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ABSTRACT

T
o keep the working environment a
s healthful a
s possible the permissible

exposure to dust particles has to be decreased . Lower permissible exposure
makes the representativeness o

f

the sample more important and methods to

estimate the sampling errors are necessary . A theoretical model and a com
puter program system has been developed to estimate such errors .

The computer program can handle various inlet geometries such a
s circular

tube and parallel plates . Samplers whose face is not perpendicular to the
ambient flow are simulated b

y
a line sink . The model accounts for inertial

and sedimentation effects o
n particle motion .

The results obtained b
y

use o
f

the computer program system agree very well
with the experimental data reported in the literature .

iii



CONTENTS

. . . .

. . • .

iii
v

vii
1

3

12
33

50
75

.

.

Abstract ..
List of Figures
List of Tables .
Introduction .
Literature Survey
Theoretical Model .
Method of Solution .
Results and Discussion .
References .
Appendixes
A. Derivation of Boundary Condition at Section II .
B. Stream Function for Uniform Sink Strength
Distribution . .

C. Stream Function for Triangular Sink Strength
Distribution . .

D. Computer Program Listing .
E. Computer Program System User Manual

Glossary .

78
80

80.

. 82
84

110

125

iv



FIGURES

6

8

3.

•

.

9

10

13

15 .

17

20

22
24

30

34
36

37
45

46

.

11 . . .

51

1. Comparison of theoretical and experimental effects
of anisokinetic sampling .

2 . Comparison of experimental and theoretical data
taken from various authors .
Flowfield in the case of sampling a stationary fluid
into a tube ..

4 . Particle trajectories at U /Vo = 25 , K = 0.3
5. Modeling strategy ..
6 . Coordinate system for solving Equation ( 14 )
7 . Nomenclature of flow region for two parallel plates
8 . Nomenclature of flow boundary for circular tube . .
9 . Line sink distribution along face plane of the sampler .
10. Triangular source /sink strength distribution .
Coordinate system for electrostatic force calculation

12 . Rectangular mesh geometry
13. Unequal grid size .
14 . Various inlet geometries .
15. Flow field boundary and grid point layout
16 . Boundary conditions for circular inlet .
17. C / Co vs. Stokes's number U / U. = 1.2 thin -walled
circular tube

18 .
C / Co vs. Stokes ' s number U/Vo = 2.0 thin -walled
circular tube , a = 90° .-

19. Sampling bias for thin -walled circular tube facing
the stream , velocity ratio = 0.75 . .

20 . Sampling bias for thin -walled circular tube facing
the stream , velocity ratio = 0.375 .

21. Sampling bias for thin -walled circular tube facing
the stream , velocity ratio = 0.1875 .

22. Sampling bias for thin -walled circular tube facing
the stream , velocity ratio = 0.0938

23. Trajectory of particles , U = 0.375 , a = 90 ° , K = 0.01
24. Trajectory of particles , U = 0.375 , a = 900 , K = 0.3U

25. Trajectory of particles , U = 0.375 , a = 900 , K = 3.0
26. Trajectory of particles , U = 0.375 , Q = 600 , K = 0.01
27. Trajectory of particles , U = 0.375 , a = 00 , K = 0.01U K

28. C / Co vs. orientation angle for U = 0.375 and lip
depth of 0.2 . ..

2
9
.

C / Co vs.Stoke's number for å = 900 , square iniet ,a

ZLIP = 0 .0 ..
30. C / Co vs. Stoke's number for a = 900 , square inlet ,

ZLIP = 0 .0
.
.

52

53

54

55

.

-

56

57

58

59

60
61

a .

a

- a =

63.

64

65

V



66

67.

68

70

31. Stokes number vs. C / Co for U = 0.375 , square inlet ,
ZLIP = 0 .0...

32. C / Co vs. a for U = 0.375 , square inlet , ZLIP = 0 .
33. Effect of bias on the distribution , a = 90 ° , square
inlet , ZLIP = 0 ...

34. C /Co vs. U /Vo for square inlet facing the stream .
35. C / Co vs. K for various thicknesses of wall with
circular inlet facing the stream , U / U . = 0.375 .

36. Comparison of theoretical results with experimental
data of S. Badzioch ( 1959 ) , circular tube facing
the stream .

37. Parameter description for inlet geometry and
orientation ..

71.

72

110

vi



TABLES

11
1. Permissible radii of tubes ( cm ) for sampling
aerosols in calm conditions

2. Typical values of Stokes number K , Peclet number Pe ,
Froude number Fr for unit density spheres
Parameter description and physical significance3.

31

47.

vii





INTRODUCTION

Almost all methods of aerosol characterization begin with aerosol sampling-
the capture and transport of aerosols to a characterizing instrument of some
kind . The most important aspect of sampling is the representativeness of the
sample . Representativeness exists when both the sample and the aerosol from
which it was drawn are identical with respect to concentration , particle size
distribution , and chemical composition .

As early as 1911 , Brady and T
o
u

zalin ' predicted and experimentally verified
the possibility o

f obtaining nonrepresentative samples o
f particulate matter

b
y
a sampler . Since then , the expertmental data o
f

numerous investigators
have confirmed the impostance o

f sampling procedures . Few , however , have
made attempts to establish a theoretical basis for estimating sampling error .

T
o keep the working environment as safe a
s possible the permissible exposure

to particles is made less and less . Lower permissible exposure makes the
representativeness o

f

the sample more important , and methods to estimate the
sampling errors are necessary .

The quality o
f air in an industrial environment is evaluated b
y

use o
f

sam
pling methods . The recent emphasis o

n personal sampling has produced a trend

to wear small battery operated samplers . The usual approach is to attach a

filter in a two or three piece cassette to the workers breathing zone and
connecting the cassette to a belt mounted , battery operated pump with a

n

appropriate length o
f tubing . Personal respirable dust samplers consist o
f
a

cyclone fitted to the sampling head that may b
e attached to the worker's

clothing near his breathing zone . The cyclone is designed to closely approx
imate the AEC -ACGIH respirable dust curves . Some o

f

the other commonly used
samplers are horizontal elutria tor , open faced filter , closed face filter ,
etc. The inlet geometries of the above mentioned samplers vary widely , from

a square inlet in a cyclone to a circular inlet in a closed face filter .

The goal o
f

this research program is to develop a computer program system for
predicting the sampling errors for various inlet geometries encountered in

personal sampling .

The program involves the following tasks :

Task 1 : Literature Survey
Task 2 : Theoretical Simulation of Fluid Flow
Task 3 : Theoretical Simulation of Particle Motion

1



Fluid flow simulation required the modelling of the following :

( a ) Sampling procedures and conditions for obtaining the best
results differ markedly for sampling from flowing and
stationary environments . Hence , a model for the environ
ment from which the sample is drawn is very important for
meaningful results .

( b ) The disturbance created by introducing a sampling inlet in
to the above known environment establishes a new pattern of
fluid flow in the vicinity of the sampler inlet . The velo
city of suction of the sample further changes the fluid
dynamics of the sampling . Hence, a model for the fluid flow
in and around the sampling inlet has to be developed .

To estimate the performance of the sampler inlet , the effect of flow field on
particle transport has to be studied . Transport of particles depends on the
fluid flow , as well as such factors as particle size , density , and shape . So
a model that would enable us to calculate the transport of aerosols into the
probe has to be developed . This would complete the model for effectively pre
dicting the errors that occur during the sampling .

2



LITERATURE SURVEY

" Literature Search " was initiated upon commencement of this project with the
help of IITRI's Computer Search Center . The following data bases were
searched for pertinent works in " Inlet Characteristics of Aerosol Samplers . "

( 1 ) NTIS 1964-1978
( 2 ) APTIC (Air Pollution Abstracts ) 1966-1978
( 3 ) Compendex ( Engineering Index ) 1970-1978
( 4 ) CAC (Chemical Abstracts ) 1969-1978

A total of 354 citations were obtained from the computer search . Both theo
retical and experimental works that are directly connected to the program
were reviewed . Two substantially different types of aerosols are sampled in
practice -- flowing and stationary aerosols .

( a ) Sampling from flowing aerosols is encountered in the study of ducted
aerosols and atmospheric aerosols in the presence of wind . Lappel and
Shepperd ? were the first to present a theoretical approach and proposed an
equation for assessing the order of magnitude of anisokinetic errors .
Dallavalle suggested the use of experimentally determined velocity contours
as a possible means for determining the errors .

There was a growing interest in this problem in the fifties and only the two
methods proposed by Watson " and Badziochs , 6 appear to be practical . The"
above methods allow the determination of deviations in measured concentration
of particulates . Watson “ gave the following equation for estimating the
deviation .

с U 32U

+ f ( K )
* ]] (1)

where

C

f ( K ) = unknown function of K and is evaluated by experimental data
C = measured concentration of particles ( #1cc )С

co = actual concentration of particles (# 1 cc )

= stream velocity ( cm / sec )

= the mean air velocity at the sampling orifice
K = dimensionless inertial parameter called Stokes number

U
o
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Badzioch investigated the efficiency of collection of gas -borne particles by
an aspirated sampling nozzle . The efficiency was shown theoretically to de
pend on ( a ) the ratio of the velocity of aspiration into the sampling nozzle
to the velocity of the undisturbed gas stream , and ( b ) the ratio of a length
representing the distance of disturbance upstream of the nozzle to the " range "
of a particle . The " range " is defined as the distance a particle would tra
vel , before coming to rest , if projected into still gas with a velocity equal
to that of the gas stream . In the range of conditions investigated experi
mentally , which included nozzles of 0.65 to 1.90 cm diameter aspirating from
turbulent gas streams , it is found that the length representing the upstream
disturbance is a function of the diameter of the nozzle .

He gave the following expression for estimation of sampling error :

U
с

E a Ū + ( 1-a ) ( 2 )

where

-
a = [ 1 exp ( -D / 1 ) ]/ ( 0/1 )
1 = RL = range of a particle

D = assumed distance from the plane of nozzle exit at which the
streamlines start either diverging or converging and is a
function of L. The value of 0 was deduced from experiments .

Both of the above models are semi - empirical , using experimentally derived
parameters to bridge gaps in theoretical deductions .

Levin was the first to consider the inertial lag of particles with the par
ticles flowing into a point sink in the field of uniform wind . His theore
tical results are valid if
Ū
< 64K ( 3 )

0

is fulfilled , where Ū is the suction velocity of the sample ( cm / sec ) , UU is
free stream velocity , and K is the Stokes number ( 0.T / L ) . According to
Levin , if particle sedimentation is ignored , the asſiration coefficient due
to inertia Az = C / C. , where C is the measured concentration ( #/ cm3 ) and C
is the actual concentration (# / cm3 ), is determined as follows :

U U

� (4)A. = 1 - 3.2 K + 0.44 K2
i

Where Ū /u, values from 4.0 to 8.0 th
e

experimental results were in good
agreement with Equation 4 .

