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ABSTRACT

The prediction of lung disease development in man from
aerosol particles and the medical justificetion for subseguent
control of particulate atmospheric pollutants reguires specific
knowledge of the rate and location of the aerosol deposition
in the lungs. A theorstical development is presented to
numerically predict the rate and location of aerosol depesition
by impaction at the wedge walls in a model of a lung bifurcation
Two limiting flow cases, steady potential flow and steady
laminar boundary layer flow, are analyzed and found to repre-
sent upper and lower bounds of limited experimental deposition
data for one-micron particles obtained from a lung apparatus
simulating normal inhalations.

Humerical deposition results for 20, 10, 5, L, 3, 2,
and 1 micron particles in steady potential flow show
deposition fluxes to be functions of Stokes number and also
the local air velocity distribution along the wedge. Boundary
layer deposition results for the same particles are found to
correspond to the first few data points of the steady potential
case, however no boundary layer deposition occurs beyond a

few particle diameters along the wedge.
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INTRODUCTION

- . 1 - oD
Findeisen™ in 1935 was the Tirst to develop a theory

to quantitatively predict the total deposition of particles

3

in the lungs. TIn the 1950's Landahl® and Beeclmans- have

followed Findeisen's lead with refinements in the equations
for predicting deposition of asrosols by impaction, gravity
sattlement, and Brownian diffusion in different regions of

the respiratory tract.

Their deposition equations are mainly empirical corrsl-
ations which include the basic theoretical relations for

settling velocity, Brownian diffusion, relaxstion time, and

stopping distance (See Table B3 in the Apvendix). The relax-

ation time and stopping distance ars two of the paramsters

.L.

used to characterize the inertial deposition of particlss.

» )

The stopping distance is the distance a rarticle travels

before coming to rest when it is projected with a given velocity

into still air. The relaxation time is the time period recuired

3]

for a particle to adapt its motion to the acecelsrating or

decelerating effect of an externally epplied force.
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The total deposition in any region of the lung 1
by summing the separats vrobabilities for devosition by
impaction, settling, and diffusion., As an exarple of the

erpirical nature of these deposition equations, Landshl!s

forrula for the probability of inertisl deposition is I=P/P+1
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phagoeytic cells may be lecss effective., Once the natural

form and

the disease may spread into surrounding tissue. An example
8 the case of lung ceancer in humans. Primery pulmonary

Jlv

carcinowa in man is considered %o be bronchiogenic in origin
and usually arissd in a principal branch of the main bronchus
near the hilus of the lung. It is caused by direct primary
contact of csrcinogenic vapors or particles (asbestos, arsenic,

chromates, nickel carbonyls, tars, and rsdiocactive minerals)



I
cancerous cells.”

and particles, Therefore, he must be able to predict ths rates

)

in the lungs. The previously described empirical correlations
for regional deposition are inadeguats bsecause they neglect
local variation in stream velocities and fail to account for the
transient momentum and concentration gradients.

Inasmuch a&s lung cancer develops in the main bronchi
and its branches, it is probable that soms of the particles
contributing to the disesasz ars denosited by inertial forces
since the flow rates are high and the streamlines bend sig-

ficantly at ths bifurcation., The bifurcation region is,

consequently, the first logical "hot spot" to investigats
in the lung.

The goal of this mastert's renort is to theoretically
oredict the rate and location of the particle deposition at
the bifurcation of a lung model and to compars the thsoretical
ts with experimental data teken for a flow system analogous

»

1
to the first bifurcation in the upper airways.



iung Model

; 5

In nearly a1l theorstical deposition studies, Weibel's

regular symmetric dichotomy modsl of the lung is used. For

the author's theoretical study & two dimensional model of tae
rechea and its two bronchi with a 900_1nterbr0nchia1 angle

and an overall shape identical to Weibelts model is proposed.

A skeitch of a real lung branching network is shown in Figure 1;
the model is shown in Figure 2, The two dimensional model
was chosen for study because it simplifies the analytic solution
of the streamlinss (vorticity effects arise in threse dimensions).

This simplification should remain accurate for the streamlines

close to and on eithser side of the stagnation streamline.

-

The model 1s also geometrically similiar to all branching sections

y tract of the lungs; therefore,
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FIG, 3 BIFURCATION MODEL
WITH POTENTIAL FLOW AND STEADY
VISCOUS BOUNDARY LAYERS
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dimensions. Finally, the outside walls .of the real lung
trachza join smoothly with its branches in many possible
angles, vherees the model has a sharp 1350 angle.

An air flow analysis of Weibelts symmetric lung model

is ziven in Tsable Bl in the Apvendix. The Reynolds numbers

and the sntrance lengths suggest that laminar plug flow exists

steady potential flow shown in Figure 2 and (2) steady poten-
tial flow with steady laminar boundary layers in the bifur-

the infinite velocities at the 135~ angle are neglected because-

g the tube walls. However,

]

boundary layer to develop alo

1
[ }43)

i
e

thesz cases are valid star

09

points for a2 theoreticel analysis,



General Stresamlines for the Lung Model

Having assumed the two

i

ir flow cases, the analytical

s ~

equations for the steady votential flow will bs derived first.

6 1

nomson gives & solution procedure for t©

3
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problen of determining the streamlines in a canal with a side
branch, Since the flow model proposed above is symmetric,

the streamlines can be derived by modifying Milne-Thomson's
procedurs for either the top or bottom half of the model--

the center bzing determined by the stagnation streamline which
terminates at the wedze tip, The top half. of the model is

shown in the z-plane in Figure L. The free stream velocity
upstream from the branch at A, is U, and the downstream ?elocity

is Uss unknown, &A,C is the stagnsation streamline, while the

transforming into the Q-planes (Figure L) by the transformation
squation .
-u U ¢ S

' Q=log 3= logg+

: e . " .
where 9=9€& =0-iV, Here q = ’U’w’* +v2 |, the stream speed.
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Along the sides of the main canal 8 = 0
branch & =«. At C, g = 03 hence, Q is infinite., The infinite
strip in the Q-plane can now be mapped into the

by mesans of the Schwarz-Christoffel trensformation, which

recsults in the following: f?
- QqQm =
Ty A‘z-(%) (1)
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The following values of % and Vy corrsspond by ths above
transformetion eguation:
F = -a 4 = g
£ = g F = Ugef‘;“
Therefore, from (1) 2 = 1, end 4 = (52/Ujﬁ“ (2)

The next step is to construct the comnlete votential
plane or W-plane where W :q>+ iv. ¢ represents the potentia
function, whileVY represents ths stream funection,

Using ¥V = 0 on AyED,, the boundary conditions are as
follows:

on AwEDw W= 0
on AnC v = Uh
on GDy Y= Uohs
Thérefore,
Un = Ush, (3)
which also follows from the eguation of continuity.

Taking =0 at fp, and 9= ~w at Dw, the result is the
J-plane diagram shown in Figure !li. To map the W-plane into
the J -plane, the Schwarz-Christoffel transformetion is used
again, and the result 1s the following:

- - ' -
i‘_’.‘/:k,(5+@)l(j-c{) = ﬁ;{ U }

4% (+d) L) (£ +a)
Integrating:

W= i teg B2y (1)
(a+d) (& +a) f
where Ky and'Ll are complex constants.
The author!s original potsntial flow derivation was



sagusntly my previous derivation was in error, because Kl

applying tha boundary conditions to svaluate Kl and Lle

Asg indiceted above, Kl and Ll must both bs azssumed to be
complex constents in order to be evaluated correctly.
Using the boundary condition that Y= 0 on DpE, {5+ a)

and (b= d) have the same sign. Thus on D,E the lozarithms

are all rezl, Theraefors on D _E

Therefore -~ 2 .
C T L, I Ko [oq [5d 4{
CR L +a
» L) & » ° “ -
Bvaluating ths log in the 1limit as ReJ approachesi , log (1)=

Thersfore, Im Ll = 0, Thus

Evaluating the log in the limit as&?o, 1001%#= gonstant;
therefore Im K, = 0. Applying the other boundary condition

that Y= U,h, at C, set ¢ = 0 since € is a stagnation point.

