1960). '"Size Distribution of Tobacco Smoke
Droplets by a Replica Method," Nature, 186:537-538.

Hayek, H. von (1960). The Human Lung (translated by V. E.
Krahl), New York:Hafner, 372 pp.

Hilding, A. C. (1957). '"Ciliary Streaming in the Bronchial
Tree and the Time Element in Carcinogenesis,' New., Eng,
J. Med., 256:634-640.

Hidy, G. M. and J. R. Brock (1969). '"Lung Deposition of
Aerosols--A Footnote on the Role of Diffusiophoresis, "
Env. Sci. Tech., 3:563-567.

Horsfield, K. and G. Cumming (1967). "Angles of Branching
and Diameters of Branches in the Human Bronchial Tree,"
Bull. Math. Biophys., 29:245-159.




42,

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

370

Horsfield, K. and G. Cumming (1968). '"Morphology of the
Bronchial Tree in Man,' J. Appl. Physiol., 24:273-283,

Jaffrin, M. Y. and T. V., Hennessey, Jr. (1972). 'Pressure
Distribution in a Model of the Central Airways for Sinusoidal
Flow,'" Bull. Physio-Path. Resp., 8:375-390.

Jordan, H. S. (1958). '""The Effect of Pulsating Stream Flow
on the Efficiency of Filtration by a Fibrous Mat," M. E.
Dissertation, Harvard University. Cited by Silverman, L.
and C. E. Billings (1961). "Pattern of Airflow in the Res-
piratory Tract,' Inhaled Particles and Vapours, Ed. by C. N.
Davies, London:Pergamon, 42, v

Kays, W. M. (1966). Convective Heat and Mass Transfer, New
York:McGraw-Hill, 209-210. :

Keith, C. H. and J. C. Derrick (1960). '"Measurement of the
Particle Size Distribution and Concentration of Cigarette
Smoke by the Conifuge,' J. Colloid Sci., 15:340-356.

Kestin, J. (1966). "The Effect of Free-Stream Turbulence on
Heat Transfer Rates,'" Advances in Heat Transfer, Vol. 3,
Ed. T. F. Irvine, Jr. and J. P. Hartnett, New York:Academic,
1-31.

Kliment, V., J. Libich, and V. Kaudersova (1972). '"Geometry
of Guinea Pig Respiratory Tract and Application of :
Landahl's Model of Deposition of Aerosol Particles,' J. Hyg.
Epidem., Microbiol. and Immun., 16:107-114.

Kotin, P., and H. L. Falk (1959). '"The Role and Action of
Environmental Agents in the Pathogenesis of Lung Cancer:
I. Air Pollutants, ' Cancer, 12:147-163.

Kraemer, H. F., and H., F, Johnstone (1955). ''Collection of
Aerosol Particles in Presence of Electrostatic Fields, "
Ind, Eng. Chem., 47:2426-2434.

Landahl, H. D. (1950a). '"On the Removal of Air-Borne Droplets
by the Human Respiratory Tract: I. The Lung,'" Bull.
Math. Biophys., 12:43-56,

Landahl, H. D. (1950b). '"On the Removal of Air-Borne Droplets
by the Human Respiratory Tract: II. The Nasal Passages,"
Bull. Math., Biophys., 12:161-169,

Landahl, H, D., T. N. Tracewell, and W. H. Lassen (1951).
"On the Retention of Airborne Particulates in the Human
Lung: II," A,M.A. Arch. Ind. Hyg. Occup. Med., 3:359.




54,

55.

56.

57.

58.

59.

60.

61.

62,

63.

64,

65.

371

Landahl, H. D,, T. N. Tracewell, and W, H. Lascen (1952),
"Retention of Airborne Particulates in the Human Lung: III,"
A.M.A. Arch. Ind. Hyg. Occup. Med., 6:508.

Landahkl, H. D. (1963). "Particle Removal by the Respiratory
System: Note on the Removal of Airborne Particulates by
the Human Respiratory Tract with Particular Reference to the
Role of Diffusion," A. M. A, Arch, Ind. Hyg. Occup. Med.,
25:29-39.

Landau, L. D. and E. M. Lifshitz (1959). Fluid Mechanics,
London:Pergamon Press, 88-97,

Langer, G. and A, Lieberman (1960). '"Anomalous Behavior of
Aerosol Produced by Atomization of Monodisperse Poly-
styrene Latex,'" J. Colloid Sci., 15:357-360.

Langer, G. and J. M. Pierrard (1963). '"Anomalous Behavior
of Aerosol Produced by Atomization of Monodisperse Poly-
styrene Latex,'" J, Colloid Sci., 18:95-97.

Langhaar, H., L. (1942). '"Steady Flow in the Transition L.ength
of a Straight Tube,'" J. Appl. Mech., 9:A55-A58,

Levich, V. G. (1962). Physicochemical Hydrodynamics,
Englewood Cliffs, N.J.:Prentice Hall, 700 pp.

Lippie, L. H. (1965). Bioproducts Dept., The Dow Chemical
Company, Midland, Michigan, Private Communication.
Cited by Black, A. P. and M. R. Vilaret (1969). "Effect
of Particle Size on Turbidity Removal," J. Am. Water.,
61:209-~-214,

Lippmann, M. and R. Albert (1969). '"The Effect of Particle
Size in the Regional Deposition of Inhaled Aerosols in the
Human Respiratory Tract,'" Amer, Ind. Hyg. Assn. J.,
30:257-275,

‘Malmuth, N. and W. Hall (1970). Personal Communication with

Author, June 1970, from North American Rockwell Science
Center, Thousand Oaks, California.