In the late fifties and early sixties there were a number of experimental
studies o

n the effect o
f

probe shape o
n the sampling accuracy and directional

dependence o
f samplers 8 , 9

4



Vitols 10311 calculated , by means of a computer , the flow field for an aspir
ated nozzle for various values of Ū / u , ignoring the turbulence and viscosity

Particle trajectories Vere computed fo
r

different values of
the Stokes number , K

. Gravitational force o
n the particles was not consid

ered . The graphs A ; vs. U / U , were obtained using the Stokes number as the
parameter . A typical curve P

s shown in Figure 1
.

T
h
e

lowest value o
f
K used

was large . For large values of K , the particle trajectories are nearly
straight . Their motion is nearly independent of the flow lines and A

z = U /Ū
because the efficiency of capture of th

e particles is 100 % fo
r

large K vaides .

These theoretical error estimates compared well with the experimental data o
f

Badzioch , which have a very large scatter_in values of A
j
: According to

when the wind velocity U
.
< Ū / 5 , th
e

aspiration coefficient can

b
e estimated from the sampling criteria fo
r

stationary systems . Whenever
this condition is not met , the aspiration coefficient can b

e calculated b
y

using Levin's ’ solution for A
z
. Because Levin's solution is based o
n

a point
sink that draws particles from a uniform stream , it is applicable only to

sampling tubes o
f

small radii . According to Davies , the maximum diamter , D ,

of the tube is :

D
2

F

4TTU

O
5

( 5 )

where F is the rate of suction of the sampler .
For larger sampling tubes Davies gave a

n empirical relation based o
n the e
x

perimental data and A ; is determined a
s follows :

o

A
z =

. %1 + f ( K ) ( 6 )

co

(7 )

where K is the particle Stokes number and

1( 1

1 + 2K1

Belyave and Levin 1
4 showed that the observed aspiration coefficient A could

not be identified with purely inertial aspiration A ; that h
a
d

been th
e

main
subject o

f

the earlier studies ( 1-13 ) . Taking into'account the rebound of
the particle and its deposition in the sampling tube , A. will b

e

a function

o
f
A , Ad (the coefficient characterizing th
e particle Eoncentration decrease

in a sample caused b
y deposition in the inlet channel ) and Ar ( the coeffi

cient which depends o
n the particle rebound from the front edge of the sam

pling nozzle and their subsequent aspiration into it ) .

All three coefficients , Az , Ano and Are strongly depend o
n nozzle shape .

Since the character o
f

this dependencē ' fo
r

A
r and A
g

h
a
s

yet to be estab
lished , Ar a

n
d

A
g

were assumed to b
e

united and gave a
n empirical relation

for A ; as ' follows :
lu

A ; = 1 + ( 8 )- 12U

5
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>where B is a non -dimensional function , B + 0 as K + 0 , and B + 1 as K + ..
All the previous works concluded that B is a function of K only . But in
Figure 2 , which gives theoretical curves as well as experimental points , B
shows a dependence on T /U, a

n
d

is given a
s follows :

1

B = 1

1 + BK ( 9 )

I

Levin 1
6

and B , a non - dimensional function , is given b
y
:

Ū

B = 2 + 0.617 ( 1
0
)

0

( b ) Sampling from calm air or stationary aerosols has been investigated much
less than sampling from flowing aerosols . Figures 3 and 4 demonstrate that
the character o

f

the flow fields at the entrance to a tube from a stationary

medium a
n
d

from a stream 0 < // Ū < 1 is quite different - 5 .

considered the sampling from stationary aerosols a
s
a flow into a

point sink . H
e developed a relation for A ;, the inertial aspiration coeffi

cient , which is :

A
z

+ 1 - 0.8K + 0.08K ? + ( 1
1 )

where K = 7
/4
V / F ) is a parameter acting a
s

a Stokes number , F is the flowK

rate into th
e

sink , a
n
d

V
s
is the sedimentation velocity of th
e

particle .

In his well known theory o
f sampling , Davies

12,13,15,2 3,33
used the stopping dis

tance o
f
a particle to characterize inertial effects and terminal settling

velocity to characterize sedimentation o
f particles . For inertia to be neg

ligible , the stop distance should b
e small compared to the radius o
f

the tube

D / 2 . For sedimentation to be negligible , the flow velocity in the probe

should b
e

much larger than the terminal settling velocity . Then the complete
condition to obtain a true sample is :

FT 1/3

�

F

( 1
2
)4T πgτ ,

where Fis the rate of suction of the sample ( cm / se
c
) , 7 is the relaxation

time o
f particles ( sec ) , and gis acceleration due to gravity ( cm / sec ? ) .

Using a
n arbitrary criteria of 1/5 h
e arrives a
t

the following condition :

F

FI 1/3 D

5 ( 1
3
)45 < Ž 5

Table 1 shows the permissible tube sizes for sampling aerosols a
s
a function

o
f

suction rate and particle size . When the tube radius is greater than the
lower figure , sampling errors due to inertia are not significant . When the
radius is less than the upper limit , sedimentation is not significant . The
two criteria can b

e satisfied simultaneously for the unbracketed entries in

the table but not for bracketed entries . Satisfactory samples can b
e ob

tained b
y using the tube size satisfying the lower limit condition and

orienting the sampler vertically to eliminate sedimentation .

£<< ��

πατ
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Agarwal 36 studied the problem of aerosol sampling under calm air conditions by
solving the Navier -Stokes equations and equation of variable motion . The study
was continued to circular inlets . The sampling efficiency of an inlet was
found to depend upon two dimensional parameters , the Stoken Number , K , and the
relative velocity , Vs ?. Using an arbitary criteria of 90x efficiency , he ar
rives at the following condition :

2.K.Vs ? < 0
.1

This criterion is less restrictive than the condition given b
y equation ( 1
3
)

and provides adequate accuracy .

Ter Kuile37 made the distinction between " representative sampling " and "com
parable sampling " . This results in two criteria .

1
. The criterion for representative sampling which combines a modification o
f

DAVIES ' theory for representative sampling and LEVIN's sampling theory into
one criterion which is limited b

y

three physical effects :

O impaction o
n the wall of the inlet ;

- sedimentation o
n the wall o
f

the inlet ;

- dynamic escape from the sampling region .

2 . The criterion for comparable sampling requires that the inlet is to point
vertically downwards with a filter near the inlet , resulting in a higher ef
ficiency , sharper cut -off limits , better reproducibility and better compar
ability .

Both these criteria were given in graphs in which the sampling . efficiency is

a function o
f
a dimensionless particle size number ( kan ) , and a tube size num

b
e
r
(mool .Theoretical limits of th
e

region where th
e efficiency is more than

9
0
% for representative sampling and more than 9
4
% for comparable sampling are

plotted in these graphs . The tube size number only depends o
n parameters o
f

the sampling device , so that the design o
f

this device determines the nature

o
f

the physical limitation . A
s

a result o
f this , sampling devices can b
e di

vided into three classes for which different physical mechanisms limit the
aspiration efficiency of large particles .

8
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Figure 3 . Flow field in the case of sampling a stationary fluid into a tube
( from reference [ 17 ] ) .
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2

Figure 4 . Particle trajectories at U /U . 25 , K = 0.3 ( from reference [ 17 ] ) .
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Fuchs presented a review of methods of sampling and methods to estimate the
bias . During this literature search the author came across a number of exper
imental studies on the effect of probe shape , orientation and velocity of sam
pling on entry efficiencies .

Glaubermanº studied the directional dependence of air samplers using uranium
oxide dusts . Two filtration type air samplers were tested . In turbulent air
no bias was found due to orientation . In a directional air stream , a sampler
head facing into the air stream collected more dust by a factor of two com
pared to a sampler facing up or down . Schmellº investigated particle sam
pling errors from several sources . The sampling errors were significant for
particles as small as 1 micron in some cases . Pickett and Sansone22 studied
the effect of varying inlet geometry on collection characteristics of a
10 -millimeter Nylon Cyclone . Samples of coal dust aerosol were collected
simultaneously with two filter holders : one designed to conform to Davies '
criteria, and one with smaller inlet dimensions corresponding to those of the
10 mm Nylon Cyclone . No differences in mass concentration or size distribu
tion were obtained .

Breslin and Stein26 considered sampling inlets in calm air . Their results
showed that Davies ' criteria for inlet conditions for correct sampling are
overly restrictive .

Raynor 30 studied the effect on the entrance efficiency of a filter holder
caused by variations in the following parameters--air speed , flow rate , angle
between the air flow and the filter holder , and particle size . Efficiencies
for various particles were determined over a range of angles from 60-120
degrees from horizontal for wind speeds of 100 , 200 , 400 and 700 cm / sec and
filter flow rates of 6.4 , 12.7 and 25.4 liters /min . The entrance efficiency
varied with all parameters from less than 1 % at highest wind speed and
lowest flow rate to over 100 % at forward angles . Efficiency was lowest with
filter holder entrance at right angles to the air stream .

Table 1. Permissible radii of tubes ( cm ) for sampling aerosols
in calm conditions *

Particle

diameter , H

Rate of suction , F (cin ' /suc )
100 1,0001 10 10,000 100,000

1

2

5

10

20

50

100

-
21

0.033 1.9

0.051 1.0

0.093 ~ 0.41

0.15 0.41

( 0.23 0.10 )

( 0.12 0.012 )

( 0.63 0.023 )

( 0.89 0.011 )

( 1.26 0.008 )

0.071 - 6.0
0.11 3. 2

0.20 - 1.3

0.31 - 0.05

( 0.50 03:3)
( 0.90 - 0.13 )

( 1.4 - 0.071 )

( 1.9 - 11.037)
( 2.7 - 0.025 )

0.15-19
0.23-10
0.43- 4.1
0.08- 2.1
( 1.1 1.0 )

( 1.9 0.42 )

( 2.9 0.23)

( 4.1 0.14 )

( 5.8 0.08 )

0.3 :3 -60 0.71-190
0.51 - 32 1.1 -100
0.93-13 2.0 41

1.5 6.3 3.1

2.3 - 3.1 5.0 - 10.3

(4.2 2.1.33 ) ( 9.0 4.2)

( 6.3 ~ 0.71 ) ( 14.0 2.3 )

(8.9 - 0.37 ) ( 19) 1.4 )

( 13.6 0.28 ) ( 27 ~ 0.80 )

1.5-600
2.3-320
4.3-130
0.8- C5
11.0 - 31
( 19 13.3 )

( 29 7.1 )

(11 3.7 )

( 58 2.5)

N

200

300

* From Reference ( 12 )
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THEORETICAL MODEL

An overall theoretical model to simulate a personal sampler requires modeling
of the following :

.