From the results of the Cirst two boundary conditions above,

the last two terms equal zero, Rearranging

st
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Using ¢= o
0= Rek,[ 3(74 F Re iy ~'W %%‘%
(a+d) o)
Therefore
Re L, = '—5103 =1,
Substituting these values of Ll and Kl into (l4) and setting

= 1 from {(2) the general solution for the complex potential

in the symmetric model is the following:

w= L g F_/]'—/f/ (1)

From (1) j:_(\))%: F e )%(

U U
Therefore —ik YT (5)
Az =3=e s
Differentiating (I') and dividing by (5) the result is
\ -/
Z - [ 4 U
d & h [ - ——L"] e R
d3 (£-d)  (£+1)
. B oy - P, o 3
Integrating with respect fo 5 wit =5 for the 90 rodel
. -ty "
,:Eé%[ff 15 - f.,j”
Z7 o 5-d f
Transforming variables by 3= xu, evaluating integrals from
tables8 and substituting d = (’:1/’{19)L'L from (2) and (3) sbove,

the final result is

% Jy
" ) 5 5055 + 75
ﬁt\ k’VV{ZZ/oj)E&J_Mij#//«I—ﬁ [‘54{]

+021Lqﬂ-/[§j/‘/_/j__(‘ f

7= X+
re (6)
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1,

Since 2z = 0 corresuvonds to 5’= 0 from the transformations in
Figure L, the integration constant C = 0.

Becausge (6) is not invertible to give_f = ¥{z), one
must use both (L?) and (6) as the solutions for the complex
potential at location z in the z-plane in terms of the impliecit

'ion‘Wﬁis the complex part of W

b
(]
cl

variable;i. The stream fu
in terms of$ at location z in terms of & . Likewise, the
complex velocity 9 = u - iv is given by (5) in terms of £
at location z in terms of J in (6)., Thersfore, derivation
of an analytical expression gi g the stream function or

the complex velocity as a direct function of a z-coordinate

s not feasible.

o8

position

Such a problem should be solvable numerically on a
compﬁter. The procedure to determine the stream function,
for instance, would be to feed the cormputer different values
of the complex variable\g and to have it easlculate the 2z
coordinates and the value of the stream function‘wﬁcorresf
ponding to each value of £ . Then the computer would sort
through this data for all thes stream functions of one value
and store the (x,y) coordinates of that stream
order to plot the streamlines in the z-plane for each value
of @T, the coordinates would be arranged from minimum to
maximum based on the x coordinate.

To determine the stream velocity components at any co-

ordinate location in the z-nlans, the computer would like-
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erent points in any area of the z-plane is
to chooss velues of 4 to
obtain values of (x,y) which are equally distributed to
accuracy desirsd over the range of the z-plans in which oune
is concerned, Then at any possible point in the range of
use on the z-plane, a value of u and v can be found in the
stored arrays.

Values of ¥ have been computed at various {z,y) coor-

k3

dinates by using the procsdure described above, However,

°

preliminary results indicate thet the amount of computer
t job is presently prohibitive.
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In the case of aerosol devosition, the streamlines which

lie close to the stagnation streamline are of principle interest

3

because small particles on streamlines far from the stagnation
streamline in the direction of the channel walls will nevsr
impact on the wedse. This is clearly demonstrated by the fact

that the stopping distance of 20 micron particles in a stream

g

having a velocity of 100 cm/sec is only about .087 centimeters

in the direction perpendicular to the wedge. 3Since 20 miecron

(D

particles are approximately the largest particles to pensirate

beyond the nasalpharyngeal chamber, all smaller particles
that impact on ths wedge will have to travel on streamlines

lying within .087 centimeters of the stagnation streamline,

»

str:

(D

Therefore, an approximats solution is desired for th am-

lines about the wedze by expanding the general solution about

£=o0.



Streamlines about the Wedze of the TLunz Model

Zxpanding the comvplex potential (') in an infinite
Maclaurin Series for small\f and neglecting the second and
higher order terms, the result is as follows:

. ; i
W= RLem-(Fe)Se o]
Therefors,
dW =~ yé[_(_f,”)]
7z~ om LU
JdW xS~ l .)
dz _ W5 b % ('J 4/'

15 ~ dwgz o
Tntegrating with respect to 4 and setting the integration

constant equal to zero since z = 0 when L = 0, -Fhe result is

‘ (P +1)
7 5 %; P ;E%_~___, (;f44)
A

, solving forﬁ’, and substituting for the constants,

e

Choosing < =

. X\

the squation is as follows:

T
o {i 51 & Z
5

+I

A
vh [(2)
Thersfore ) 2 | Jﬁé %
AW T e g g =Lt
dz { A [(kl 4
3T ) A)
The constant, U
ha
=[5 Jf
represents the value of u at z = -1 and is designated by U,1°

By use of the approximate equation and substituting forkf
e UA /J__ 2
we 2 [er (£ 5]

W = "j/ U‘ C‘L% ZL//3 2 7 U/l
(7)
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Using (7) in polar coordinates for flow around a 90° wedge
Wwith the orizin at the wedge tio and with r = & g2
= PEaE y s

& = arectan y/x,

@ ”%{ U—tr C°S<T79)

Vo= o U B (B0) + Uh (®)
w = U_'t r’% COS(T%g) (9)
= U r's 5’”(?) (10)

(9) shows that the u velocity component decelerates toward

3

the stagnation poin

ot

and accelerates along the wedge. The

v velocity component in (10) is noted to continually increase

over the same range. These results are directly apovlicable

to the z-plane since the dependence has besn sliminabed.
The California Instituts of Technology IBM 350 computer

was used to plot the stresmlinss given by (8) about the top

ct

half of a 90° wedge shown in Figure El in the Appsndix, The
free stream veslocity was taken as 100 cﬁ,/sec., which represents
the avsrage flow rate of & one second 300 cubie centimster
inhalation through the lung model. U__1 i8, thersfogre; esqual

to 81.97 cm./sec, Y = 95 represents the stagnation stream-

line or negative x-axis, while U= 93, ¥ =91,..00., ¥ =

represent values of the stream functions on the successive

8.7%X107° centimeters, perpendicular to the wedze. Therefore,

the only streamlines needsd for the theorstical impaction



° ° { o | 1 ]
analysis will lie under ﬁf: 90. Bscauss the abrupt 135
in the channel lies at a distance of 1.3 centimeters perpen-

dicular to the wedge, one can readily assume that the infinite

velocities developed there will have no effect on the streamline
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close to the wedge, Since the general solution str

I
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1able, would have the same shape in the

a

o

if they were ob

region close to the stagnation streamline and wedge surface,

umed that the approximates solution streamlines

o
cr
¢]
0]
o
o
M
ool
143}
0
(_‘

are sufficiently accurate for this calculation.

Trajectory Eguations

Having obtained equations for the fluid wvelocity in the
model, one must develop a method to apply narticles to these
streamlines and to determins the rates and locations of their
deposition on the wedge wall.

For particles ranging from one micron to 20 microns in
diameter in a 100 ¢m./sec. stream, the particle Reynolds
numbers rancze from .06 to 1.2. Stokes Law, F = 69aRU is
valid for Re up te .13 while at Re = 1, it pre
force which is 10 percent too low. Here F is the force
associated with the fluid stream movement,/a is the visecosity
of the fluid stream, R the particls radius, and U the free

-

stream velocity (100 cm./sec.). In spite of this error w

| il
24
)

the largest particles, the author will use the following
differential equations of motion for particles within the
Stokes flow regime:

d Up

(

A dVp_ L (V-V,
L (U-p) e S



u and ¥ are the stream velocity components in the x and y

, the relaxation time of the narticle, is ecuivalent to

Fk/mass of particle, The technique for determining the aerosol

into corresponding segments using the approximation for the

i~th interval:

u Lof,.
A‘JtF = 7 (w-up)

where ﬁi is the valus of U at the beginning of the interval.