Mazrshall, R. and W. S. Holden (1963). 'Changes in the Calibre
of the Smaller Airways in Man,'" Thorax, 18:54,

Martin, D. and W, Jacobi (1972). '"Diffusion Deposition of
Small-Sized Particles in the Bronchial Tree,'" Health
Physics, 23:23-29.



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

372

Milne-Thomson, L. M. (1968). Theoretical Hydrodynamics,
5th ed., New York: MacMillan 743 pp.

Mitchell, R. I. (1971). Aerosol Retention in the Lungs as a
Function of Respiration Rate and Particle Size, Ph. D,
Thesis, The Ohio State University.

Nadel, J. A., et al. (1965). ''Location and Mechanism of
Airway Constriction After Inhalation of Histamine Aerosol
and Inorganic Sulfate Aerosol, ' Inhaled Particles and
Vapours: II, Ed. by C. N. Davies, London: Pergamon,
55-'57.

Nadel, J. A., et al. (1970). "A New Contrast Medium for
Roentgenographic Examination of Human Airways,'" New
- Eng. J, Med., 283: 281-286.

Owen, P. R. (1969). "Turbulent Flow and Particle Deposition
in the Trachea,' CIBA Symposium on Circulatory and
Respiratory Mass Transport, New York: Pergamon, 236-254,

Pasceri, R, E. and S. K. Friedlander (1965). '""Measurement of
the Particle Size Distribution of the Atmospheric Aerosol: II.
Experimental Results and Discussion,' J. Atmos. Sci.,

22: 577-584.

Pedley, T. J., R. C. Schroter, and M. F. Sudlow (1970).
'""The Prediction of Pressure Drop and Variation of Resistance
Within the Human Bronchial Airways, " Respir. Physiol.,
9: 387-405.

Pedley, T. J., R. C. Schroter, and M. F. Sudlow (1971),
"Flow and Pressure Drop in Systems of Repeatedly Branching
Tubes,'" J. Fluid Mech., 46 (2): 365-383,

Porstenddrfer, J. (1971). "Untersuchungen zur Frage Des
Wachstuns von Inhalierten Aerosol Teilchen in Atemtrakt, "
Aerosol Science, 2: 73-79,

Scherer, P. W. (1972). "A Model for High Reynolds Number
Flow in a Human Bronchial Bifurcation,' J. Biomechanics,
5. 223-229,

Schlesinger, R. B. and M. Lippmann (1972). ‘''Particle
Deposition in Casts of the Human Tracheobronchial
Tree,'" Amer., Ind. Hyg. Assoc, J., 33: 237-251.

Schlesinger, R. B.(1973). Personal Communication with Author,
May 1973, fron Institute of Environmental Medicine, New
York University Medical Center.



78.

79.
80.
81.
82.
83.
84,
85.

86.

87.

88.

89.

373
Schlichting, H. (1968). Boundary Layer Theory, 6th ed.,
New York: McGraw Hill, 747 pp.

Schreck, R. M, and L. F, Mockros (1970). '"Fluid Dynamics
in the Upper Pulmonary Airways,' American Institute of
Aeronautics and Astronautics, Paper No. 70-788.

Schroter, R. C. and M. R. Sudlow (1969). '"Flow Patterns in
Models of the Human Bronchial Airways, ' Respir.Physiol.,
7: 341-355,

- Seban, R. A. and E, F. McLaﬁghlin (1963). '"Heat Transfer in

Tube Coils with LLaminar and Turbulent Flow,'" Int. J. Heat
Mass Transfer, 6: 387-395,

Silverman, L. and C. Billings (1961). '"Pattern of Airflow in
the Respiratory Tract,' Inhaled Particles and Vapours,
Ed. C. N. Davies, London: Pergamon, 9-45,

Stafford, R. G., H. J. Ettinger, and T, J. Rowland (1972).
"Respirator-Cartridge Filter Efficiency Under Cyclic and
Steady-~-Flow Conditions, ' Los Alamos Scientific Laboratory
Report, LA-5022, November.

Stuart, J. T. (1963). "Unsteady Boundary Layers,' Laminar
Boundary Layer Theory, Ed. L.. Rosenhead, London: Oxford,
361-362,

Task Group on Lung Dynamics (1966). '"Deposition and
Retention Models for Internal Dosimetry of the Human
Respiratory Tract,' Health Physics, 12: 173-207.

Thomas, J. W. and R. E. Yoder (1956). '"Aerosol Size for
Maximum Penetration Through Fiberglass and Sand Filters,"
A, M.A. Arch., Ind. Health., 13: 545-549,

Visser, J. (1970). '"Measurement of the Force of Adhesion
Between Submicron Carbon-Black Particles and a Cellulose

Film in Aqueous Solution," J. Colloid Interface Sci.,
34: 26-31,

Walton, W. H. and A. Woolcock (1960). '"The Suppression of
Airborne Dust by Water Spray,'' Aerodynamic Capture of
Particles, Ed. by E. G. Richardson, New York: Pergamon,
140.