.

Model for environmental flow patterns

Model for flow pattern in and around the sampler

Model for motion of particles

The strategy used to obtain the overall model for personal sampling is given
in the form of a block diagram in Figure 5 .

ENVIRONMENTAL FLOW PATTERNS : MODEL FOR INDUSTRIAL ENVIRONMENT

Industrial environmental flow patterns are so complex and individual that any
one particular model cannot describe the actual field for all types of work
ing environments . Hence , it is necessary to make some simplifying assumptions
so that a model can be developed . Different types of flow patterns exist in
a variety of working environments .

( 1 ) An environment essentially calm except for microscopic
fluctuations . This type of pattern can be found in
research laboratories , nuclear reactor plants , etc.

( 2 ) A steady flow exists in a particular direction even
though the direction cannot be fixed . The effect of
varying directions can be studied by using it as a
parameter . This kind of flow pattern will exist in
industries which need high ventilation .

( 3 ) In some working environments , the flow volume is so
large that the medium is essentially turbulent in
nature . In this type of environment the flow does not
realize the existence of an object ( sampling head , for
instance ) and barges into it . This kind of flow would
be predominant in environments which need very high
ventilation , such as mines .

Hence , the model uses the calm air type of sampling for environments of type
1 and a steady flow type for industrial environments of type 2. Type 3
environments could be realized by increasing the flow velocity of the uniform
flow of type 2 environments .

13
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FLOW RATE AND INLET GEOMETRY : MODEL FOR FLOW PATTERN IN AND AROUND THE PROBE

The model for flow pattern in and around the probe is assumed to be given by
the inviscid flow pattern . In solving the inviscid problem above , it was
assumed the fluid was ideal , without any viscosity as it glides over the walls
of the boundary . In reality all fluids have viscosity , hence friction . So
the fluid in contact with the wall will be subjected to a no slip condition ,
that is , the velocity at the wall is zero . This viscous effect extends only
to a very small distance from the wall and was not taken into account in this
study .

Sampler Facing the Stream

Equations in this section are formulated in the general form so that they can
be applied to any given geometry . Ideal fluid flow patterns and velocity
distributions can be determined by solving the Laplace equation for the stream
function , U. 16

02 = 0 ( 14 )

where 02 is the Laplace operator .
a 2

əy ?
for two dimensions

where 02 is the second order central difference operator . The shape of the
body determines the boundary conditions on the stream function . General con
ditions will be :

p2 co
n te

22

+

a
x ?

( 1 )

( 2 )

( 3 )

( 1
5
)

V = constant a
t

the body surface

U = 0 a
t

the axis of symmetry

W = y o
f

the environmental flow pattern upstream and
downstream from the body

The velocity o
f

flow can b
e calculated from y as :

ų -х
( i ) for Cartesian coordinates ( x , y , z ) ( see Figure 6 )

ay
ay

U au

у ax

( ii ) for cylindrical coordinates ( r , z ) ( see Figure 6 )

( 1
6
)

U
U
p

1 ay
ray

( 1
7
)

1 ay

U
Z

r a
r

Hence , once y is calculated from equation ( 1
4
) with the use o
f

conditions ( 15 )

then the velocity distribution can be found from either ( 16 ) or ( 17 ) .
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х Z

The stream function w does not exist for three dimensional flows . That is ,
there is no function such that a isoline is a stream line . But for a
solenoidal vector field (where Ū satisfies_the 3 - D continuity equation , 7 • Ū
0 ), a so - called vector potential v = vs T + J + v

n
k

does exist , such thaty

the velocity components are given b
y
:

მს , au-
a
y az

a
y

U
y ( 1
8
)az

Z

Х

a
y

əx

Z х

alle ay ,

U
. X

ayax

and y satisfies

D
a ū = 0= 0 ( 1
9
)

9Equation ( 1
8
) , when written in terms o
f

the vector components , constitutes a

set o
f

three equations to be solved for W
y
o

W
y , and V
z
: They are :

.

X

02 W
.
= 0

X

02 = 0 ( 2
0
)

' y

0
2

= 0

z

Equations ( 2
0
) are similar to equation ( 1
4
) . But the boundary conditions are

not as simple a
s
( 1
5
) and body shape needs to be specified to formulate them .

Due to the complexity involved in the boundary conditions and solution pro
cedures the flow model covers only the two dimensional and axisymmetrical
cases .

The two -dimensional equation ( 14 ) for v is useful where the sampling inlet is

e
i ther axisymmetrical o
r

when the ratio o
f height to width o
f

the inlet is
large enough to discard one dimension . Even if these conditions are not sat
isfied for a particular inlet , equation ( 14 ) will still approximate the flow

in the core region o
f

the sampler inlet .

Formulation of the problem for Specific Inlet Geometries

Parallel Plate Inlet-
This type of inlet is often encountered in the horizontal elutriator .

Figure 7 shows the nomenclature for the fluid flow region . A
s

can b
e

seen

from th
e figure , some transverse distance Y
o from the centerline of the

probe defined where the fluid stream line maintains a flow unperturbed by
the sampler . This assumption is necessary because a numerical solution for
the problem can b

e obtained only for a finite number of mesh points .

The required boundary conditions now have to be specified a
t

the centerline ,

th
e

probe surface , the constant ordinate Y
o

and section I and II as shown in

Figure 7 .

1
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When Section I and II are sufficiently far up and downstream from the inlet
and the disturbed flow region , the velocities at these stations can be con
sidered uniform and axial only. The axial component ofvelocity U , and trans
verse component Uy a

re related to th
e

stream a
s follows :

au
U
z ( 21 )ay

U
y

o
u
la

( 2
2
)

The expression for y at sections I and II can b
e obtained b
y integrating

equation ( 2
1
) :

W = U
.

+ C
i

( 2
3
)у

Where U is the appropriate velocity of the fluid and C
o is an orbitrary com

tant o
f integration for which a value o
f

zero can b
e assigned .

Then o
n the centerline o
f

the probe ( upstream and inside the probe ) the value
of the stream function becomes :

¥ ¢ = y a
t centerline = 0 ( 2
4
)

B
y

virtue of equation ( 2
3
) , the values for y at other boundaries follow :

W at Section I

V = UjY ( 2
5
)

W a
t yo = vyo = U1 %

y a
t

Section II is given in by three equation valid over various regions .

ФІР = y a
t

Section II inside the probe

= U
y 0 < b < H

y a
t

Section II outside the probe

( 2
6
)

YOp

= U
(UYO

U � ( H + W ) Ey Eyo

B
y

use o
f

mass balance a
t

Sections I and II , expression for HOP becomes

(Appendix A )

U
H )

" O
p
" T
y -T
y . - ( H + W ) ] ( y - ( H + W ) ) + UH

( 2
7
)

for ( H + W ) < y y
o

UpS = y o
n the probe surface = U
H for H < y < ( H + b ) ( 2
8
)

Divide the velocities b
y
U , and the distances b
y
H to make them nondimension

a
l
. Denoting the nondimensional quantities b
y

stars , the boundary conditions
become :
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41 * = y*

Vip* = U *y *

(4.*
Wop *

U* )

( H +W * )) * (y* - ( 1 +W* ) ) + U* ( 29 )

S

Фct
0

U *
PS

Equation ( 14 ) together with the boundary conditions ( 29 ) pose a well defined
problem .

Circular Tube-
Circular inlets are the most commonly used geometry in aerosol sampling .
Although circular tubes are very rarely found in the personal samplers for
aerosols , the inlets to the closed face filters can be approximated by the
circular tube geometry . Open faced filters can be regarded as a wide and
very short circular tubes terminating in a filter .

Figure 8 gives the flow field boundary description and nomenclature . A cir
cular tube of radius R , and wall thickness W , is considered to be located at
2 = ?. the axial and radial velocity components , Uz and Ur are given asfollows :

( 30 )

1 ay
Uz Y ar

Up= -1
/2

o
u
la

Following similar procedure used for parallel plates ,

W
I

WIP

1
/2 U p
²

( U , R. 2 UR2 )

Фор h / � ( r2 - ( R + W ) 2 ) + UR2 ( 3
1 )

T
R ? - ( R + W ) 2 )

4 ¢ = y a
t centerline = 0

Nondimensionalizing velocities b
y

U , and distances b
y
R boundary conditions

become :
V
y * = * 2 0 < r * < Ro *

0 < p * < 1VIP *
= U * * 2 ( 3
2
)

(R. * 2 U * )

Pop ( R * / ( 1 + W * ) 25 ( r * 2 ( 1 + W * ) ? ) + U *

( 1 + W * ) < r < Ro *

** ¢ = 0

20



vo

� UI

Ro

>

N
iX

�

R

R

U

N

Fi
g
u
re

8.
N
o
m
e
n
cl
a
tu
re

fo
r
fl
o
w

re
g
io
n
fo
r
ci
rc
u
la
r

in
le
t

.

21



Inviscid flow equations together with Equation ( 31 ) pose a well -defined problem .

Sampler with General Orientation to the Stream-
In the two models discussed above , the stream function existed because the
problem was reduced to two dimensions . With the parallel plate sampler , the
width of the plates along the x -axis is assumed to be so great that the flow
field is unchanged . For the circular tube , the angular dimension can also be
factored out of the problem when the sampler's axis is parallel to the initial
flow . When the circular sampler face is oriented at an angle a # 90 ° towards
the oncoming stream , the axial symmetry is not preserved . In the three
dimensional case , the stream function ♡ does not exist and Equation ( 19 ) is
not valid .

Even for the case of parallel plates , solution to Equation ( 14 ) for an arbi
trary orientation requires a very large flow region to be solved .region to be solved . Hence other
approximate methods to simulate the flow are necessary . One such method is to
superpose simple potential flows to simulate the flow in question . In this
study , superposition of uniform flow over a line sink was used to simulate the
flow around a sampling head . In the past a number of investigators ?, 12,13, 15,16
have used a point sink and a uniform flow to simulate the flow around the sam
pling head . But the point sink is isotropic and the sampling head orientation
cannot be incorporated . This difficulty is overcome by the use of a line sink .