Integrating and assuming £t = 0 and # .= ﬁn‘ gives
, : . -t/
LLP :'(.ZFL +(U[,-Upé )C/-G J {(11)

o

at the end of the interval and integrating again gives the
; ) X =

x coordinate of the particle at the end of the interval

Caleculation of a trajectory in the model will begin at one
centimeter before the wedze where the siream velocity is

rean

6}
cl

essentially rectilinear and equivalent to the Iree
yvelocity., Therefore, the particle velocity can be assumed
equivalent to the stream velocity et this point., Our streanm
velocities u and v are given by equation (9) and (10) for
all points through which the particle can pass. Beginning
at x = -1 cm, where ﬁp = u, the trajecto?j is calculated

step by step by use of eqguations -(11) and (12). Obviously,

ntervals

=
5]

o

the accuracy will be improved with shorter time

for each step in regions close to the wedze where the stream-
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lines curve signi

Devnosition Parameter

T

fow that the eguations for determining the trajectory

5
L

he particle have bsen derived, calculation of the posi-

ct

of
tion of the particle will continue until the particle con-
tacts the wedge surface or until it travels beyond 2.5 centi-~
meters along the wedge, in which cass it will be considsred
to follow the fluid streamlines. The general deposition
parameter to be measured, F_/C, is the fluz of particles to
the wedge surface divided by the concsntration of particles
in the stream; it has dimensions of em./sec. This is related
to the flux of particles in the main sgtrean, Fo’ by the
principle of continuity, F dy = F dL, where dL is a small

e at a point L from the wedge tip.

of particles
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colliding with the surface at a finite number of positions,
the equation, dy =Ay = Vo - ¥q» Where j, and y, are the
vertical starting coordinates of two identical particles at
X = -1 centimeters, is used. These particles irpact at L2

on the weadce surface with an average deposition

Therefore,

. 1,)/2 and 41 = AL = L, = Ll’
Fo/c = (BAY) feaL) = q eese (AY)AL)
rage speed of ths two streamlines at the

two starting positions ¥, and 7 and € represents the angle

between the averags velocity vector and the horizontal coor-

all narticles are started within the same small y distance
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of each other. To determine the nunber of partiecles depositing

e
ot

in & period of time, miltiply F_/C by the particle concentration

=

'3

=

tion,

n
|

in thes stream and the period of time of dero
Having derived all the necessary theoretical equations,
a program was written for use in the IBM 360 computer to

determine the deposition rates and locations for aerosol

particles in steady potential flow, The Fortran IV program
listing is given in Appendix E, The variable inputs are the

free strean velocity, particle radius and relaxation time,

P

nter-

(O]
(=0

the y increments betwesn starting positioms, and a2 tim
val, 20, 10, 5, L, 3, 2, end 1 micron diameter particles
were run because the 20 micron particle represents approxi-
mately the largest particle size which penetrates beyond the
nesalpharyngeal passages, wh:reas the one micron particle is
essentially the smallest particle having a relaxation time
long enough to impact on the lung walls.

In order to approximate the deposition that occurs in

the unsteady flow of a real lung inhalation by using the steady
flow computer program, the guasi-steady flow approximation
s applied., This approximetion holds when the dimensionless

parameter RYW/ is less than 1.010.. R represents the radius

o

of the main tube before a bifurcation,w represents the angular
breathing frequency, and ~, the kinematie viscosity of air.

In other words, the unsteady periodic veloecity profile which
occurs in the resviratory tract upon insviration and expiration
can be treated as a time succession of steady state velocity

profiles when the dimensionless frequency parameter has 2 value



]
0

1sss than 1.0.
Table B2 in the Appendix shows the variation of the

3

fracuency parameter in the uppsr airways for breathing rates

)

=3

of 12, 16.7, and 30 breaths per minute. Ths values of the
parameter are less than one for the three frequencies used
in the Lth generation and procesd to decrease to values of

.08-.13 in the 16th generation. In the trachea and the first

three generstions the value decreases from L.1lh to 1.22 at

09

the 30 BPM rate and from 2.61 to .77 at the 12 BPM rate,

-

The author's bifurcation model has dimensions of the first

M

bifurcation between the trachea and primary bronchi. Sincse

tes waries

m

the frequency parameter for the three breathing r
from 2.61 to lL.1l in this region, the quasi-steady flow assump-
tion tan not be rigorously assumed., However in order to
simplify the task of predicting the deposition, guasi- steady

flow will be assumed as a first approximation.

cam design curve, shown in Figure CG3, approximates the Ilow
meter breath. This

has been divided into 16 time intervals, and the average

flow rate has been calculated from each interval by standard
techniques, Table Cl lists the average flow rates and avsrage
gstream velocities calculated., Then the above computer program

SR W3
neses Allilier--

t
nt average Tlow rates. Mean values of the deposition flux

O]

are taleculated at a fixed .location along the wedze by weighting



Theoretical Results for Steady Potential Flow

A plot of the trajectoriss of 20 micron particles in
100 cm,/sec, potential flow is shown in Appendix E2, In

order for these particles to impact as shown, they are started
at x = -1 centimeters, sevarated Wertically by LO microns,
and a time interval of .0001 seconds is used with 2 relaxation

time of ,00123 seconds. At the more accurate time interval

extent of impaction for 20 micron perticles is 1.5 centimeter

downstream of the stagnation point, This result is obtained

)

from a vertical starting position of .02l centimeters, which

Ha

is slightly more than one-fourth of the stopping distance
calculated with 100 cm./sec. flow. These results clearly show

in &

14.
&,
s
ot
o

that 81l vparticles rmust 1

b

)

stagnation streamline in order to ilmpact on the wedge.

Yy

Teble Bl lists the relaxation times, stopping distances

+

at 100 em./sec.,, and the y starting interval between particles

for all the particle diameters run in the results below.

Figure Bl 1is a plot of log FS/C vs. log L. The 1, 2,

3, L, and 5 micron plots are observed %o be fairly linear;

.

their nearly constant separation is aporoximately related to
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the log of the ratio of their relaxation time

squarsd., However, one notes increasingly nonlinsar regions

from the L micron to 20 micron particles at locations increasing
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respectively from 10 -3 to 10 centimeters., One 2lszo notes
a hicher density of deposition points in these regions for

the 20 miecron and 10 micron particles. One naturally expects
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the decelerating and accelerating effect
velocities to have the least effect on the 20 mieron particlets
motion and increasingly greater effect on the smaller particles.
Therefore, the 20 micron particles easily traverse the slow
velocity, curved streamline region near the tip of the wedge
with 1ittle deflection to impact directly on the wall. The
same can occur for the 10 micron particle, but at a distance

four times closer to the tip to insure negligible deflection

from its original path before the wedge. This reasoning is

plots.
Since the computer prosram is designed to terminate the

trajectories when the center of the particle is less than or
equal to the particle radius, the size of the radlius causes
a small part of the effect described above., If the particle
falls beneath the imaginary boundary, the calculation of the
deposition location is based on the radius.