Wang, C. S. and S. K. Friedlander (1968). '"Theory of Particle
Deposition by Convective Diffusion in the Upper Respiratory
Tract,'" Unpublished Report, California Institute of
Technology, July 1968,



90.

91.

92,

93.

94,

95,

96.

91.

98.

374

Weibel, E. R. (1963). Morphometry of the Human Lung,
New York: Academic, 151 pp.

Weibel, E. R. and D. H. Gomez (1962)., ''Architecture of the
Human Lung,! Science, 137: 577-585.

West, J. B. (1961)., "Observations on Gas Flow in the Human
Bronchial Tree,' Inhaled Particles and Vapours, Ed.
C. N. Davies, New York: Pergamon, 3-7.

Whitby, K. T. and Y. H. Liu (1966). '"The Electrical Behavior
of Aerosol,'" Aerosol Science, Ed. C. N. Davies, New York:
Academic, 59-86.

Whitby, K. T. and Y. H. Liu (1968)., '"Polystyrene Aerosols --
Electrical Charge and Residue Size Distribution,' Atmos.
Environ., 2: 103-116. ‘ ,

Widdicombe, J. G. (1954). ''Receptors in the Trachea and
Bronchi of the Cat," J. Physiol., 123: 71-104,

- Wormersley, J. R. (1955). '"Oscillatory Motion of a Viscous

Liquid in a Thin Walled Elastic Tube,' Phil. Mag,., Ser. 7
46: 199-221,

?

Yeh, H. C. (1972). "Use of a Heat Transfer Analogy for the
Mathematical Model of Respiratory Tract Deposition, "
Annual Report of the Fission Product Inhalation Program,
Lovelace Foundation for Medical Education and Research,
Albuquerque, New Mexico, 310-314.

Zamel, N., et al. (1970). '"Powdered Tantalum as a Medium
for Human Laryngography,'" Radiology, 94: 547-553.



Proposition: A More Precise Method for Measuring the
Degradation Rates of Benzo(a)pyrene and Other Carcinogenic
Polycyclic Aromatic Hydrocarbons Exposed to Simulated

Atmospheric Conditions
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Abstract

Knowledge of the rate of degradétion of BaP and other
carcinogenic polycyclic aromatic hydrocarbons in the atmos-
phere is important for estimating health hazards and for
developing control strategies. Since current evidence for
the degradation rates are conflicting and scanty, this prop-
osition suggests a different and more accurate method for
measuring the degradation rates.

Calculations based on a spherical shell model for a
particle in a stagnant gas show that the degradation of
polycyclic aromatic hydrocarbons on particles in the atmos-
phere is controiled by the rate of chemical reaction. To
accurately measure the chemical and photooxidation reaction
rate constants, an experimental system is proposed which
includes a rotating disk coated with a PAH and spinning in
a large volume batch reactor containing smog gases and irra-
diated by artificial sunlight. Equations and techniques are
propounded for determining the rate constants, reaction

orders, and diffusion coefficients of gases in this system.



I. Introduction

In the 18th century Percivall Pott(1775) implicated chim-
ney soot as the cause of the high incidence of cancer of the
scrotum in chimney sweeps. Subsequent studies’of people occu-
pationally exposed to products from the bufning, refining and
distillation'of fossil fuels showed a higher incidence of skin
and lung cancer compared to workers not contacting these
products. In 1933 benzo(a)pyrene, a polycyclic aromatic
hydrocarbon(PAH), was isolated from coal tar. Experiments in
which benzo(a)pyrene(BaP) and other distillates of coal tar
were applied to the skins of animals showed that skin cancer
couid be artificially induced by certain’polycyclic aromatic
hydrocarbons(PAHs). Lung cancer in rats and primates could
not be induced by BaP alone, but carcinomas occurred when the
BaP was absorbed onto carbon particles or ferric oxide(Pylev,
1967; Crocker, 1970).

PAHs in cigarette smoke are an important factor in the
dominant relation between cigarette smoking and lung cancer in
man. However, after accounting for the effeét of cigarette
smoking, epidemioloéic studies show that the incidence of lung
cancer among urban dwellers is twice that of those 1living in
rural areas; the incidence is even greater within urban areas
having a high level of air pollution composed of PAHs and
other fossil-fuel products from industrial sources(Committee
on Biologic Effects of Atmospheric Pollutants, 1972). The
Committee estimated that, based on epidemiological data, an

3

increase of yug of BaP per 1000 m~ of air could result in a
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5 percent increase in the lung cancer death rate(rural concen-
trations are typically 0.01 to Z.Qﬂg BaP/1000 m3 while urban
concentrétions are 8 to 60/ug BaP/1000 m3). However, for a
complete evaluation of the health hazards to man of PAHs in
the air, they recommended further research in many areas.

One was that more information is needed on the chemical half-
- lives of the various PAHs in the atmosphere. This proposition
suggests a method for measuring the degradation rate of PAHsS
exposed to simulated atmospheric conditions which is more
accurate than techniques used in previous studies.