Uniform Strength Sink Distribution-
Let a line sink of length d be distributed along the face plane OA of the
sampler head . Let a be the angular orientation of the sampler head with the
oncoming stream , and m the sink strength per unit length . Then the stream
function y at any point P (Figure 9 ) can be divided into tw

o

parts , Usink and
Vuniform stream The following equation provides u

Usink andus :
Usink

= -m tan

у
х
• X - ta
n 'ads ( x - d ) + y en

Vx2 + y
2

( x - d ) ? +

( 3
3
)

у

Wu.s. Uly cosa + Upx sina (34)

U
x velocity in the x direction

aw

ay

=

( 3
5
)

7x2 + y

U
I

cosa m en

M ( x - d ) 2 + y

OP

= U
I

cosa - men AP Bl
o
g

2
2
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A
>
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d
IO H

Figure 9. Line sink distribution along face plane of the sampler .
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Uy = velocity in y direction

aw

ax
S

UI sina + m ta
n --
-

[ tan -lyX - d��� ( 3
6
)х

U
j

sina + m ( 01-02 )

If U is th
e

anisok inetic velocity ratio a
n
d

f th
e

ratio of it , then throughf >2H
mass balance

U sina
nif ( 3

7
)

If U is greater than sina then mis positive and denotes a sink . If U is

smaller than sina thenmis negative and denotes a source . The detailed
derivation o

f Equations ( 33 ) , ( 38 ) and ( 36 ) is given in Appendix B.

Triangular Strength Distribution-

A uniform sink / source strength distribution along the face plane o
f

the sam
pler does not take into accout the effect o

f
the sampler wall . The effect o

f

sampler wall propagates towards the center o
f

the sampler inlet and varies
with the distance from the centerline . In essence , the flow through the cen
ter of the sampler is more than the flow closer to the walls . In order to

approximate this effect o
f

retarded flow near the walls , the sink /source
strength distribution was made triangular ( Figure 1

0
) . Using a
n approach

similar to the case of uniform strength , the stream function can be written

a
s the sum of two stream functions , u sink / source and uniform stream .

Then from Figure 9

S

d
s

n
g

0

o • de ( 3
8
)

Where

= mg ;

mę
S

�

mξ ;

m ( -5 ) ;

OSE < 0/2

d / 2 < Ę < d

( 3
9
)

and cot -1 ( x - 6 )
W

( 4
0
)

24



ma�

А.

T

+
0

mg =mg= 055 30/2d
d / 2 < < < d�= m ( d - E )

Figure 16. Triangular source /sink strength distribution .
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The details of integration of equation ( 38 ) with equation ( 39 ) and ( 40 ) are
given in Appendix C. The stream function due to source /sink ys is given by

YS - Cot - > x/y [mx2 /2 -my2 / 2 ]

+ C
o
t
- > x = 0 / 2 [ m
y
2
- m ( x - 4 / 2 ) 2 ]

у
.1

+ Cot x - dmid
9 [ n ( d_x ) ? - my ]V

+ myx / 2 e
n e
n y
2
+ x ?

Ly2 +

+ m
y
( d - x ) / 2 en 5y
2

+ ( x - d /2227 ( 4
1
)

Ly2 + ( x - d ) 2

The velocities U
y

and U
y

in x and y direction due to the sink are given a
s

follows .

Ux = 24

a
y

= m
x / 2 x2 - y2

x + y ^

m
y

cot - 1 / y

+ m

у

+ + my X 2

+ m ( x - d / 2 ) e
t
fx = d / 2 ) + 2
m
y

co
t

= ' x - d / 2

m ( x = d ) ( d - x ) ? _ y ? - m
y

cot- % x - d

( d - x ) 2 + y ?

y
2

+ x
2

m
x

e
n x2 + y2

y2 +

y + �2

+ m { d - x ) e
n [ y2 + ( x - d / 2 ) ? + m
y
? ( d - x )

Ly2 + ( x - d ) ? Ly ? + ( x - d / 2 ) : y
º
+ ( x - 2 ) 2 ] ( 42 )

a
y
�

x - d+

( xce / ] b
u
t
+ x a
v
e
z

y
ü
r
x - 2 ) ]

and Uy 3

X
X

mx cot - 1 x / ym
y
/ 2 -

+ y

y / - 4
1
2

+ ( x - 4 / 2 ) 2

+ myl2 ( d - x ) ? - 42 + m ( d - x ) cot -1 x - d

( d - x ) 2 + y2

у y

у
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myx х

+myl25+ (x-72722h
+(x=0/2)27v2
y2 + ( x -d ) ?

( x- 4/2)
y2 + (x-4/2)2

my (d-x )x- 412 ) ( x - d )

y
2
+ ( x - 4 / 2 ) 2 y
2

+ ( x - d ) ?

: ]y
2

+ x
2

- ) ( 4
3
)

+

The velocities in the flow field with the uniform stream will be

Ux = Ux + Vo cosa
Uy U

y

+ V
o sina ( 4
4
)

The value o
f

min equations ( 41 ) , ( 42 ) and ( 43 ) can b
e obtained b
y

mass balance

a
s per Appendix C
.

m = 2 ( U - sina ) / if ? ( 4
5
)

where

U is the anisokinetic velocity ratio .

a the angular orientation o
f

the sampler head .

f the fraction of the diameter over which the
sink /source is assumed to be distributed .

The equation ( 41 ) - ( 45 ) define the flow field completely . This simulation of

flow b
y superposition accounts for the angular orientation and the anisokinetic

sampling . The effect of inlet geometry is not taken into account .

27



PARTICLE MOTION

AEROSOL MECHANICS OF RESPIRABLE PARTICLES

The general theory of the dynamics of spherical bodies suspended in a fluid as
a continuum restricts analysis to the condition where the Knudsen number of
the body , kn , approaches zero . In practice , these results can be applied to
particle behavior under conditions of kn >> 1 , then the continuum theory can
not be applied and free molecular theory takes over . For intermediate
Knudsen number particle dynamics , the continuum theory needs to be supplemen
ted with a slip correction factor . All the above theories have been well
documented in the literature . 13,14

The various forces acting on a particle are as follows :

• inertial

O gravitational

diffusional

. electrostatic

Inertial

In the course of movement , particles of aerosol may acquire motion relative to
the suspending gas , due to their inability to conform to the fluid flow in
stantaneously . There is a certain amount of time lag in which the particle is
not affected by local velocity changes in the flow . This is characterized by
it , the relaxation time of the particles . T is defined as the ratio of par
ticle terminal settling velocity to the acceleration due to gravity . In the
same manner , if an aerosol at rest is accelerated to a velocity V / e in time t .
Hence , in a velocity gradient field , the particle overshoots the fluid when
decelerating or it undershoots it when accelerating .

Stokes number , K ( the ratio of the stop distance of the particle to the char
acteristic length of the system ) , is used to indicate the importance of
inertial effects for a given set of conditions . The smaller the value of K ,
the more negligible the inertia :

U.T.
o

L.

pd ?u

18nL
( 45 )к =

28



τ

where
vo = the free stream velocity

= the relaxation time of particles

L = characteristic length ( cm )
p = the density of the aerosol particle ( gm / cc )
d diameter of the particle ( cm ) , and

the viscosity of the medium ( gm cm/ sec ) .
Gravitational

n

Gravitational force on particles is given by mg , where m is the mass of the
particles and g is the acceleration due to gravity . The terminal settling
velocity , Vs , is given by

Vs = Tg ( 47 )

where

I = the relaxation time of particles , and
g = acceleration due to gravity ( cm / sec ) .

The importance of gravitational effect is indicated by the Froude number ( Fr ) :

V2
S
V.I
S

Fr ( 48 )
Lg

Diffusional

Diffusion is the most dominant force on small particles ( d< • 2 um ) . Particles
not under the influence of external forces diffuse in a random fashion called
Brownian motion . Diffusion also occurs because of velocity gradients , con
centration gradients , and thermal gradients .

The characteristic numbers are the Schmidt number , SC , and the Peclet number ,
Pe .

SC 11 Y
E ( 49 )

where

y = kinematic viscosity ( cm / sec ) , and
diffusivity of particles ( cm / sec ) .E -

The Schmidt number indicates the ratio of momentum transfer to mass transfer .
Higher Sc values mean Brownian Diffusion is not as important as convective
diffusion . The combined effects of diffusion and fluid motion ( convection )
on particle transport can be expressed as a function of the Peclet number , pe :
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Pe = co
w

( 50 )

where

v
o = the initial inviscid velocity ( cm / sec ) , and

D = the diameter o
f

the sampler inlet ( cm ) .

In this study diffusion was not included .

Electrostatic Force

The electrostatic force considered in the model is only the coulombic force
between point charges o

f magnitude Q
p

and Q
c located a
t

the center o
f

the
particle and the collector respectively . The coulombic force between a

charged particle and sampler head is given b
y

FO

QC Qp

4
1
€ O
R
?

( 5
1
)

where
-Il

=

Q
с charge o
n the collector /unit length

Qp = charge o
n the particle

E
O

= dielectric constant o
f air , and

R = distance between the center o
f particle

to the surface of collector .

��

If the linear dimension of the collector surface is L , the electrostatic force
can b

e obtained b
y integrating equation ( 5
1
) over the length o
f

the collector .

Using the coordinate system shown in Figure 1
1 , the total force o
n the parti

cle can b
e written a
s follows

L

F = Fcdx ( 5
2
)

o

Fx = x component o
f

the force

к

Sin 0
2
)(Sin eT
y
- a )

( 5
3
)

and

Fy = y component of the force

K
T
y
- a )
( Cos 0
2 - Cos 0
1
)

where

K = Q
c

O
p-

4πέρ

3
0



у

Fy

fr

01 0 02 Collector surface

L

a

R

Figure 11 . Coordinate system for electrostatic force calculation .

Equation (51) is valid as long as the particle and the collector are not very
close. For closer distances , the equations ( 52 ) and ( 53 ) become infinite and
image forces have to be taken into account . This study does not take into
account the image forces .

>Table 2 provides values of non -dimensional parameters such as Stokes number K
Peclect number pe , and Froude number Fr .for various particles .
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EQUATION OF MOTION OF PARTICLES

When an aerosol particle travels in a moving medium the particle generally
tends to lag behind the flow of fluid . Assuming that the Stokes relation for
the particle drag may be used , then within the continuum approximation of the
fluid the equation of motion of the particle may be written as :

14

33
d

3 dv
p
dt

du
= - V

dŪ
dt

П

12 4
dv

dtg (dtd .do 3
m
n
d

( T - v ) + 3 d
o
g

1
7 d
u

d
v

+ 2 dimpa1
2

( 5
4
)

rt dtildu

3

1dt dt

+ Fe
+

t.t1
The first term o

n the left in equation ( 5
4
) is the resultant force acting o
n

the particle . The first term o
n the right is the viscous resistance given b
y

the Stokes law . The second term is due to the pressure gradient in the gas
surrounding the particle , caused b

y

the acceleration o
f

the particle . The
third term denotes the force required to accelerate the apparent mass o

f

the
particle relative to the ambient gas . The fourth term , known a

s the Basset
term , accounts for the deviation from the steady state in the gas flow pattern .