Figure B2 shows the effect of various potential flow
rates on the deposition of one micron particles, The velocity

s determined

2]

[de

averaged deposition curve marked with crosses
by the technique described abovs to approximate the unsteady
flow rate dsposition of a 300 cc, one second inhalation. Since

it nearly coincides with the 100 cm./sec deposition curve, the



the
indicating that the
ing the velocity for the one micron

the value of the coef of the desposition

Because of the small particle mass and

inertial effescts are very small causing the particls to
J g I

deviate only slightly from the streamlines., Therefore, the

nonlinear rsgions found for the larger particles do not occur

for particles smaller than i mierons.
effects cause nezligible change in the deposition flux for

one micron particles when

Figure B3 for 10 micron particles

B2, The higher velocity plots clearly

ko]

portion explained in the first gravh.

is analogous to Figure
show the nonlinear

Hicher wvelocities are

4

naturally sxpected to emphasize

minimal effects occur for the slowest

because the degree of decelsesration

smaller than at higher velocities, causing
follow the streamlines more closely.
curve to be used for the
ponds gporoximately with the 11L cm./sec., data
100 em,/sec, data, This shift in &
is due to the increased

ate runs which outweigh thse



Steady Laminar Boundary Layer

Having solved the inviascid flow case, a steady laminar
boundary layer is now added along the wedose to determine its

effect on deposition. The potential solution for the flow
along the iedc9 from (9) and (10) is

U, =U UXb

/
0

The boundary layer coordinates are Zy gnd Vo respectively

e

parallel and perpendicular to the wedge surface, This is

used as the limiting velocity above the boundary layer along

dimensionliess plots of the velocclity

L3 ’ ; i 5 , s}
ution in the laminar boundary layer along the 90~ wedge,
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etermines the boundary 1a?°” thickness at ub/u = .99 to be
g’(_x‘): 5‘/31)\)/u1 )(5 (W—‘g)
Another approach is to use the displacement thickness™
Q%%) = 955190, Xb
as the boundary layer thickness.
A cubic squation was found to be 2 poor approximation

ty profile by the Von Karman
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Integral Momentum Equation, Therefore after applying

Schlichting'!s dimensionless parameters a series expansion of
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In ordsr to determins the devo
steady laminar boundary layer, the sasme basic computer cvrogram
is used as in the steady potential flow case., However, the
boundary layer thickness is applied as a boundary condition
for switching the particles from the potential flow eguations
of motion to the equations of motion bassd on the boundary
layer velocity components. The same deposition parametlers
are used, The Fortran IV program listing is given in Appendix I
The displacement thickness was used to obtain ths revorted

data below because the other boundary layer thickness equation

ave essentially identical results for all particle sizes.

0]

e

he difference between results was negligible because all
sizes of particles which devosited on the wedge entered the
boundary layer well within the maxirmum thickness predicted

by the displacement thickness equation.

Boundary Layer Results

B2

Figure Bl is a plot of the deposition results

el

or all
varticles in a 100 cm./sec., potential velocity stream with
a steady viscous boundary layer on the wedge. As one would
expect, the slow viscous boundary layer tends to quickly

digssipate the momentum of all particles entering it. Only

3
o}

the large 20 micron particle is capnable of penetrating a

fan

devositing at a maximm distance of .1 centimeters from the
wedge tip. The 10 micron particles almost reach .01 centimeter
and the remainder of the particles are all deposited within

a distance equivalent to their diameter from the wedge tip.

The curved tails connect the first devosition value along
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uated with L = 10 centimeters. Deposition plots

but realistically meaningless vwhen dealing with particles

C
g -l "
larger than 10 ™ centimeters. The plots for 2, 3, and L microns
dip before taining off because the averags deposition location

is bases on &a deposition at L = 0 and L = twice the average
location.

Comparisons of this graph with the steady flow case of

Fz
)_u

gure Bl show that the boundary layer plots roughly approxinmate
the first deposition points of the steady flow case for thse
I micron and larger particles.

Figure B5 repressents the steady boundary layer thickness

for different steady potential velocities, The thinner boundary
layer at 167.5 cm,/sec, indicates that more deposition will

° a2

be possible than at 100 em,/sec., but that the thicker 22.9
cm.,/see, case will further hinder denosition.

re B6 shows the effect of high flow rates on the
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particles when a steady laminar
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boundary layer is imposed along the wedge. 128,5 cm,/ssc,

he lowest velocity used in which at least 3 deposition
points occurred at the wedzce., However, all the deposition:
points for all the curves are gtill within one micron of thse
tip. The inaccuracy of the technique for computing the tra-
jectories and the invalidity of the boundary layer equetion

at L = 0 make analysis of these separate curves meaningless.

1

However, the general plateau with sharp tail is similar to



lines indicate a higher theorstical deposition valus at L = 0

Figure B7 shows the effect of various steady {low rates
on the boundary layer deposition of 10 mieron narticles. The
general trands of higher deposition flux with greater maximum
deposition locations et high velocities clearly holds. Con-
parison of Figure B7 with Figure B3 clearly shows that the

shave and location of the boundary layer deposition curve

des closely with the sections of the 10 micron potential

pde

coinc
a . . ~ "2 3 H-3 > %
deposition curve to the left of 10 centimeters from the wedge
tip. This shows that as the stream velocity increases, the
boundary layer thickness decreases and the inertial forces
on the particle increase; therefore, this causes venetration
of the boundary layer and impaction at increasingly greater
distances along the wedre., The 22,9 cm,/sec, curve has an

tations prohibit the excess

v

al 1im

|_l|

erratic shape because finane

e

of computer time needed to use a very small time interval in
the calculations. The longer time interval results in a less

smooth trajectory and subssquently an erratic deposition pattern,

Friedlander's Boundary Layer Solution
b

Friedlander has suggested an analytical solution to
deposition by impaction at =a 90° wedze with steady viscous
boundary layer. His corrected derivation with some of the

author's modifications to account for the particle radius is



Friedlander'!s solution assumes that the flow in the
boundary layer is rectilinear along the wedge -= which is a
valid assumption because the value of the perpendiculzr

O""S

ty component from the asuthor'!'s eqguation is only 1

e

veloc

&

em./sec, Thus, Frisdlander mekes the approximation of a
steady laminar boundary layer.

However,'he then assumes that a partiecle entering the
boundary layer will follow the streamlines along the wedge
and only have an inertial effect perpendicular to the wall,
This will cause the particles to devosit on the wall only if

hey entsred the boundary layer at a distance within ths
stopping distance plus the radius of the particle, The stopping
distance would bs evaluated from the potential veloeclity at

the last position tefore entering the bound ary layer. The
displacement along the wedge would then be dependent on the

velocity of the boundary layer and a fraction of the relax-

3
(4}

Obviously, this solution will predict deposition locatio
even closer to the wedge tip than the authort!s results. Since
the same relaxzation time princinles operate as in the perpen-
dicular diresction to damp the particle velocity, ons cannot
instantly neglect the inertial forces in ths Xy direction of
a particls entering 2 boundary layer.

The boundary layer computer vrogram in this study was
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Figure B8 is a2 commarison plot of Friedlander'!s analytic
boundary layer solution for one micron vparticles at 167.5
end 100 cm./sec. with ths author's numerical boundéry layer
solution at 167.5 and 128.5 cm,/sec. Comparison of plots
shows clearly that the previous arguments are correct., The
snalvytic plots have all devosition within 1077 to ZLC}"6 centi-

- il .
meters compared to 10 5 to 1077+ centimeters for the author's

|
i
Hl
.'3
=4

data, As exvected the analytic depos
higher close>» to the tip.

Figure B9 compares Friedlandert's analytic boundary layer
solution results for 10 micron particles at 140 om,/sec. with

the author's “umerical boundary lsyer results. In this case

)

= 3

the recions of devosition overlap significantliy, howevsr the

The apparent increase of flux with distancs along the wedge
for the analytic case is pugzling at the present time. It

b

is apparently due to the assumption of no insertial effects

in the direction ‘parallsl to-tha wedge:wall.
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MPARISON OF THEORETICAL RESULTS WITH ZXPEIRINMNITUTAL RESULTS

Experimsntal Procedure

Richard Vincent, an undergraduate studsnt working for

[

Profszsor Friedlander at the Californ

a Institute of Technology

D

<

deposition of 1.099

fny
®
n
o
O

ollscted experimental data for th:
micron hydrosol particles made of Dow Polystyrene Latex in
the lung bifurcation model shown in Figure Cl. A schematic

of the experimental avparatus is shown in Figure 2. The

cam was designed to simulate a one second 300 ec breath shown

Vincsnt collected. data for 1.0, 1.8, and 2.5 second 300 cc
tidal volume breaths by the following »rocedurs., The holding
hamber and plston assembly were Flushed with aerosols until
the concentration registered about 1.5X1Oh'particles/cm.3
on 2 Sinclair-Phoenix Aerosol, Smoke, and Dust Photometer.
The chambser was then isslated, the gate 1ifted, and the cam-

driven viston set in motion. At the end of the stroke thse

gate was lowered, and the test sectlion was flushed gently

with ambient 2ir, This procedure was repeated 30 times to

I-

allow sufficient deposition on the glass slides for statis-
tically meaningful counts. All singlet pa rticles were counted

in an area ,015h inches wide and one inch lonz under a micro-

geope at 675 magnification,



Figures B10, Bll, and BlZ2 are comparison plots of the
authort's steady votential flow data for one micron particles
at flow rates of 100, 53.7, and L1 cm,/sec. respectively with
Vincent'!s average exverimental data for 1.0, 1.8, and 2.5
second 300 cc breaths. These flow rates correspond to the
average flow rate in the lung model for the respective breaths.
The author'!s data predict higher deposition rates at all
locations. On each graph the initiél experimental data point
at .02 centimeters has a deposition flux/concentration valus
5 to 8,5 times smaller than the authors predicted potential
results., The remaining points are 1 to 5 times smaller than
the author's predictions. The two longer breath simulations
give better agreement between theoretieal and experimental
data than the one sscond breath, Since 211 boundary layer
deposition terminates beyond 10 -l centimeters, comparison of
experimental data with the one micron steady boundary layer

results of Figure Bl and B6 is impossible.