The methods and results of previous studies are described
below. Falk et al.(1956) exposed pure PAHs(BaP, chrysene,
coronene, behzo(ghi)perylene, fluoranthene, and pyrene) in
crystalline form on filter surfaces to pure air and to syn-
thetic smog. Filter samples of soot from auto exhéust were
similarly exposed. The pure PAHs showed a wide range of sta-
bility, but BaP belonged to the group with the maximum stabil-
ity. An exposure for one hour to synthetic smog(®@100 hrs. of
Los Angeles smog) in lighted conditions degraded the BaP on
the filter by only 50 percent. Synthetic smog enhanced the
rate and degree of degradation of all PAHs compared to pure
air, but in pure air only BaP showed a significantly higher
degradation rate in light than in dark conditions. Therefore,
it is difficult to choose one PAH as an index of the stability
of the others. The rate of reaction depends on the physical
- state of the PAH because, when similarly exposed, PAHs

absorbed on soot degraded less than the unabsorbed filter
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samples of pure PAH. Overall, Falk's results suggested half-
lives of several days for PAHs in a clean or smoggy atmosphere.

Tebbens et al.(1966) studied the chemical modification
of airborne arenes under fluorescent irradiation by passing
diluted smoke through a dynamic flow chamber(22 ft. length).
Samples collected before and after irradiation were analyzed
for their BaP and perylene content, and also for their particle
size. Irradiétion alone of soot in pure air for 1 to 1% hrs.
reduced the BaP and perylene concentration in all particle
size ranges by 35 to 65 percent. 50 to 80 ppm of 802 with
irradiation also greatly decreased BaP, and BaP was fairly
equally distributed on a weight percent basis throughout all
particle sizes of freshly generated soot. These results agree
qualitatively with Falk's, however the degradation rates are
25 to 50 times higher than Falk's reported rates(i.e., half-
lives for PAHs in a clean or smoggy stmosphere are expected
to be several hours instead of several days). This large
variation may have been caused by differences in the intensity
of irradiation because Tebbens controlled irradiation up to
one-fourth of the infensity of noon sunlight, while Falk
reported no data on the intensity of irradiation.

Subsequent work by Thomas et al.(1968) using the same
procedufe as Tebbens gg al.(1966) demonstrated that ozone,
oxygen, or air under light or dark conditions degrades BaP
to a complex mixture of acidic compounds. Since a 40 minute
exposure of soot to one-fourth the intensity of noon sunlight

in air resulted in a 60 percent degradation of BaP, half-lives
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on the order of 1 hour are predicted for the atmosphere
during daylight.

These conflicting and scanty results clearly suggest
that a more accurate, efficient, and repeatable method is
needed for measuring the half-lives of PAHs exposed to simu-

lated atmospheric conditions.

II. Possible Reactions of BaP in the Atmosphere

In the development of this proposition, BaP is chosen
for analysis; however, the scheme presented below applies to
any PAH.

|
BaP has the following structure and is known to react in

solutions by addition and substitution reactions at the loca-

tions shown(Clar, 1964):

iillliiiln
‘ - 1,2 addition
8 ' g K4/
7 & jmain substitution

Reactions of BaP in solutions have been extensively studied,

gk///secondary substitution

3

but little comparable work has been done in vapor and adsorbed
phases. The few studies of the adsorbed state suggest that
PAHS react readily. Reactions should be similar in all
phases; however, their rates will vary greatly under differ-
ent atmospheric conditions. Reactions in solution, vapor, or
_adsorbed phase which may occur by similar mechanisms in the

adsorbed phase in the atmosphere are listed below.
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Photooxidation(Masuda and Kuratsune, 1966; Inscoe, 1964):

O
f
hv .
BaP —-Er——) y
- )
J i
6,12 dione 1,6 dione

H
O
3,6 dione

The mechanism of reaction may involve energy transfer(Foote,

1968)3
o1 3 N
BaP VI BaP > BaP 302, O2 + BaP
lBaP
BaP2
1

0., + BaP ——» BaPO

2 2
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Ozonalysis(Moriconi et al,, 1961):

3,6 dione or 1,6 dione

BaP ~1T3_%[:::][:{;;;EE§;;] 4,5 dione(trace amounts)
‘O

molozonide



iy BN
One-~Electron Oxidations(Adams, 1969):

+
BaP —&) [BaP|: ————> + other
Y [éi] H,0 quinones
BaP BU

BaP~BaP dimer

Peroxides(Roitt and Waters,1952);

O
80
BaP + (C6H5C02)2-——NE—)BaP—OZCC6H5 + CGHSCOOH

(at the main substitution site)
ﬁgx(Fieser and Herschberg, 1939):

BaP + HNOB———————>BaP--NO2 + HZO (at main substitution site)

§gx(Vollmann et al.,1937):

o S0.,,504 N N ‘
H,SO, |
s

S~ b\
803H 302H

III. Spherical Shell Model

The rate of degradation of BaP on airborne soot can be
analyzed most simply by a nonporous, spherical shell model,
using classical techniques for noncatalytic fluid-solid

reactions. A sketch of the model is as follows:



reacted BaP
stagnant air with

gaseous component A
at concentration CAO

o.oos/um < RZ_‘.'O.lS/Im

unreacted BaP

This model is justified by the following evidence.
Polycyclic organic matter is mainly associated with airborne
soot having a unit density, aerodynamic equivalent diameter
between 0.1 and%pm(Tebbens et al., 1966; Committee on Bio-
logic Effects of Atmospheric Pollutants, 1972:Chapter 4).
Thomas et al.(1968) reports that the soot has considerable
chain structure because it is formed by agglomeration of many
small spherical soot particles ranging from 0.01 to O.%pm in
diameter. Under X-ray diffraction analysis each spherical
particle possesses hexagonal symmetry similar to graphite
crystals and can be viewed as an agglomerate of periéondensed
PAHs. The spherical particles lack open channel porosity,
hydrogen covers 1 to 3 percent of the surface, and 5 to 10
percent oxygen covers 30 percent of the surface area. All
the reactive PAHs like BaP are adsorbed to the surface pri-
marily by hydrogen bonding. Chemisorption of BaP is discounted
because the rapid rates of photomodification require lose
bonding of BaP at exposed sites on the surface.