The last term is the force resulting from external potential . In general , the
second , third and fourth terms will be negligible , so equation ( 5

4
) in simpli

fied form will be

3 dv

d

dtos
o = + F311nd ( Ū - D ) + Ē ( 5
5
)

e

or

.dv

a
t

- Ū ū + E

τ em

( 5
6
)

where Ēem is the external force per unit mass . Divide velocities b
y

U , and
time b

y l / U to obtain nondimensional form o
f equation ( 5
6
) . Denoting the

nondimensional quantities b
y

stars , the equation o
f

motion becomes :

Ū * -d
V
*

dt *

V *

к

+ F *

em

( 5
7
)

where

τ
U
t

.

K = Stokes number of particle

Ē • L

em

em 2

U ,

1

( 5
8
)
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METHODS OF SOLUTION

In order to estimate the sampling error , it is necessary to solve the equation
of particle motion (equation 48 ) together with the fluid flow equations .
Analytical solutions to partial differential equations such as equations ( 57 )
or ( 14 ) can be obtained for only very simple boundary configurations . Approx
imate solutions , however , can be obtained by numerical methods by solving the
finite differenced equations of the governing differential equation .

FLUID FLOW

As indicated in the previous section , the model for the fluid flow has two
options . The first option is to solve the flow equation ( 19 ) with proper
boundary conditions to obtain the numerical solution to the exact problem .
The second option is to use the superposition of simple flows to approximate
the actual flow conditions . The first option requires numerical solution of
equation ( 14 ) and can be used only when the sampling head is facing the on
coming stream . For general orientation of the sampling head , the second
option is used and requires numerical evaluation of the flow velocities given
by equations ( 41 ) - ( 45 ) for use in determining the trajectory of particles .

Sampler Facing the Stream

Thin -walled Plates-
Let the flow field be divided into a grid as shown in Figure 12. Then ,
Laplace's equation ( 14 ) can be written in finite difference form and solved
by iteration .

Each iteration of the finite difference equation is analogous to solving the
time - dependent version of equation ( 14 ) :

a4 = 0²4. 2
( 59 )at

We are not interested in the physical significance of this transient solution ,
but a step in time At in the time - dependent U is a convenient representation
for an iteration of the time - independent function . As the solution to
equation ( 59 ) approaches steady state , we have also converged to the desired
solution of Laplace's equation ( 14 ) .

Now , we write equation ( 59 ) in discrete form for point I , J using FTCS
( Forward Time Centered Space ) differencing

k +1 k

WIJ Wij
2

( 60 )
At Дх Ду
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Figure 12. Rectanguiar mesh geometry .

where
k

1 , J
th

= the stream junction wat ( 1,3 ) at the k time step .

2., k04 k

I - 1 , J 2 W1,3
k
J
2

+ WI + 1 , J2
Az

424
( 61 )

+2 , kou
2 ."13-1- 2 vr

s
* , 3 + هر1 Д
у
* ?

For the difference equation ( 6
0
) to be stable the condition is :

ΔtAt
Δz2

+ ( 6
2
)

Ayz = 1/2

Since we wish to approach the solution a
s rapidly a
s possible , w
e

take the
largest possible A

t

from equation ( 6
2
) .

Defining the mesh aspect B sz / n
y
, then :
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- 2 ( 1 + 82 ) u
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2 k + 1

+ B�U , - 1 ( 6
3
)

The convergence o
f equation ( 63 ) can b
e

made faster b
y multiplying the

bracketed terms b
y
a factor w such that 1 < w < 2 [28,29 ) . Then

k + 1 k

WI , j WI , J + Bracketed terms as above
cketed2 ( 1 + B

2
) ( 6
4
)

k

then the

k + 1

A solution for 4
1 , would b
e computed from the lower order solution y

A
n initial lower -order solution h
a
s

to be provided either b
y
aprevious ºu

problem o
r

b
y arbitrary assumptions for y . When wij → VI , J ,

solution is reached . This can b
e programmed in a digital computer and the

iteration will b
e stopped when

lukit ? 1

< & (error limit ) ( 6
5
)

** ,

The velocities are calculated a
s follows .

U
z
( 1 , J ) = ( v ( I , J + 1 ) - ¥ ( I , J - 1 ) ) / 2 • Ay

U
y
( I , J ) = - [ ( J + 1 , J ) - 4 ( 3-1,1 ) ] / 2 • oz

( 6
6
)

Thin -walled Tube-
The time dependent problem for circular tube is given b

y

ә
р
.

at
a²4 1 ay

+

a ?

ar2

( 6
7
)az2 r ar

Writing equation ( 6
7
) in discreetized form for point 1 , J using FTCS differ

encing

K

k

' K + 1

Vij
Δt

k

413 824 8241 1هل

( 6
8
)

Az ? Ar2 Rar
where

k

IJ = stream function a
t
( I , J ) at kth time step
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R = Radial Coordinate at ( 1,3 )
k K

82yk " 1
-1 , J I I + 1 , J

AZ2 د
28ر

Δz2

k

82yk V
I , J - 1 - 24
4

1
,0
+ v
k , J + 1=

Ara Ap2

k k

k

δψ
Ar . VI , J + 1 - 41 , J - 12.or

The convergence o
f equation ( 6
8
) is made faster b
y multiplying the right hand

side o
f

the equation b
y
a factor w such that 1 < w < 2 . The flow velocities are

calculated as follows
2 · arU
z ( 1
,3
) - " 1 , J + 1 * 1
,3
-1

( 1 ° 1 + 1 , J

( 6
9
)

41-1 , J

2.AZ

Thick - walled Tube /Plate

Depending o
n the shape and thickness o
f

the sampler wall the grid size in any
one direction may not b

e equal throughout the flow region ( Figure 1
3
) .

J + 1

Ar2

AZ AZ 2

J

AriJ - 1

I I +1

J - 1

Figure 13. Unequal grid size .
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Writing the governing equation ( 67 ) in discreetized form for unequal grid size
and grouping the terms gives :

1 ,2 {� +
(6z | • hz2), · �� �: 87 .

1
-1 , sz , - � } + # 141 , sz ,��- 3z .

+V1,9-1 { �� ' 6
7 ,48-7 . * { sr , �
�
�}

+ +
1, +
1
{ �� ' 6
7 ,67-7 �
� 6
7 ,����

+

( 7
0
)

for circular tube ,

* 1 , sz �
� ' � = 1
-1 ,, sz , 13Z �- z )

+ 1 + 1 , sz , 18�� ,

* V1 , J - 1 { s
ry
+Gr }

+
1 , +
1 ( arsfor• Are+ ( 7
1
)

for plates

The stream function at the boundary points are given b
y

either equation ( 2
9
)

o
r

b
y equation ( 3
2
) .

The various wall shapes that can b
e realized b
y

use o
f

wall thickness ' W '

and chamfer angle ' a ' are shown in Figure 1
4
. These shapes can b
e obtained

for both two -dimensional and axisymmetrical cases .

( c )

( a ) ( b )

-w = 0 .

: 0

W = finite

a = finite

W = finite

= 900

Figure 1
4
. Various inlet geometries .
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Sampler with General Orientation

When the sampler is oriented at an angle ' a ' to the on -coming stream , the
approximate solution developed earlier is used . Equations ( 41 ) - ( 45 ) will be
evaluated for use in particle trajectory calculation .

PARTICLE MOTION

The equation of motion of particles as given by equation ( 48 ) is solved by
calculating the trajectories of particles . The method that is used to do
this is the predictor -corrector method together with an iterative convergence .
Even though the predictor -corrector method is a standard one and can be found
in any numerical methods book , we will give a short description of the method
here .

Prediction

If the particle is at position x =xo at time t =0 , then at t=t+at , the particle
is predicted to be at

šo -= X�Х x + Attils ( 72 )X = X

Correction

The above equation assumes that the velocity , V , of the particle remains
constant within the step . But actually it is a changing function :

X
!
- X
с + x

2- ko
r
х
0

�

+ At • V ( 7
3
)

2

Equation ( 7
3
) is iterated until th
e

corrected value is converges ..

The above procedure is continued until the particle either touches the wall

o
f

the sampling probe , in which case it is captured and lost from the sample ,

o
r

enters the probe inlet , in which case it could either b
e transported to

the sensing instrument o
r

b
e lost b
y deposition to the walls . A limiting

trajectory which will just graze the inside o
f

the probe wall can then b
e

calculated .

In order to calculate the velocity v for equation ( 73 ) , the simplified equa
tion for particle motion ( 48 ) is used . Equation ( 48 ) is the result o

f

the
various forces influencing the particle . In this study , the particle motion

is determined b
y inertial and gravitational forces . Electrostatic and dif

fusion forces are neglected .
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Assumptions

The following assumptions are used in obtaining a solution to the particle
motion equation .

The particles are uniformly distributed and , at a large
distance upstream from the probe inlet , move with the same
velocity as the free stream fluid .

.
The particles are spherical and do not change in size due
to agglomeration , evaporation or condensation .

The particles are considered to be sufficiently small in
comparison with probe size and they move as individual
particles with no hydro - dynamic interactions among themselves
or between themselves and the probe walls .

Solution Procedure

At a large distance upstream ( 5 radii ) from the probe inlet the fluid flow is
uniform and the particles move with the stream . As the flow approaches the
sampling probe the disturbance due to the presence of the probe is felt and
the particles due to their inertia are not able to follow the fluid flow .

The equation ( 48 ) can be written in terms of the velocity components as

dlx
dt

Uy -Vx+Vext
K

( 74 )

dvy . Uy -VytVext -ydt K

Now let the particle be at position !Xo »40 ) at time tato . Then at time
tatotot , Vx =VXP , Vy =VyP are the predicted values of velocities .

dvx
VxP = VX +

. Δtdt X =Xo
y=yo

.

V
y
p

= V
y

+ dvy At
dt x = Xo

y =yo

( 7
5 )

X
P
= X
o

+ VxP • A
t

yP yo + Vyp .• At
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The corrected values are

VxC . At
dVx

VX + dt x = XotXp
2

Уо * уру
2-

( 76 )
avy

VyC = Vy + Xotxedt x =
2

Yotyp
у

*
At

yožyo

Xc = Xo + V
x
C
• A
t

Y
o
+ VyC • stУс

X
p , and УрThe equations ( 7
6
) are iterated , replacing the values b
y

the
corrected values X

c

and y
c

until the successive values are within a preselected
tolerance .

For the cases o
f very small Stokes number , it becomes necessary to adopt very

small time steps to compute the trajectory accurately in any flow region with
steep velocity changes ( near the sampler head , for example ) . T

o overcome

this difficulty , the velocities of particle V
x

and V
y
can b
e approximated and

the following procedure is used .