The steady potential theory tends to predict deposition

=t

valuses slightly above the experimental results, however the
viscous boundary layer theory predicts deposition values far
below the experimental results. These relative resulits for
inertial impaction on a wedge generally agree with the results
of inertial impaction studies on c¢ylinders and spheres pre-~

~ oY 1 15 T I . T £ R} 3
sented by Fuchs. In the cylinder and sphere.cases the

a

S"’

experimental data is scattered around the steady poitenti

flow curves, while the viscous flow curve predicts rmuch lower
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devosition. The experimental dats of Walton and ¥Woolcock
for aerosols on spherical water
drovs is shown to be parallel to and slightly below the theor-

flow curve and well above the theorstical
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sition with inhalation has been the steady state assurptions.
In the real lung the sinusoidal breath'ng pattern sets up a
thin unsteady boundary layer which never sttains the steady

state thickness assumed close to the wedge tip. However, even

a thin unsteady boundary layer will revresent some resistance
to particle devosition from the potential flow streamlines.
It is logical that the unsteady boundary layer case will

theoretically predict deposition values which are slightly
lower than the votential flow case, resulting in betier agree-

ment with the expsrimental data.

Data Fitting With Stokes Humber

The use of dimensionlsss parameters to correlate deposition

¢

data ig a standard practice. Both the experimental and the
numsrical calculations can be represented by an equation of the

- ~B - . e S X
form FS/C = AT, 7, 1In general ths deposition data in the bifur-

cation model would be expecied to be a function ol Stokes

number, Reynolds number, and a parameter describing the periocdic
2

naturas f the Tlow ( ‘:{'%(,4/\)), Stokes n heyr = Sth = U{)Pdpﬁga}(

the Stokes number to correlate the dats., Figures Bl3 and Bllk

are vlots of the Stokes number at x distances along the wedge
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comparison, Fitting Stokes number to the theoretical data

e
s

4
(2]

Tor one micron particles cives the follow
Loy = 5215x00° (St )‘7

Fitting Stokes number to the straizht line drawn through the
experimsntal‘data gives the following:

Fofeu = 768 x0°% (st k’x)-%
Following the same procedure in Bll for the 10 micron particles
at 100 em./sec, cives the following:

Flcu = 9.8x16° (St )"°
This is a2 straight line approximation of the 10 micron data
on log log coordinates., Because of the actual nonlinesr form
of the 10 micron data, it is impossible to it the one and
10 micron date with the same function of the Stokes numbsr.
This is understandable since the Stokes number has nd mechanism
to account for variations in ths potential velocity around
the wedgs. As described earlier these accelerating and decel-
erating fluid motions cause great differences in the deposition
behavior of 1 and 10 micron varticles, A local particls

v = Ulocfgdpél)'

Reynolds number may handle this situation( Re



33

SUMMARY AND CONCLUSIONS

Since many lung diseases ars known to arise from particle

W

Qq

>

deposition in the bronchial tubes, thse first lung bifurcation
betweasn the trachea and its two bronchial tubes is a logical
"hot spot to analyze to dstermine specific tissue doses.

A two dimsnsional bifurcation model with a 900 wedge
was chosen for analysis. The unsteady flow behavior of &
real lunszs waé apvroximated by two steady state flow cases:

(1) steady potential flow

(2) steady potential flow with a steady laminar boundary
layer along the bifurcation wedge.

Using the principles of theoretical hydrodynamics, a

otential flow solution was obtained for the model. To

o’

facilitate numerical calculations of particle trajectories,
an approximate snalytic votential solution was obtained about
the wedge, A solution for the thickness and velocity distri-

bution of the steady laminar boundary layer along the wedge

wag also obtained., Applying the flow solutions to the dif-
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The numerical devosition results for 20, 10, 5, L, 3, 2,

gles 11
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and 1 micron part teady notential flow predict the

¥

tion at a mazximum distance of 2,0 centimeters, predict
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e deposition flux/concentration decreasing as a function
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of a necative vower of the distance along the wedze, and show

that the sxact unczi onal form of the data varies for each
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narticle size, Dev or larse varticles a

b

be higher than Tor small particles due to

=
o

observed to always
their larger relaxation times., Steady boundary layer depo-
sition is only observed to be gignificaent for 10 and 20 micron
particles out to a maximum distance of 16"2 and 10"1 centimeters

from the wedge respectively. The smaller particles all deposit

ot

h stance equivalent to their varticle diamster from
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na

71

ot

the tip. Incrsasingly nonlinear convex regions for increasing
particle sizs in the potential flow case is explained by the
combination effects of particle relaxation time and the degres

of deceleration and acceleration of the stream velocities

I~

n
the region of particle travel. The nénlimearity also explains
the failure of the Stokes number correlation to it all particle
size and flow rate cacses,

When compared with experimental date, numerical deposition
results for one micron particles in 1.0, 1.8, and 2.5 second

teady potentisal
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similated inhal

case over-estimates the dezree of experimental deposition by

B

2

5 to 8.5 times at the wedge tip and from 1 to 5 times beyond

the tip. However, the one micron steady boundary layer results

predict no devosition for potential veloeities below 128.5
-l

L]

em./sec, and no devosition beyond 10 centimeters for potential
velocities at and above 128.5 em./sec. Our theoretical results
represent uoper and lowsr bounds to the unsteady experimental

d on unsteady main

®

&l analysis bas

()

data, therefore a theorect

ca

stream flow with unsteady boundary lavers should give deposition
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predictions closer in

ct

he model used,

The author plans to continue this resezrch by enalyzing

the vnsteady flow problem, and by collecting more experimental
data on various particles sizes, The effeect of radial and
convective diffusion in the deposition of particles of .1

to .5 micron diameter (size of cigarette smoke particles) at
the bifurcation will be studied theoretically, and experimental

data collection will be attempted.
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NOMENCLATURE
Arabic Symbols

c concentration of particles in stream, particles/cm§

dD particle diameter, cm.