Depending on the type of fuel, incomplete combustion can

produce soot that is 1 to 10 percent extractable by benzene.
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Assuming all the extract is in the form of BaP and using
X~-ray diffraction data describing the dimensions of the
approximately 3000 crystallites present in a 250 A. particle,
calculations show that from 15 to 70 percent of the surface
of a 250 A. particle will be covered with a monolayer of BaP.

In the atmosphere the agglomerate form of soot having
an equivalent diameter between 0.1 and %pm lies in the slip
flow regimerO.15ﬁx%y£19ﬂm; Hidy and Brock, 1970:16). Since
their particle Reynolds numbers based on their terminal set-
tling velocities in the atmosphere are < 10—4, the soot
particles can be assumed surrounded by a stagnant fluid when
modeling gas transfer to their surfaces.

The general degradation reaction of BaP is as follows:
O\Ag S +‘BBaP ——3 gaseous and solid products. It

a solid

applies to each chemical reaction described in Section II.
Also, it applies to the photooxidation reaction because sin-~
glet ongen must diffuse to the surface sites or nonactivated
oxygen must diffuse to the surface t6 be activated by BaP.

The steps for gaseous reactions with BaP are the
following:s

1. Diffusion of gaseous reactant A through the stag-
nant air surrounding the particle to the surface of the solid
particle.

2. Diffusion of A through a blanket of reacted BaP to
the layer of unreacted BaP.

3. Chemical reaction of A with solid BaP.

4, Diffusion of gaseous products through the reacted
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layer back to the surface of the solid.

5. Diffusion of gaseous products from the surface into
the stagnant air.
All the reactions in Section II are irreversible because BaP
is more unstable than its oxidized forms; therefore, steps
4 and 5 can be neglected. Since the first three steps occur
in series, the rate of reaction will be controlled by the
step having the greatest resistance--the rate controlling
step.
Case (1) Control by>Gas Diffusion to the Particle

Assuming a constant external surface area of reacted
BaP(4ﬂR§) and a decreasing thickness with time of unreacted
BaP, the following equation applies:

-1 N .
wrR e =6k Cao

a

3 3 .
where Np= (OB(41T(r - Rl)/3) =moles of BaP present. @A, is the
molar density of BaP condensed on the surface of the sphere.
PB = 0.00713 moles BaP/cc. for soot with a density of 1.8

g/cc.(Thomas et al., 1968). C is the concentration of gas

AQ
A in the stagnant air, and kg is the mass transfer coefficient.

Solving for the time of partial reaction,

t aﬂ}Rg i-(lii (1)

1 - 3ﬂ7<7C,40 R, .
The time for complete reaction is given by
: R
= XL8 2 AN (2)
EEVCL Ral J.
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Likewise, the degree of degradation of BaP is given by
XB = tl/fl‘l (3)

When the particle's surface is partially coated by a mono-

layer of BaP, +. = Ppso - Ppslt)
(@é() kﬂ Cao ’ (4)

and T = d/OBSO - & Neo ) (5)

beO’ the initial surface density of BaP, is calculated to be

10 moles/cm2 by assuming 70 percent coverage of the

4.44 x 10~
surface with a monolayer(x7 a® thick).
The mass transfer coefficient for condensation on a

spherical particle in the slip flow regime in stagnant air is

given by(Hidy and Brock, 1970:Eqn. 6.16)

Kj‘: ‘.Dn .
Ra(1+ € Aq/R;) (6)

DA is the mutual diffusion coefficient of component A in air,

%g is the mean free path of air, and the coefficient € has an

experimental value of approximately 1.2.

7 and z, in Equations 2 and 5 were evaluated for

R2=0.02§um and R2=O.234m for 03, SQZ, and NO2 at concentra-

tions typically found in Los Angeles smog. For the calcu-~
lations, the diffusion coefficient was assumed'equal for each
gas(D = 0.1 cmz/sec), Xg: 6 x 10_6cm, and R,;= 0 for T;. The
results are tabulated in Table 1.
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Table 1
Time for Complete Degradation of BaP on Soot in the Atmos-

phere when Diffusion of the Pollutant Gas to the Surface is
Controlling the Rate of Reaction.

4
R.= 0.0Z%ﬂm, kg- 1.03 x 10" cm/sec

2
gas* Z&(sec) ?;(sec)
O3 0.262 0.0195
SO2 0.65 0.048
NO, 0.21 | 0.016

— s e wm  am e mm e wn e em e em e e s gue  we  mm am . mm  Ge e mm e e e eme e

R.= O.2§ﬂm, kg: 3.11 x 103 cm/sec

2
*
gas 151(sec) fé(sec)
03 8.68 ' 0.046
SO2 21.5 0.16
N02 7.07 v 0.053
* -12
C0 = 0.05 ppm = 2.2 x 10 moles/cc.
3
Cgo= 0.02 ppm = 8.9 x 10713 moles/cc.
T2
12

2.7 x 10~

’

moles/cc.