VX = UX
aux

K

ax
Ux + VGx

( 7
7
)

V
y

= U
y
- K

avy . UX + VGYay

where
Vx particle velocity in x direction

Vу particle velocity in y direction

U
x

= fluid velocity in x direction
Uy = fluid velocity in y direction

K - Stokes number of the particle

VGx = sedimentation velocity in the x direction
VGy - sedimentation velocity in the y direction
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d
x
p
- VXdt

( 7
8
)dy

at = Vу

where

Xpi Yp
y = coordinates o
f particles

р
t = time coordinate

From ( 7
8
) w
e get

dyg Vуa

( 7
9
)dx

р

Vx

Equations ( 7
7
) and ( 78 ) are used to compute the trajectory of the particles .

Particle velocities V
x , V
y

are computed from the equation ( 77 ) . B
y using ( 79 ) ,

the new position o
f

the particle is predicted a
s
:

V
у

Y
P
N

= Y PO

= + Ax
РО VX

XPOW

( 8
0
)

where

YPN = new position o
f particle in Y

YPO = old position o
f particle in Y

A
x

= a preselected step size in x

XPO = old position o
f particle in x

If the ratio of YPN / YPO is greater than 1.05 , then the step size x is reduced
until this criteria is met . Then a corrected new position of the particle is
computed b

y calculating the velocities at the new position b
y equation ( 7
7
)

and using a
n average value o
f

the velocity ratios in equation ( 80 ) . That is

Y
o
u

corrected ) - Ypo * o
v
e

1

=

1 Vy+

2 V x

+

Vy
VX

AX ( 8
1
)

old new )

If we denote the corrected value of YPN a
s

Y
o then Equation ( 8
1
) is iterated

until Y
o converges . That is

n - 1

Yon = Yon - 1 ( V
у

+

Vу
Vx

AX

moto • )V old

2
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where superscript n represents iteration number . The procedure is stopped
when the successive values of Yo are within a chosen error limit .

The above procedure is repeated until the particle passes the probe inlet , at
which point it either gets captured by the probe or escapes it .

Calculation of the Efficiency of the Sampling

Let Co denote the number of particles /unit volume in the free stream and let
C be the actual number of particles sensed by the instrument , then

с
n .СCo CI

СоC

where

n = the efficiency of the sampling , and

CI = the concentration at the inlet to the probe

CE

vo

U�
where

E = the efficiency of capture of inle

C

CI.S CI - ACCI
where

AC = the loss of particles in the probe .

in the case of a polydispersed system , the distribution can be divided into
n number of small groups . Each one can be treated in the same way as
described above . The effective n will be given as

neff Σ Πjfi
j =1

where

ni = the efficiency of the ith group
fi = the fraction of ith group , and
n = the number of groups .

In most of the cases , the measured size distribution under non - ideal conditions
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are available and one likes to find the actual distribution . Denoting the
fraction of ith group by ' fi act ' , then :

fiact
( 82 )

fi /ni
n fi
Σ η
j =1

COMPUTER PROGRAM SYSTEM

The computer program system consists of two separate programs . Program
' FLOWFI ' solves for the flow field and program ' TRAJEC ' computes the particle
trajectories in the specified flow region . Since the model uses the stream
function equation ( 14 ) only when the sampling head faces the stream , program
'FLOWFI ' has to be run only with this option . For angular orientations the
flow field is approximated by a line sink / source in a uniform stream and the
flow field is incorporated in the ' TRAJEC ' program . A description of both
programs follows .

Program ' FLOWFI '

This program to solve for the values of Stokes / Lagrange stream function
and to calculate the fluid velocity components Ur , Uz has been written in
Fortran v for Univac 1108 digital computer . The program solves the flow
fluid in and around the sampling head with circular /parallel plate geometry .
The thickness of the sampling head W , chamfer angle a , and the velocity of
suction ratio u are treated as parameters . An explanation of various program
subroutines follows .

The calling sequence of the subroutines according to the user option of the
flow field is accomplished in the Main Program .

Subroutine FLBOUN , meaning Flow BOUNdary , specifies the boundary of the flow
field in the upstream ( ZM ) , downstream (ZMA ) , and the ratial ( RO ) direction .
It also specifies the sampling velocity ratio ( u ) , chamfer angle ( ANG ) and
the sampler wall thickness ( W ) . The values of the upstream boundary ZM ,
downstream boundary ZMA , and the radial boundary RO have to be chosen arbi
trarily . Typical nondimensional distances are ZM =5 , ZMA =5 and RO =5 for
sampling heads with ' W ' < 0.2 . For very thick -walled tubes , these boundary
values have to be increased so as to realize the uniform undisturbed flow
condition .

The above values are input to the program and have to be supplied by the user .
The subroutine calculates a value ( ZOW ) which is the axial coordinate of the
outer edge of the sampler for use in further calculations .

Subroutine GRID places a grid of specified grid spacing in axial ( Z ) and
radial ( R ) direction and calculates the coordinates of a given point . It also
calculates the maximum number of points in axial direction ( IM ) and maximum
number of points in radial direction ( JM ) . The total number of grid points
in the flow field would be IM X JM . The coordinates of any given point ( 1,1 )
would be given by ( Z ( I ) , R ( J ) ) . ITW is an indicator for the sampler wall
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thickness . ITW : 0 for w=0 , ITW : 1 , for finite W and ANG - O and ITW : -1 for finite
W and finite ANG . Calculation regions for various options are shown in
Figure 15. IGR , and JGR are number of grid points per unit distance in the
axial direction and radial direction .

Subroutine BCOND formulates the boundary conditions of the problem . The
boundary conditions are to be formulated at Section I , II , and III . The
sampler wall conditions are also stipulated . Figure 16 gives the values of
PSI at the boundary for circular tube .

Subroutine LAPLA solves the Stokes ' stream function equation formulated for
the problem earlier by using the boundary conditions provided by BCOND . The
solution for the flow field is provided at the grid points specified by GRID .
Successive over relaxation procedure is used to approach the solution . The
iteration procedure is stopped either when the successive values of PSI are
within the specified error tolerance ( EPPS ) or when the number of iterations
has exceeded the maximum number of iterations ( ITERMA ) specified by the user .
The relaxation factor ( RELAX ) has to be supplied by the user and the value
varies from 1.0 to 2.0 depending upon the conditions of the problem . Optimum
value has the be found by trial and error . The finite difference equation
formulated in the previous sections is used . This equation is solved at each
grid point of the flow field except the boundary points specified by BCOND .
The maximuin error occurring at each iteration is printed out under convergence
rate .

Subroutine VELO calculates the axial and radial velocity components Uz , Ur ,
respectively , from the stream function solution provided by the subroutine
LAPLA . Velocities are calculated by determining by second order accurate
finite difference expressions . Depending upon the position of the grid point ,
either one of the following finite difference forms is chosen :

1 ) ESC ( Equal Spaced , Centered )

2 ) ESB ( Equal Spaced , Backward )

3 ) ESF ( Equal Spaced , Forward )

4 ) UESB ( Unequal Spaced , Backward )

5 ) VESF ( Unequal Spaced , Forward )

6 ) UESC ( Unequal Spaced , Centered )

Subroutine RESULT prints out the results obtained from various subroutines .
User can manipulate the output statements to suit his needs .

Subroutine STREAM calculates the locus of any specified stream line for use
in the plotting of stream lines . A lagrange interpolation is used to calcu
late the locus . Function statement SAG is the lagrange interpolation formula
for three points with unequal intervals .

The program listing is provided in Appendix D.
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Program ' TPAJEC '

This program to solve for the limiting particle trajectory and to calculate
the true particle distribution from the measured distribution has been written
in Fortran v for Univac 1108 digital computer . For certain flow field options ,
the flow has to be predetermined and is input to ' TRAJEC ' . The particle
trajectories are determined by solving the equation of motion of particle with
Stokes ' drag . The program uses a predictor -corrector method with iterative
convergence . A description of various program subroutines follows .

Frogram ' INER ' is the Main Program and computes the particle trajectories .
The user has three options in choosing the flow field . These are controlled
by an integer ' NDIM ' .

NDIM 0 The flow field used is that of two parallel plate
inlets facing the stream .

NDIM = 1 The flow field used is that of a circular tube
inlet facing the stream .

NDIM = 2 The flow field used is obtained by superposition
of line sink /source with uniform stream .

Choosing the option 0 or 1 requires the output from ' FLOWFI ' . However , for
option 2 the flow field is incorporated in the program ' TRAJEC ' . Various
inlet geometries and physical conditions can be obtained by the parameters U ,
W , ANG , NDIM , IDIM , ALPHA . Table 3 shows the physical conditions that can be
obtained by various combinations .

Table 3 . Parameter desription and physical significance .

NDIM � ANG ALPHA ZLIP

0 40
Wo

Wo

0

900
900

900

0

0

0a 900

1 0
Wo

Wo

0

900
900

900

900 O
O
O

a

Physical Meaning

Two D thin -walled plates facing the stream .

TWO D thick -walled plates facing the stream .

Two D thick -walled plates with sharp edge
facing the stream .

Thin -walled circular tube facing the stream .
Thick -walled circular tube facing the stream .
Thick -walled circular tube with sharp edge
facing the stream .

Approximate solution to sampler facing the
stream .

IDIM = 0 - TWO • D

IDIM = 1 - circular tube
Sampler with a

n orientation angle a .

Sampler with a
n orientation angle a with a

lip depth ' Z
L
' .

9001 1N

a
a

0

ZL-
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Program TRAJEC starts the trajectory calculation at position ZI , RI input by
the user . ZI is the upstream distance at which the particle is moving with
the stream and is usually at least 5 radii from the sampling head . RI is the
radial position to start the process to find RC , the radial position of limit
ing trajectory at ZI . If the trajectory of the particle starting at position
RI enters the probe then the next trajectory is started from a position RI =
RI + DR , where DR is a preselected radial increment . If the trajectory from
RI escapes the sampler then the new RI is given by RI - DR . This process
continues until the trajectories from successive radial positions alternate
( i.e. , one gets captured and another escapes ) . This process is repeated with
successive halving of DR until the radial positions RES ( at which the particle
es capes ) and RCA ( at which the particle gets captured ) are within a preselected
tolerance EPP .

To calculate the trajectory accurately it is necessary that the time or space
step is not very large . This is accomplished by taking the ratio RAT of
predicted radial position RP to initial radial position RO . If the ratio RAT
is greater than a prespecified value CAT then the time /space step is halved
and recalculation starts . The value of CAT used in the program is 1.05 .
Even with a step size that satisfies the ratio test if the iterative conver
gence fails within LIMIT iteration then the step size is halved and the
calculation procedure is restarted . The origin of the coordinate system lies
at the center of the sampling head . The Z axis is a long the centerline and
Raxis along the face plane . The efficiency calculation is performed for IST
number of particles .