F particle flux in main stream, varticles/ cnsec

Fs particlie depoéition flux on wedge, particles/cmzsec

h breadth of main channel in model, cm

h2 breadth of branch in model, cm

hs stopping distance, cm

L distance along wedge, cm

q stream speed, cm/sec

Q transformation variable

t length.of time interval, ssc

u,v X,y direétional components of stream velocity in z-plane

Ups ¥y, boundary layer velocities parallel and perpendicular to
the wedge

T main stream velocity at infinite distance before wedge

U, branch strsam velocity infinite distance beyond wedge

U-l ~potential velocity at x= -1 cm before wedge tip

W complex potential



Greek Symbols

Iy
§x)
©

by L @€ P D

&

w

v

bisected wedge angle
boundary layer thickness, cm
arctan(v/u)

density of air, am/cc
density of varticle, gm/cc

potential function

tresam function

6}
i

5

viscosity of air, gm/cmsec

complex veloecity cm/sec

elaxation time of particle, sec

oy ; i . . 2
kinematic viscosity of air, cm™/sec

transformation variable
displacement thickness, cm

angular freguency of breathing

—

21

.{.‘)

b4

1
seg



TABLE Bl

Values of the Reynolds number and the ratio of entrance length
to the length of the generation for the upper respiratory tract based
on the dimensions of Lung Model A proposed by WBibels. Time of
resviration = l} sec,, tidal volume = }50 c.c, The airflow curve is

acsmed to be sinusoidal,

Gen Number = Diam Length Maximum Reynolds Entrance Length

main bronchus

z W, (cm) (em) velocity number Total Length
d, 1, (em/sec) y,, .dz¥ 0.55 + 0.05¢ Re
Ve ¥ Tz/dz
"0 1 1.8 12.0 139 1670 ~
ok 2 1.22  Lh.76 151 1220 1751
2 It 0,83 1.90 166 913 22,140
3 8 0.56 0.76 176 656 27l
n 16 0,15 1.27 142, 3 u27‘ 8.80
5 32 0.35 107 113,04 265 5405
6 6li 0,28 0,903 89,1 166 3.06
7 128 0.23 0,76 69.2 106 1.95
8 256 0,186 - 0,6l 50,9 63 1.20
9 512 0,15L  0.5L 36.9 37.8 0,76
10 1024 0.130  0.46 - 26.L 22,9 0.52
11 2048 0,109  0.39 . 18.0° 13,1 0,36
12 1,096 0,095 0,33 12,2 7.78 0.30
13 8192 0.082 0,27 7.9 .33 0,25
14 16384  0.07h 0,23 5,10 2a51 0,23
15 32768 0,066 0,20 9,18 137 0.23
16 65536 0,060 0,165 1,96 0.78 0.22
trachea



TABLE B2

This table shows tho wvariation of the dimensionless
frequoncy parameter, Rﬂgﬁrfor various breathing rates in
the upver respiratory tract. R = generotlon radius, cm.,
w = 2raf, f = breathing rate, secfl, W, = kinematic viscosity

of air = 1.66X1071 emS/sec. at 98.6°F.
”

Gen Radius 12 BPM ?éf?wggm 30 BPH
*0 0.95 2,61 3.08 Lol
) 0.61 1,68 1.98 2.66

2 0.415 1.1 1.348 1.80

3 0.28 0.77 0,91 323

i 0.225 0.62 0,733 0,979
B 0.175 0.4815 - 0.57 0,763

6 0.1l 0.386 0,50 | 0.61

T 0,115 0.316 - 0,37k 04501

8 0.093 0.256 0.302 0,10l
9 0.077 0.212 0.236 0.335
10 0.065 0.179 0.21 0,282
3 0.0545 0.15 0.177 0.237
12 0.0L75 0.13 0.154 0.206
13 0.0l1 0,113 0.133 0.1785
1l 0.037 0.102 0.120 0.161
15 0.033  0.0907 0.107 0.1435
16 0.030 0.,0825 0,097L 0,131
% trachea

main bronchus
12 BPM = 2.5 sec., inhalation, £ = .2/sec,
16.7 BPM = 1,8 sec. inhalation, = ,278/sec.
30 BPM = 1.0 sec, inhalation, f «5/seC,

]
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TABLZ B3
PARTICLE PARAMETERS
Relaxation Time Stoppning Distance AT

cm® v sec _—hs sec cm
2%10"° 1.23%107° 8.70%10~% 2X107°
1%107°3 3,08x107H 2.18x10°2 ox107l
5x1o'h 7.7ox1o‘5 5.&5x1o”3 5X1o"5
nx10™H 5.03X10™° 3,56X107> Lx10™>
3x1074 2.70%107° . 1.91X1077 3x107°
2x1074 1.31)(10”S 9.25X10“h 1x107°
1x107H 3,5L%10° 2.5ux107H Lnx10~°
T = ,apdg/ 18
B, =¥ sine ¢ V = 100 cm/sec o= 15°
Ay = vertical separation betwesen particles at starting

position for each trajectory run

Note: A time interval of ,00001 seconds was used in all

steady potential runs;.

a sscond time interval of

.00001 or ,00002 seconds was used inside of the

boundary layer,

A particle at rest acquires 1/e of the velocity of

a suddenly applied air

stream in 7 seconds.
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TABLE Cl1

Average flow rates and velocities calculated from cam curve

of Figure C3

Time Time Average Average
Segment Segment Flow Rate Velocity
Number Width-sec cc/sec cm/sec

1 1/16 787 | 22.9
2 1/16 3537 102.5
3 1/16 4912 iLh2.5
L 1/16 5512 160.5
5 1/16 5762 167.5
6 1/16 5662 16L.5
7 1/16 5381 156.5
8 1/16 L912 142.5
9 1/16 ih12 128.5

10 1/16 3913 11l.5

11 1/16 3412 99.0

12 1/16 2882 83.9

13 1/16 2381 69.5

1l 1/16 1849 53,7

ji
Ul

1/32 112 hi.1



COSTEARY POTEMTTAL FLOW PROGRAM TO CALCHLATE THE AEROSHH, DEPOSTITION
C RATES AND LOCATIONS ALONGTTHF WENDGE "IN"A RTIFURCATINN NG MADFL™ " "

G
B P
C DEFINTTINON OF VARTARILES
e o O — .
C XO.Y0= PARTICLE CUOORDINATES AT STARTING POSTITION
G XTI AY I X2 YZE T PARTICCE COORDINATES AT "EGINNTING ANND END™OF FATH
e TRAJFCTORY SEGMENT
R UX°0Y= PARTICTLTE AND STREA™ VETLTICTTY COMPTINEMTS AT STARTING POSTTIUN
G HX1.UY1l= STREAM VELOCITY COMPONENT AT BEGINNING NF FACGH SEFGMENT
““““““ C TTTXTYYY TR VX2 VY Z=S PARTICLE VELTICTTY CIIMPONENT AT BEGINMING AN END
C OF FACH SEGMENT
- C = L IM=-MAXTMUMN NMUMBER—OF—STARTINGPOSTTIONS
C NDELZ= VERTICAL DISTANCE RETWEEN STARTING POSITIONS
T TAO= PARTTCILE RECAXATION TTME
G R= PARTICLE RADIUS
P C=MA X TMUOM D T STANCE OF  TRAVEC AT COWARCE RN TONG WEDGE
C NT= TIME INTERVAL FOR FACH SEGMENT
— U="STREMM—VEI-OCTTY AT INFINTTY
C Ul= STREAM VELOCITY AT
G STAGNATITINTSTREAMTINE
C 1J1= STREAM VELOCITY AT ONE CENTIMETER BEFORE THE WEDGE 0ON THE
—C XtT="PARTICCE DEPOSTTIONCOCATION ACONG WEDGE FUR ONE RUN
Cc - ZL= AVERAGE DEPOSITION LOCATION FOR TWO XL LOCATIONS

— C—FSC=0EPUSTITIONFLUX7/PART ICCE CONCENTRATION TN STREAM
e .
C M AT PROGRAM T O ETERMINE  PART ICTE  TRAJECTORTES
COMMON UX(40)4sUY{40)sXL(40O)sDELZ4N
OB TE  PRECT S TON DELZS X0 YO THET A, DIST6 s DI ST ZANGLE s VRIS VYIS XISV
IUXTsUYI9RELXsTeX24Y2,4,VX2, VYZ?ZvXL»UXvUY,SLUEP,Ul
I ST6 A R =0 A AF R R, T6666666666666606
5 READ(5410) LIMyDELZWX0,TAUSR4C+DT,4DT1
IO FORMAT T T O 2T OS5 E TS T
IF(LIM LT. 1) STOP
READTSS T U
11 FORMAT{E10.5)
Hi=tt/1=22—
WRITE(64512) LIMyDELZ+X0+TAUSR,C4DT U1
2O FtRMA T SR T T T S S R TS RO E T T = O T O S O RS X =T D O 3 O X S E T A=
1E10.3//74H R =3E10s3910Xs3HC =9E10e3+10X+4HDT =3E10.3,510X,4HULl =,E1
20377777