C.~= 0.06 ppm
2
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Case (2) Control by Gas Diffusion through the Reacted Layer

When the stagnant air is composed of inerts, I, and a
reactant gas, A, and when no gaseous products are formed,
gas A must diffuse through a'stagnant layvyer of inert gas and
reacted BaP to reach the unreacted layer of BaP. Quasi-steady
diffﬁsion is assumed because the rate of diffusion of gas A
through the reacted layer is much greater than the rate of
shrinkage of the unreacted layer.

The time for complete conversion in the atmosphere is

3

given by Rl P 2
t= 6 P B-Daz Cao : Ra + R, Rz

D,; is the mutual diffusion coefficient of component A in the

(7)

inert gas within the reacted layer. PT is the atmospheric

pressure and PI is the partial pressure of inerts. The

degree of conversion of BaP is found at any time by
_2_‘,'_,'+ 3Rg{R| [R.l (‘ Xg) + R, Xaja/_} +2<|—XB)(R,1 R, )
,C e BRgRl + ;2 RB

In this case Kq = ZPTDAI/P R2 is the controlling rate con-

stant. DAI can be determined experimentally as described in
Section IV or can be estimated from the Chapman-Enskog theory.
AT 0.1 cmz/sec and R, = 0, T was calculated

for the same gas concentrations as in Table 1. For

Assuming D

R2= 0.0zaﬂm, T= 0.034 sec, 0.083 sec, and 0.028 sec respec-
tively for 03, SO_2 and N02. Likewise for R2= O.ZE/m,
T= 3.4, 8.3, and 2.8 sec respectively.

Comparing these results with those in Table 1, diffusion

through the reacted layer is most rapid. In both cases times



-14-

for complete reaction are around 0.03 to 20 seconds. Since
experimental observations of half-lives discussed in the
Introduction were on the order of hours to days, the degra-
dation of PAHs are therefore cont;olled by the rate of chem-
ical reaction of the gaseous components with the adsorbed PAH.
Case (3) Control by Chemical Reaction

In this case a reaction of any order, m, is assumed, and

the time for completion of the reaction is obtained from

T - B (Ra-Ri)
] kaCH’g J (9)

where ks is the surface reaction rate constant with units of

(cm/sec)(cmB/moles)m_l. The degree of conversion, X

B’ at any
time is given by 3 3 %
t - - LR; (I-XB)+ R, XBJ - Rg . (10)
TI R;,L_R\

For the case of a monolayer of BaP covering the surface,

N
7. = < NBO (11)
d 184”-‘?.2& ks CfTO

where Ngg = the initial number of moles of BaP covering the
surface at st The degree of conversion is then given by
t . Ngg' Nett) _
T - —><8 (12)
4 Neo

Case (4) Control by the Photooxidation Reaction

In ﬁhis case the rate of reaction is controlled by the
intensity and wavelength of the irradiation. For example,
in the first reaction in Section II the intensity of irradi-
ation in the atmosphere determines the rate of activation of

BaP and subsequently the steady state concentration of singlet



-15-

oxygen which is available for reaction with BaP. The rate
equals Ia¢ where Ia is the intensity of the absorbed light
inuip is the primary quantum yield of the wavelength of irra-
diation. The time for complete reaction is given by
—._Nego
YR I f

because the light activates only the monolayer of BaP on the

(13)

surface of the particle. When chemical reaction is control-
ling, when a limited concentration of reactant is available,
and when the reaction rate is also enhanced by irradiation,
the pre-exponential coefficient of the Arrhenius rate law

includes the intensity and wavelength dépendence.

IV.  Experimental System for Measurement of the Chemical and

Photooxidation Reaction Rate Constants

A. Apparatus

A more precise technique than used by Falk, Thomas,
or Tebbens is prcposed for measuring kS and m for Cases (3)
and (4). A rotating disk coated with BaP is operated in a
batch reactor filled with gases of the desired type.‘ The
reactor is a large volume, transparent flask having a system
for uniform irradiation at a controlled intensity such that
negligible convection currents are established. The temper-
ature and‘pressure in the reactor are also rigorously con-
trolled. The volume of gas is sufficiently large such that
the coﬁcentration of the reactive component far from the
surface of the disk is essentially constant during the time

period of a run. The rotating disk is operated with
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uJRz/v <1104-105 to assure undisturbed laminar flow of the

gas toward the rotating disk(w = angular velocity, R = radius
of the disk, and V¥ = kinematic viscosity of the gas), but at
a high enough speed to maintain conditions where the degrada-
tion rate is controlled by the rate of chemical reaction
(Levich, 1962:76). *

The major advantage of the rotating disk is that its
sﬁrface is uniformly accessible to the reactive gaseous
component because the diffusion boundary layer has a constant
thickness over almost the entire disk. The only exceptioﬁ
is the zone at the edge of the disk having a width of the
order of the thickness of the momentum boundary lavyer, 60.
The effect of this zone is negligible when R>>SO(Levich,l962:

o~

70). Choosing R = 1 to 2 cm satisfies this criterion when

w= 10%- 10°

radians/sec.