Subroutine FCT calculates the derivatives of the velocities at a given posi
tion R , Z. When NDIM option of 2 is used , the fluid velocity can be calcu
lated at any given point but for option 0 and 1 the velocities are available
oniy at the grid points and interpolation is needed . Subroutine INTERP
performs the interpolation and computes the fluid velocity at a given particle
location . A two -dimensional linear interpolation is used .

Subroutine OUTP prints the particle position at various time intervals . The
printing interval INT is chosen by the user . For example , when INT = 50 , the
result is printed once in every 50 steps . Subroutine OUTP also tests for the
dejosition , capture or escape , of particle from the sampler and is indicated
by KODE . When KODE = 0 , particle is escaped and when I particle is captured ,
KODE = 2 indicates that particle has deposited on the sampler wall .

Subroutine BIAS calculates the actual size distribution from the measured
size distribution . It uses the efficiency calculated by the program INER .
The Stokes number of a given particle K is also calculated by BIAS . The
measured fraction PF , particle size P , relaxation time TAU are input to the
subroutine BIAS . The maximum number of particle intervals that can be used
is 10 .

A computer listing of the program is provided in Appendix D. The users
manual and an example problem is provided in Appendix E.
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LIMITATIONS OF THE MODEL

( 1 ) The model uses inviscid flow pattern around the sampler to compute par
ticle trajectories . Close to the sampler wall the effect of boundary
layer dominates the flow pattern and modifies the particle trajectories .

( 2 ) The error in collection efficiency for particles with much smaller
Stokes number K ( <0.001 ) is high when using the flow field option NDIM =2 .
The main cause of the error is the deviation of the model flow lines to
the actual flow lines .

( 3 ) The effect of the physical presence of sampler and inlet geometry are
not incorporated in the model for angular orientations of the sampler
( option NDIM =2 ) .
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RESULTS AND DISCUSSION

Even though there are a number of theoretical and emperical models available
to estimate the sampling errors due to anisokinetic sampling they fail to ac
count for the effect of sampler orientation . The major difficulty in incor
porating the effect of orientation is solving the flow field . This is circum
vented by approximating the flow field around the sampling head with a two
dimensional line sink superposed on uniform flow . Such an assumption will ren
der the exact flow field when the sampler inlet is a slit but for other inlet
geometries the assumption is valid in the core region of the inlets . Even
with such a simple model , one can gain a physical insight to the effect of sam
ple orientation .

The computer program system was used to obtain the sampling bias for various
particles when sampled by a thin -walled circular tube . Sampler inlet geometry
of thin -walled circular tube approximates the flow around the vicinity of the
closed face filter used in personal sampling . The velocity ratios used are :
1.2 ; 2.0 ; 0.75 ; 0.375 ; 0.1875 ; and 0.0938 .

The concentration ratios were calculated at least at 8 Stokes numbers K.
The results are given in Figures 17-22 . The X axis represents the ratio of
measured concentration C /actual concentration Co. The Y axis represents
particle Stokes number K. For all the cases sedimentation and electrostatic
effect has been neglected .

Particles with negligible inertia ( K +0) move with the fluid stream , thus
the concentration ratio C /Co approaches unity . But particles with infinite
inertia ( K + 00 ) continue in their original direction of motion and the con
centration ratio C / Co approaches the velocity ratio Uo /U .

At velocity ratios close to one such as 1.2 or 0.75 , the maximum error in con
centration measurement is approximately 30% . But at extreme velocity ratios
the error becomes as high as 100 % for super isokinetic velocity ratios ( >1 )
and infinite at subisokinetic velocity ratios ( <1 ) . Hence , sampling error
for subisokinetic velocity ratios are more important and significant than the
error for superisokinetic velocity ratios .

For the case of open - faced filter sampling , flow field option of NDIM =2 was
used . In calculating the limiting trajectory of particles , the filter
cassette was considered to have a lip depth of 0.2 x radius . The sampling
bias for various particles when sampled at an angle a to the oncoming stream
was calculated for a velocity ratio of 0.375 .

Figures 23 through 27 show the trajectory of particles when sampled at a
velocity ratio of 0.375 . Effect of Stokes number of the particle trajectory
is shown in Figures 23 through 25 at the orientation angle of 90 ° . Flat tra
jectories are characteristic of large Stokes number K. Figures 26 and 27
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show the trajectory of a particle of Stokes number 0.01 at the orientation
angles of 600 and 0 ° , respectively .

Figure 28 shows the efficiency of sampling of various particles at different
orientation angles . The velocity ratio is 0.375 . The theoretical limits of
efficiency for Stokes numbers of oo and 0 are shown in solid lines . The
experimental values of efficiency for a particle of Stokes number 0.553 , as
obtained by G.S. Raynor 30 is also shown .30 is also shown . The values predicted by the current
model are higher than the experimental values . The reason for over estimation
is probably due to effects such as particle bounce -off , flow turbulence , etc.

Figure 28 predicts that there is an angular orientation do at which all the
particles are sampled isokinetically .

não = U /U. ( 83 )

This holds only when the sampler wall is very thin and the sampler body
doesn't affect the flow .

sin a

Projected Area A '

vo
Sampler Head
Area Aa

U

Isokinetic Sampling at an Angle to the Free Flow

The physical meaning of equation ( 83 ) is that the correct tilt of the sampler
do can reduce the volume of air sampled to compensate for sampling velocities
U <Uo . Isokinetic sampling happens in general when the volume of fluid inci
dent on the sampler cross - section equals the volume of fluid sampled :

vi = v .

Vi - UAwhere (a)
UA

S

A ' is the projection of A on the plane perpendicular to the free flow , as
shown in the figure . Therefore , (b)A ' = A sin

ao :

Equation ( 83 ) is derived by substituting ( a ) into ( b ) .

The sampling bias for various particles , when sampled anisokinetically by a
square inlet was obtained by use of the computer program system . The results
are shown in Figures 29 through 33. The flow field in the vicinity of the
sampling head is approximated by superimposing a two -dimensional uniform flow

63



experimental
theory

K=0

Co K =0.533

2.05

M
e
a
su
re
d

co
n
c

.C/

T
ru
e
co
n
c

.

1.5

K =0.01

1.0

0.54

0.0

0 30 . 60 . 90 .

( Degree )

orientation o
f

face plane with flow direction

Figure 28. C / Co vs. orientation angle for U / Up = 0.375 and lip depth is 0.2 .

64



4
.0

0
/0

-0.25
3
.0

0/0

-0.375
C/CO

2
.0

070

=

0
.7
5

1
.0 0
.0
0
1

0
.0
1

0
.1

1
.0

1
0
.0

K

.

Fi
g
u
re

29.

C/Co

v
s.

K f
o
r

a=
90
° sq

u
a
re

in
le
t

,ZLIP

=
0.

65



1
.0

Jiu

,1.5

U/ V.-
2
.0

C/Co
0
.5

u/0.•

4
.0

0
.7
5

0
.2
5 0
.0

0
.0
1

0
.1

1
.0

1
0
.0

K
-

+

Fi
g
u
re
3
0
.

C/Co

v
s.

K f
o
r

a
=
90
° s

q
u
a
re

in
le
t

, ZLIP

=
0.

66



1

�
�
�
�

a : 0 ° 1 3
0 ° 6
0 ° 9
0 °

10.0

.

1.08

х

0
.1

0.01

0.0 1.0 2.0 3.0

C / CO

Figure 3
1
. K vs. C / Co for U / U . = 0.375 square inlet , ZLIP = 0 ..

67



3
.0

K
-co 5

.2
5

2
.0

1
.7
5

0
.4
6
5

C/Co

-
0
.1

0
.0

1
.0

=

0
.0

0
.0
1

3
0
.0

6
0
.0

9
0
.0

o
ri
e
n
ta
ti
o
n

a
n
g
le

a

Fi
g
u
re
3
2
.

C/Co
v
s.

a

fo
r

u/u
=

0
.3
7
5

sq
u
a
re

in
le
t

, ZLIP

=
0.

68



1
0
.0

T
T
T
T

U
7
0

%
=

4
.0

M
e
a
su
re
d

U/U.
=

0
.3
7
5

ParticlaDia(Microns)

1
.0

=
=
=

0
.2

5
10

1

30

40

50

60

70

I90
95

1

5
1
0

2

2
0

98

99

8
0

%

S
m
a
lle
r

th
a
n

Fi
g
u
re

33.
E
ff
e
ct

of

B
ia
s

on

th
e
D
is
tr
ib
u
ti
o
n

a=
90
°,squa

re
in
le
t

,ZLIP=
0.

69



with a line sink located at the face of the inlet ( NDIM =2 ) . The lip length
ZLIP is assumed to be 0 and a the orientation angle is 90 ° .

Figures 29 and 30 show the plot of the ratio c / Co vs. K for various values of
the velocity ratio U. At lower Stokes numbers the value of C / Co approaches 1
indicating that the measured concentration C is the same as the true concen
tration Co .. This is true even in the case of extreme velocity ratios of
U =0.25 and 4.0 . At higher Stokes number values , the concentration ratio
reaches the asymptotic limit of 1 / U .

Figure 31 shows the plot of c / co vs. K for various orientation angles a.
When a equals 90 ° the sampler faces the oncoming stream and when a equals 0 °
the face plane of the sampling head is tangential to the oncoming stream .
For low Stokes number values, the angular orientation seems to be immaterial .
The asymptotic value for the larger Stokes number is sin a/ U . Figure 32
presents the plot of C / Co vs. a for various values of K. The curves for K
equal to zero and K equal to ao are also known .

Figure 33 shows the effect of sampling bias on the cumulative size distribu
tion for two velocity ratios . The measured distribution with the anisokine
tic velocity ratio is assumed to be a lognormal distribution with a og of 2.0 .
The corrected " True " distribution for various values of U is shown .

Figure 34 shows the effect of sampling bias as a function of velocity ratio
for various Stokes numbers K. For smaller Stokes numbers such as 0.1 , the
ratio C / Co remains close to 1 even at extreme velocity ratios . For large
Stokes numbers , K = 10 the curve approaches the asymptotic limit for K = 0 ,
i.e. , C / Co - Uo/U .

The effect of wall thickness of the sampler on the sampling bias was deter
mined for a circular tube . The flow field was obtained with option NDIM =1 .
The sampler was assumed to be facing the stream . A velocity ratio of 0.375
was used . The maximum value of W the wall thickness used was 0.2 x radius .
Figure 35 presents the results . As W increases , the sampling bias decreases .
The reason for this is that the velocity ratio of 0.375 makes the stream
lines move away from the center of the sampler , whereas the effect of wall
thickness is to move the stream lines toward the center thereby nullifying
the effect of an anisokinetic velocity ratio to a certain extent .