DT2=DT
€ .
C START OF MAIN DO LOOP FOR EACH NEW STARTING POSITION
€
DO 69 I=1,LIM
T=t=0T2y7TAt
RELX=1.0-DEXP(T)
Rtnt=Ft0AT+1)
C
——C €Attt O F T INTT I AT PARTICCEVELOCTTIES
C

Y O=rE L RUN=T o0+ 0000000000000001

THETA=DATAN2(Y0D, X0)

ARG E=t 3T T H 5926939 89T 93 2=THETAY /370

DIST=DISTA{X0,Y0)
Xt =TS TR St AN G TE Y

UY{T)=DIST*DSIN(ZANGLE)

WRTTEH T TSV I XO7Y 070Xt Uyt

1I50FORMAT(12HORUN NUMBER=9 1443 X33HX0=9D13.594%Xs3HY0=9D13.5,5X, THUX(T)




b omeNI B R 5K THUVI I ] =oN13.8271

VXT=1UX(T) i o e -
VY1=1Y (1)

T X EXD
Y1=Y0

- =Y
(o4

C  PARTICLUR VELTICITIES AN POSTTITNS TALT TN POTENTIAL FLTIW REGTVE
C

T TTARTAEDAT AN IY TS X 1)
IANGLE=(3.1415%926535897932=-THFTA) /3.0

T T T DISTEDNTSTHAIXT,YL)
UX1=DISTDCOS{ZANGLE)

S Y 1 =NISTEDS TN ZANGEE)
VX 2=VX1+(UX1=VX1)*RELX

VY Z=VYIFTUYI=-VYITRRELX
X2=X1+UX1#DT+TAUR(VX1-UX1)*RELX

Y ZEY TF UV IO TF TAURTVYT=UY T TRRFLCX
Z=DSORT(X2¥X2+Y2%Y2)

C CHECK IF PARTICLES HAVE IMPACTED ON THE WEDGE WALL

IF(X2 LT. -.01) GO TO 23

Tt 77— tEs RGO T0 30
IF{X2 .GE. 0.0 .AND. Y2 .LE. R} GO TO 30

I Y 2L L E e X 2F IS H A 2GR T GO TOT40
TF(X2 GFe 0.0 JAND., Z .GT. C) GO TO 50

Z> AL=ACZ

Yi=Y2

VX T=VX7"

VY1=VY2

GO0 20—
C A
C CAtCU AT ION"OF EXACT UEPUSITION COCATIONS
C

30 XCTI=0.0
GO TN 69

40— STOEP=tY2Z=YTT7tXZ2=X17

XLII)=1.414214%(((Y1-SLOEP*X1-1.414214%R)/{1-SLOEP))+.70711%*R)

TR LT = ETs 0 0 XL T =030
69 CONTIMUE

N=TFITXIRUN=39)
M=N

— GO0 TO05%
50 N=IFIX(RUN=-1.9)

MY

54 WRITE(A.51)

ST FORMATI IR I IS X 2HUX T I B Ry Z2RTY S T8 X 2RXT7 77
WRITE(6452) (UX{I)UY(T)eXL{T),y I=14M)

TS 2T EORMAT I RO 3D 20 8
WRITF(6+53)

53 FORMAT(IHL]
CALL DEPOST

GO TIT 5
END

C SUBRUUTINFE T1J CALCUCATE THE UEPUSITION RATES AND LCUCATIUONS
SHRROVTINE DEPOST

COPVTFNT X T a0 ] s UY (AT Ty XCTAUT 2 DELZ s N
DOVRLE PRECISTION AVUXAVUY ,AVELANGLyZL,FSCoDELZ ¢UX,UY 4 XL

WRTTE(ARS]
5 FORMAT{1HO 20X, 17HAVER DEP LOCATION,26X413HDEP FLUX/CONC//)




N 1 K=1 .M
AVUX=(UXIR)I+UX(K¥EL)) /2.0
AVIIY=(UYTK)+IIY(K+1))Y/2.0

T T T AV CEOSORT U RVITCGERVITXF AV Y = RVTTY ]
ANMGL=DATANZ { AVUY - AVIIX)

Z1={XUMKYFXIAKFTUTY/7. 0 77777
I[F(Z1L .LF. 0.0) GO TO 7

FSC=AVELCRDECZWOCTOSTANGL Y 7 X TR+ T =XT KT
GO T 9 '

TR SCEAVELNELZFNCOSTANGL T 71T, 0000717
9 MRITE(6425) ZL4FSC

T T T 28T RORMATUTIHTO, 20X, 02085, 20X, 20.87)
15 CONTINUE

T T RETURN
END




STEADY POTENTTAL FLOW WITH LAMINAR KOUNDARY 1LAYER PROGRAM Tit CALCUHILATE

{
. THE AFROSOLTPDFPOSTTINN RATES AMDTLTICATIONS ALANMG  THF WEDGF T3 AT -
.. BIFURCATION LUNG MODEL
e s
C NDEFINTTION OF VARIARILFS
S s e e e e R e e e B PA  e S, -
(4 X0.YO= PARTICLE COORDINATES AT STARTING POSTTINON
=G X1 oY1 X23YZ="PARTTOCLE CONRDINATES "AT REGTINRNING "ANDENTY TIF "FATH
C TRAJECTORY SEGMENT '
T TTTTTUXGUYETPARRTICILE ANTT STREAM VETLOTTITY COMPTINERTS AT STARTING  POSTTITIN
C UX1sUY1= STREAM VELNDCITY COMPONENT AT BEGINNING AF EACH SFGMENT
i ¥ VX1 VY1, VXZ,VYZ="PARTICLE VEITICTTY CHOMPONENT AT BEGTNNING - ANTI END
C NF FACH SEGMENT
S LIM_'MAXIMUW“MUMR%R“UF”?TARTINC‘PU@TTLHNS
C DELZ= VERTICAL DISTANCE BETWEEN STARTING PNSITINNS
T TAU= PARTICLE RELAXATION TIME
C R= PARTICLE RADIHUS
s CEMAXTMOM TSTANGCE OF TRAVEL ACLOWARLE ALUNG WEDGE
C NT= TIME INTERVAL FOR FACH SEGMENT A
T T IE TIME T INTERVAL FOR A TRAJECTORY SEGMENT [N THE RUOUNTIARY LCAYER
C U= STREAM VELOCITY AT INFINITY 7
S U= STREAM VECTICTTY AT INFINTTY
G STAGNATION STREAMLINE
—G =S TREAVECOCTTY AT ONE  CENTIMETER REFORE THE WEDGEON"THE
G XL= PARTICLE DEPOSITION LOCATION ALONG WEDGE FOR ONF RUN
— G =AY ERAGE D EPOS T ION—TOCAT ION—FOR—TWO—XT—LOCAT IS
G FSC= DFPOSITION FIUX/PARTICLF CONCENTRATION IN STREAM
= ] AII“T P
C BLT~ HOUNDARY LAYER THICKNESS AT XB
£ XB=——"COORDHATEALHNGREDGE
c YB= COORDINATE PERPENDICULAR TO WEDGE
— X R Y By =B OUNDARY AV ER VLB C I FIES N Bs YR DI RECTFIONS
¢ ; | | ‘
—C AT PR OGRAM T O DT ERMPHE—PAR T I CE— T RAJECTORTES

COMMON UX(40)4UY(40) +XL(40)DELZWN
—— O BUR PR EC TS TION-— PR 5 X0 YO THETAS DI ST 6 D ST ZANGI  Es VXIS vy XYy i3 ——
IUX1 s UYL oRELX 9T oX29Y29VX2sVY29Z 9 XL oUXsUY oSLOEP WF14F124F13,F32,F52,F
————— 2305 6+ Bt A INGE S Y R K B BT X B 3 X R 34X B 3 Y B 205 Y B3 05 Y B S O Y R6 05X B H——
3YR
ST A B =t AT B B e T 6 6 6666665656655
5 READ{5,10) LIMDELZ¢XOsTAU4RC4DTLDT1
1O FORMATI T O 2010555510355}
JF{LIM .LT. 1) STOP
RENDASsT1—0
11 FORMAT(ELO.H)
tH=t71<-22—
WRITE(H,12) LIMeDELZXO3TAURsCsDT,DT1,U1