Separate measurements should be made of the rate con-
stants for each possible reaction in the atmosphere of each
possible polycyclic aromatic hydrocarbon.

B. Analytical Technique

Before each run the polished and nonreactive glass
surface of the rotating disk and an identical reference disk
are coated with a monolayer or a uniform thin layer of BaP.
{The coating must remain thin to assure that the resistance
of the reacted layers are negligible). The BaP, obtained
commercially as a pure solid, sublimes and condenses onto the
disk under Nz. The thickness of the layer on both disks can

be calculated from gravimetric measurements or by measuring
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the number of holes of BaP condensed on the reference disk by
chemical analysis. A multilayef may more accurately simulate
the bonding of BaP onto soot because the top molecular layer
will be hydrogen bondéd to the subsurface layers on the disk
rather than adsorbed on glass.

After each run the moles of BaP remaining in nondegraded
form on the disk are measured by following a technique used
by Thomas et al.(1968). The reference disk is soaked in ben-
zene and the extract is analyzed by infrared spectroscopy to
obtain a base intensity spectrum for BaP. The reacted disk
is also extracted with benzene, but the extract is chromato-
graphed through alumina using 20 percent ether in pentane to
separate the polar degraded fractioné from the pure BaP.

From infrared spectrographs of each fraction specific degra-
dation products can be identified and the moles of BaP which
did not react can be calculated.

Infrared spectroscopy is a sensitive technique for ana-

lyzing changes in BaP and other polycyclic aromatics. PAHs

1

show intense absorption bands between 900 and 700 cm * which

are caused by the out of plane C-H bending vibrations of
these molecules. BaP specifically shows spectral responses
in 4 separate subdivisions of this regime. The hydrogens in

the 1, 2, and 3 carbons are referred to as trio hydrogens and

1

give a response in the 810-750 cm - region. The 4,5 and

11,12 hydrogens are duos which give a spectral response

between 860-800 cm-l. 6 is a mono hydrogen responding

between 900-860 cm 1, while 7,8,9,10 are quartet hydrogens
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responding between 770-735 em L,

If analysis of degradation products is not desired,
mass spectrometry is faster than infrared spectroscopy for
measuring concentration changes in pure PAHs. Universal
0il Products(Padrta et al., 1971) has developed a technique
for analysis of PAHs in auto exhaust by mass spectrometry.
BaP, pyrene, perylene, benzoperylene, coronene, and phenan-
threne and/or anthracene can each be guantitatively analyzed
by measuring respectively the peak heights at mass to charge

ratios of 228, 202, 252, 276, 300, and 178.
C. Calculation of D, kS and m

For the diffusion of gases like SO 05, NO, or O in

2’ 2 2

the atmosphere, Qﬂ%ﬁl. Therefore, higher order terms in the
expansion of vy, the velocity component normal to the disk,
are required to accurately estimate the diffusion boundary

layer thickness(Levich,1962:Egn 11.36),
2 0.36
— _Da) N _Dﬁ_)
§=rot ()7 L |1+ 035 (3 (14)
Case (1) Control by Diffusion to the Surface of the Disk
The diffusion coefficient of the reactant gas may be
measured by rotating the disk at low values of (U, where the
degradation rate may be controlled by the rate of diffusion

to the surface of the disk. The mass flux to the disk sur-

face is given by(Levich, 1962:Egns 11.30, 11.36)

--Ddég = — & dli@, (15
T 6§ T pm dt 2)

J
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and the time for complete degradation of the BaP is given by

- X Neo &
,BTTRJ DACAO

Since NB(t) = NBO(l—(t/f)), NBO/f can be evaluated from the

’ (16)

slope of data of NB(t) vs. t, and QAcan be calculated by
trial and error from Equation 16 with Equation 14.
Case (2) Control by the Rate of Chemical Reaction
or Photooxidation
The rate of degradation can be controlled by the rate of
chemical reaction(j = k. Cpg = Xo@XP(-U/RT)C,0) if D /K >> §
at large values of w. If this relation holds for umz/v‘<1o?

m, the order of the reaction, is evaluated from

m = log (17)

and kg is given by

ke = ¢ NBO .
s ﬂﬂ R% TCgmo

(18)
‘(NBO/Z)l and (NBO/fC)2 are the slopes of data of NB(t) vs. t
obtained respectively for CAOl and CAOZ' The preexponential
constant, ko, and the activation enerqgy, U, aré evaluated
from a plot of data of log k_ Vs. 1/T, where T is the abso-
lute temperature.

For photooxidation reactions, j = Ia¢= NBOd/iﬂR2f3. For
photooxidation reactions which also depend on Cro’ Equations

17 and 18 apply, but k. is a function of Ia¢.