20 FORMAT O M= s S A 6 RO =D 0 37 O =50 37 O SHFat—=——
1E10.3//4H R =,E10-3910X 3HC =3E10.3510X34HDT =3FE10.3410X+6HDT1 = o
g S 1 e I 17 T2 i L S S s
“DT2=DT
K=t 197

i
F=U1/XMUP
Fl2=F%35
Fl3=F%%,3333333333333333
FaZ2=F2%Te5
F52=F*%2.5
F3or==="371r
= (U1 XMUYP ), 5
R - 1 01 S B0 b S W
C




1

¢ START DF MAIN DO LOOP FHR F/\(H N}—W STZ\DTINC PHSTTIH\'

poHe I=1,0L10M
D B S DI A WA AR

RELX=1.0=-DEXP(T)

RUN=FLOATTT)

£
. CALC OF INTTIANL PARTICLETVELOCTTTIES
C

Y RETE COF TRUNS T O F . DUTUTO0 000001

THETA=DATANZ2{YO, X0)

T T T T ANGLREE A LTI 926539 BRI TI3Z=THETAT /3.0
DIST=DISTHIXO,YO)
TUXCTY =D ISTHICOSTZANGITEY
UY({I)Y=DISTHNSIN(ZANGLE)
WRITE(B 15Tl XOsYU,UXTTTsUYTT]

1SOFORMAT(12HORUN NUMBER=431443X93HX0=+sD13.594X,3HY0=,D13.5,5X,7HUX(])

= TI3.5y5Xs fHUYLLT =2013.277)
VX1=UX{T)

~ VYT=UY T
X1=X0
YI=YO
J=1

C PARTICLE VELOCITIES AND POSITIONS CALC IN POTENTIAL FLOW REGIME

20 THETA=DATAN2{Y1,X1)
LANbEP“T5*{4{59/65578919&4-vHE“KT/j.U
DIST=DISTEH(X1sY1)

UXT= I STICOSTZIANGLEE)
UY1=DIST*DSIN(ZANGLE)
VX2 =YX R REEX

VY 2=VY1+({UY1=VY1)3=RELX

X 2= X IR =T+ T AtV R T=X T RETX
Y2=Y1+UYL1H=DT+TAUR{VY1-UY1)*RELX
=t SORT X2 FXZFY2ZFY2)

C
R TP P AR T I E SV e TP ACTED - THE B

G

TFX 2 < CT o =0T G T 23
IFlZ «LEs R) GO TOQ 30
TFiX 2 SGEs O 0 AN Y2 S CE. RGO —TO 30
TF{Y? JLE. (X2+1.414214%R})} GO TO 40
FFX2 S GEST 00 a2 56T Cr 60 T0 50
THETA=DATANZ2(YZ X2}
IRGTE=THET A= 3 151592653589 793274 )
YB=Z%DSIN{ZINGLE)
T T XBELCOSTIINGIE)

IFIXRB JLT. 0.0) GO TO 23
T CT T CAUC UOF BOUNDARY CAYER THICRNESS

BLT=BCF*XB%x%*,3333333333333333

TFIYR LLE. BLTT GU TU 8O

23 X1=X2

YI=Y2Z

VX1=VX2

VYI1=VYZ

GO TO 20

TBOTVXTEVX?

VY1i=VvYy2
o XT=X2
Yi=Y2




PARTTCLFE VELNCITIES AND POSITIONS "CALC T IM

BOUNMDARY LLAYFR

LT THEFTA=EIATANZ (YT X1
7INGLE= THI1t'\-—(”v.14159?6‘735529/937/4.)

Y R=Z% anf\T(?[f\]G[F) e
XR=7=DCOSEZINGLE)

XHBI3=1307/XRENT3333FIIIIFITIIZI33F
XPB&3=1,0/XR%x]1.,3333333333333333

XBT3AETO/XBRRZ.3333333333333333
YR20=YR=YH

TYR3IN=YRZOFYH
Y H50=YR30%YR2N

=Y R6H0O=YRIO=YRIO

UXR=U11%{ s8%F12%YR=-,166%FxYR20%XB13+.00148> F57 *YR50%XR4L3)

UYR=G (=018 FJZ“YHjﬂvXHfJ+AHﬂﬂﬂ§erUPYHHU"XH75I

UX1=.70711=(UXB=-UYB)

Y = o T O T IS U R BEFY R

VX2=VX1+{UX1-VX1)=*RELX

Y2 Y T TR AR :
X 2=X1+UX1#DT+TAU (VX 1-UX1)*RELX

Y 2=y Ty IO T+ T AUt VY IT=UY T TRELCX
Z=DSORT(X2%X2+Y2%Y2)

CHECK IF PARTICLES HAVE IMPACTED OM WALLS

BENEATH BODUNDARY

iLAYER

aNale)

IF(Z .LE. R) GO TO 30

I Ry S G E T O O AN D Y e R RGO T O30

IF(Y2 JLE. (X2+1.414214%R)) GO TO 40

F X2 S GEs 0.0 - AND T2 SGT-CI GO TUO 50
X1=X2

YT=Y2
VX1=VX2

Y T=Y2
IF{X2 .GT. 0.0) GO TO 90

GO~ T 81

C LOOP TO CHANGE DELTA TIME INTERVAL
GO— -t NEs— 1 )—60—T0—81—

NDT=0T1
T=t=OT7 Tt
RELX=1.0-DEXP(T)
=t
GO T0 81

-c— : _

C CALCULATION OF EXACT DEPOSITION LOCATIONS

-~
.

30 XL(I)=0.0

GO 69
40 SLOEP=(Y2-Y1)/({X2-X1)

X = oo T 2 Tt Y =S L0 E P X = 14 2 T4 R 7 T=SCOFP T Y=L TO7T T TR

IF(XLIT) LT 0.0) XL({I)=0.0

6y UThV T TNTE

MEN
GO TO 54

TS NETF I X TRUN=T 97

M=N+1

D WRTIETOGs D]
51 FORMAT(IHL 15X +s2HUX 18X 42HUY, 18X, ?HXL//)

TTTTTTTTHRITERE Y ST (UXTTIUY T XTIy T

52 FORMAT{1H0,3D20.8)




FRITELGH3)
53 FORMATIHY Y 707 T
CALL NEPOST

A O § I B
END

T ¢ OSURRNUTINE TACALCULATE THE DEPOSTTION RATES AND LOCATTIANS
SURRNUITINE DEPAOST '

CCNNMMON X TETTyUY TEOY S XCT40T S, UEL LGN - T
NDOURLE PRECISTON AVUXsAVUY S AVEL s ANGL 7L s FSCaNELZ 2UX 4 Y 3 XL+ Z1LLsFLSC

URTTETH 5]
5 FORMAT{LHO,20X,17THAVER DEP LOCATION, 26X, 13HDEP FLUX/CONC//)

T T T no IS KELN
AVUX={UX(K)Y+UX{K+1)) /2.0

AVUY={ Y (K TFUYIRFTT /2507
AVEL=DSORT {AVUXHZAVUX+AVUYAVUY)

ANGU=DATANZTAVUY y AVITX] :
ZL={XLIK)+XL(K+1})/2.0

ITFT7Z0 JCE.T 0.0 GO Ta 7
FSC=AVEL*DELZ*DCOSCANGL) /{XL{K+1)=-XL(K))

—————FLSCEDTNGTOTFST)
ZLL=DLOGLO(ZL)

U
7 FSC=AVEL*DELZ*DCOS(ANGL)/(.00001)

FESC=DtOGToOtFSC)
ZLL=0.0

T OTWRTTENGS 25 T LI 2t Ty FSCHFEST
25 FORMAT({1HO+D20+8510XsF1045:20X,D20.8410X+F10.5)

5 CONTTNUE
RETURN

N
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