0
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Case (3) Joint Control by Diffusion and Chemical Reaction

when the condition,[%/ks>7'8, can not be met, the mass

flux is given by

Cao-C m
j= Da( A; m): ksCm) (19)
and ks is given by )
k J (20)

B ’ :(CAO‘J&DA)M

When m = 1,

k = Da _
[ (B RDaCao T /tNac) -

From data at two different values of &, m is calculated

(21)

from(Levich, 1962:76)

E- (J.'&/CAO DH)] _ Ja

m log [[ } (Jg,&a/CAO Dh)] - Ja

. 2 . .
iy = (—Q4MTR )(NBO/T)1 is obtalned from data at constant CA

0’
W, and T. L and U are approximated over the narrow range

of temperature of interest in an urban atmoéphere by plotting
data of log k_ from Equation 20 vs. 1/T. Over wide ranges

of T, the temperature dependence of D and V cannot be neglected.
Case (4) Evaluation of DAI

The diffusion coefficient, D of gas within the reacted

AT’
outer layer of the spherical shell model(Case (2),Section III)
can be estimated from the rotating disk system. The disk is
initially coated with multilayers of BaP. These degrade

until only a monolayer of pure BaP remains under the reacted

layer having a thickness I, . Alternatively, it may be

possible to cover a monolayer of BaP with a coating of the
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reacted product. The disk is rotated at large w such that

the rate of degradation is controlled by the rate of diffusion
through the reacted layer and the rate of chemical reaction

in the monolayer of BaP. Measurements of the mass flux

(§ = (-OL/prrRZ)(ANB/At) = (-apmR®) (N, /7)) at conditions for

which kS and m are known allows calculation of DAI from

D.. = ik S (23)
= o o™

V. Possible Techniques for Estimating the Residence Time of

Polycyclic Aromatic Hydrocarbons in the Atmosphere from

Kinetic Data and Particle Residence Time Data

Esmen and Cor£(197l) suggested residence times of 4-40
days for submicron particles in urban air and 0.4-4 days for
1—Ime diameter particles. Since airborne soot has an aero-
dynamic diameter between 0.1 and'S/m, the residence time in
urban air could vary from 0.5 to 10 days. However, air has
a residence time of only 1 day in the Los Angeles Basin as
estimated by the Committee on Biologic Effects of Atmospheric
Pollutants(1972:60). If the results of Falk et al.(1956),
Tebbens et al.(1966), and Thomas et al.(1968) are used, the
time for chemical degradation of primary PAHS can be consid-
erably less or somewhat longer than the residence time of
soot in the Los Angeles Basin. Thus, suburban and rural areas
could also be exposed to PAHs generated in urban areas.

In conclusion, imprecise data currently available for

the chemical half-lives and for particle residence times



-22-

precludes more accurate estimates of the health effects of
PAHs. One deficiency can be eliminated by performing the
detailed kinetic studies suggested in this proposition. To
improve estimates of the regional and local residence times

of soot particles, tracer particles(e.g. zinc sulfide) having
an equivalent aerodynamic diameter could be used in controlled
dispersion experiments in specific air basins. Results from
these studies may be applied to the atmosphere by one of the
techniques described below.

First, a rough estimate may be obtained by exposing
each PAH on the rotating disk to géseous mixtures of synthetic
smog while simulating the light intensity for specific times
of day. The degradation rates for specific conditions are
then time-averaged over the period in which particles of soot
remain suspended in the air basin. Similarly one might be
able to estimate the shortest exposure time of the population
to a specific PAH by measuring the degradation rate in the
presence of the peak daily concentration of a reactant gas.
Alternatively, if the degradation product is more carcinogenic
than the original PAH, this technique would give the maximum
exposure time.

In the second technique, rate constants determined in
experiments proposed in Section IV are applied to atmospheric
models which follow the average behavior of gases and parti-
cles(Friedlander and Seinfeld,1969; Eschenroeder and Martinez,
1970). If one assumes that the soot particles are agglomer-

ates of equal size spheres and that the concentrations of
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reactant gases surrounding each particle as it moves through

the atmosphere are essentially constant over time, one can
apply the eguations developed in Section III. Since calcu-
lations suggest that the rate of chemical reaction or photo-
oxidation should control the rate of degradation, the domi-
nant reactions must be determined at specific atmospheric
conditibns. The t/T relationship for the chemical reaction
controlling case then describes the degradation rate of all
particles for which the above assumptions are valid, and

tA = X when
— dN&o .
f - a ml ml
/R (kG + oCoa + Lo Bst- - -~ - - ) (29

Alternatively, if the coating of PAH is greater than a mono-

V3
layer, [R (' XB) + R, X] R
R R| (25)

'ﬁ

and ,z- GPB R;z R) .
| ﬁ(ka‘*k;CA; + Ty Qs+ 0 - )

is then

(26)

The time for a desired degree of conversion, XB’
calculated for the average radius, R2(O.005—0.1§um), of the
components of the atmospheric soot. These relations apply
to large volumes of the atmosphere if the concentration of
each reactant gas is essentially constant in that volume.

An accurate dynamic analysis of the behavior of PAHs in
the atmosphere requires solution of a series of coupled

differential equations for the time varying concentration of

each reactant gas and the time varying concentration of BaP
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and other PAHs on the soot in a given cell in the atmosphere.
Convection, source, and loss terms to account for inputs of
gases and particles and the settling, diffusion, coagulation,
and scavenging of soot particles must also be included. 1In
this approach the dominant chemical and photooxidation reac-
tions dictate the form of the PAH degfadation rate expressions.
Although this is the ideal approach, implementation on a

large scale is many year away.

Other information needed to improve the estimates of
health éffects of PAHs includes the carcinogenic properties
of degradation products of primary PAHs, the distribution
of PAHs according to particle size, and the manner of distri-

bution and absorption of PAHs within single particles.
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