The present model was used to compare with the experimental results of
Badzioch 31 for a circular tube inlet . The comparison is shown in Figure 36 .
Theory agrees very well with the experimental data . Here the Stokes number
of the particle used is 10.5 which is very much larger than usual values
encountered in personal sampling conditions . Experimental data for lower
Stokes numbers are not available at present .

For the physical conditions encountered in personal sampling the Stokes num
ber of particles in the respirable range is much smaller than unity . Typi
cally , for a 10 um , particle sampled with a tube of lcm radius at a velocity of
100 cm / sec the Stokes number K is on the order of 3.1 x 10-2 . Particles with
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such a small Stokes number will follow the fluid streamlines even if the cury
ature of the stream line is quite high . So the anisokinetic velocity ratio
or the inlet geometry is not expected to play a major role in influencing the
collection efficiency.
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CONCLUSIONS

There exists a complete lack of purely theoretical investigations on the
effects of sampler orientation and the effects of sampler head . The present
research demonstrates the feasibility of such a study . The conclusions from
the results of this study are summarized below .

( 1 ) The actual fluid flow patterns encountered around two -dimensional
or axisymmetrical inlet geometries can be obtained . The flow
around a square inlet presents a formidable problem and approxi
mations are necessary to obtain flow patterns .

( 2 ) Anisokinetic sampling errors are more important and significant
for subisokinetic velocity ratios ( U /Vo < l ) than for superisokinetic
velocity ratios ( U / U > 1 ).

( 3 ) Theoretical error estimates may be regarded as upper limits . The
actual error is lower due to turbulence , particle bounce -off , and
variability of drag on the particles .

( 4 ) For subisokinetic sampling ( U /Vo <1 ) the sampler wall thickness has
a counter effect on the sampling bias .

( 5 ) Sampling bias for polydispersed aerosols can be obtained by use of
number of monodisperse aerosols .

( 6 ) The experimental data available for circular inlets compare very
well with the theoretical collection efficiencies .

( 7 ) For cases when the sampler is oriented at an angle to the stream ,
the exact solution to the flow field is very difficult to obtain
and approximations are necessary . A line sink was used in the
present model .

( 8 ) Sampling efficiencies obtained for angular orientations compare
well with the presently available experimental data . But expanded
experimental data are needed to ascertain the reliability of the
model .

( 9 ) It is very difficult to arrive at a single or a multiple optimum
inlet geometries because of the variety of factors that influence
the particle collection . For the physical conditions encountered
in personal sampling , the inlet geometry is not expected to play a
major role in influencing the collection efficiency .
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( 10 ) The major difficulty in evaluating various inlet geometries is
obtaining the flow field around the sampler . Experimentally deter
mined flow field can be used with the particle motion part of the
program to accurately evaluate various inlets .
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Appendix A. Derivation of Boundary Condition at Section II

Circular Tube

Using continuity of flow at Sections I and II
1į UIRO? - { UR ? = { VORO ? - į UO ( R + W ) ?21

2
2.

SO

VO
URO? - UR2
Ro ? - (R + W) ?

denoting the stream function outside the probe at Section II Hop then

H
o
p

= { vo
r
? + c

o
n the probe wally is unique and top must b
e equal to VIP , the stream

function inside the probe . S
o

11 URO ? -UR ?

2 Ro ? R

+ UR2

( R + W ) Z ( R + W ) 2 + c = { u
r
?

and C is given b
y

1

С - U
O
C
R

+ W ) 2 + ZUR

+

1

H
o
p

{ T
R
I

PORVyry • [ r ? - ( R + w ) ? ] + { UR ?( + W ) ? ?Ź? UR 2

( ]

1
22

( R + W ) < r < Ro

in non - dimensional form

2

ФорWop - [ Ro ?
R
o
? U

( 1 + W ) ? ]

[ r ? - ( 1 + W ) ? ] + U

( 1 + W ) < r < Ro
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Two Parallel Plates

Following similar procedure as before

Vo Yo
UYO UH

( H + W )

Фор
UYO UH

[ Yo - ( H + W ) ](H + W )] • [y - (H + W ) ] + UH

( H + W ) < y < Vo

In non -dimensional form

UYo
Hop - [ Yo - (1 + W ]

[y - ( 1 + W ) ] + U

( 1 + W ) < y < Yo
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Appendix B. Uniform Sink Strength Distribution
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The sink strength mis given as follows
H sina UI + dm = H • U

m =
U sina
2т • f ( B4 )

d
where f =

2H
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Appendix C. Triangular Sink Strength Distribution
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Integrating and grouping the terms
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The value ofmis found b
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flow balance to the sampler . Let O be the rate of
sampling for a square inlet ( H x H ) . Then flow per unit width is

and
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Appendix D. Computer Program Listing

( See following pages . )
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'FLOWFI ! DESCRIPTION

THIS PROGRAM SOLVES FOR THE FLOW FIELD IN AND AROUND THE SAMPLINGMAD .
THE PHYSICAL DIMENSIONS ARE NORMALIZED WITH RESPECT TO THE
PROBE RADIUS
ALL THE VELOCITIES ARE NORMALIZED WITH RESPECT TO THE FREESTREAM VELICITY

METHOU OF SOLUTION

SECOND ORDER FINITE DIFFERENCE APPROXIMATION
sucrESSIVE OVER RELAXATION ( SCR ) TECHNIQUE IS USED

C

с

C

с

C

C

C

C

C

C

C

с

C

C

C

с

C

C

C

C

C

C

C

C

C

C

C

с

C

C

C

C

C

C

C

C.

C.

C

C

C

C

C

C

C

C

C

C

C

C

C

THE FLUID IS ASSUMED TO HE FRICTIONLESS AND THE LOW FIELD IS GOVERNEDBY POTENTIAL FLOW EQUATIONS . THE FLUID FIOM MODEL COVERS THREE DIFFERENTSITUATIONS.1 ) TWU DIMENSIONAL FLOW BETWEEN PARALLEL PLATES
2 )AXISYMMETRIC FLOW IN A CIRCULAR TUBE
3 )LINE SINK WIIN ARBITRARY ORIENTATION TO THE ONCOMING FLOW .
THE USER CAN CHOUSE ANY OF THE ABOVE OPTION WITH PROPER VALUE OF ANINTEGER PARAMETER INDIMI
NDIM 30 TWO DIMENSIONAL CASE
NDIM : 1 AXISYMMETRIC CASE
NDIM : 2 LINE SINK

FLOLFI ! VARIABLES DESCRIPTION

RELAX + * *RELAXATION PARAMETER (USER INPUT ) .VALUES BETWEEN 1.0 AND 2.0

ALPHA ***** ANGLE OF ORIENTATION OF SAMPLER HEAD ( INPUT ) .USED ONLY WITHNDIM VALUE 2 .
IGR ******* ( RID POINTS PER UNIT LENGTH IN AXIAL DIRECTION ( INPUT )
JGR ******* GRID POINTS PER UNIT LENGTH IN TRANSVERSE DIRECTION ( INPUT )
ZM ******* FLOW FIELD BOUNDARY UPSTREAM ( INPUT ) < -5 .
ZMA ******* FLOW FIELD BOUNCARY DOWNSTREAM ( INPUT )
KU ******* F1 UW FIELD BOUNDARY RADIAL DIRECTION ( INPUT )
ITERMA ****MAXIMUM ALLOWABLE ITERATIONS FOR FLOW FIELD TO CONVERGE ( INPUT )
IM * . * *MAXIMUM NUMBER OF GRID POINTS IN AXIAL DIRECTION < 101

JM ****** MAXIMUM NUMBER OF GRID POINTS IN RADIAL DIRECTION < 61

ANG +++++ * TAPERING ANGLE OF SAMPLER WALI ( INPUT )

C

C

C

C

[

C

C

C

C

ERR ****** MAXIMUM ERROR ALLOWABLE IN STREAM FUNCTION SOLUTION ( INPUT )
ITER ****** NUMBER OF ITERATIONS TO OBTAIN THE SOLUTION
PSI ******* MXJM ARRAY OF STREAM FUNCTION
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IPUNCH ****CUNTROL PARAMETER FOR GETTING PUNCHED OUTPUT OF
PSI.UZ.URZ.R.ETC ( INPUT )
80 NU PUNCHED OUTPUT DESIRED
# 1 PUNCHED OUTPUT RESULTS

NCON ****** INTEGER PARAMETER INDICATING WHETHER SOLUTION CONVERGED
OK NOT WITHIN ITERMA INTERATIONS
30 CUNVERGENCE OBTAINED
31 NU CONVERGENCE

U ******* SAMPLING VELOCITY RATIO ( INPUT )*

UR ******** VELOCITY OF FLUID IN TRANSVERSE DIRECTION ( ARRAY OF IMXJM )

U2******** VELOCITY OF FLUID IN AXIAL DIRECTION ARRAY OF IMXJM )

w******** + 1ME SAMPLER WALL THICKNESS ( INPUT ) USED ONLY WITH
NDIM UPTION OF OOR 1

ESC ******* FUNCTION FOR EQUALLY SPACED CENTRAL DIFFERENCE

ESF ******* FUNCTION FOR ERUALLY SPACED FORWARD DIFFERENCE

ESH *******FUNCTION FOR EQUALLY SPACED BACKWARD DIFFERENCE

VESC ****** FUNCTION FOR UNEGLALLY SPACED CENTRAL DIFFERENCE

UESF ****** FUNCTION FOR UNEQUALLY SPACED FORWARD DIFFERENCE

C

C

с
с
C

C

C

C

C

C

с
с
C

C

с
с
C

C

с
C

с
C

C

C

C

C

C

C

C

с
с
с
C

C

C

C

C

C

C

C

C

C

C

с
с

C

C

с
C

C

C

C

с

C

C

с
С

C

с
C.

UESR ******* UNCTION FOR UNE QUALLY SPACED BACKWARD DIFFERENCE

M*********FICTICIOUS SOURCE / SINK STRENGTH ( FOR NDIM 2 )

SUBROUTINE DESCRIPTION

MAIN ****** CALLS VARIOUS SUBRCUTINES

FLBOUN **** F1XFS THE FLOW BOUNDARY

GRID ****** LAYS A PRESPECIFIED GRID ON THE FLOW FIELD ANU
CALCULATES THE COORDINATES OF THE GRID POINTS .

BCOND +++++ CALCULATES HOUNDARY CONDITIONS FOR THE PROBLEM

LAPLA ** ++ * SOLVES THE FINITE CIFFERENCE FOUATION BY SOR METHOD

VELO ****** CALCULATES THE VELOCITIES FROM STREAM FUNCTION

STKEM ***** CALCULATES THE CONTUUR OF A STREAN LINE

RESULT **** PRINTS THE RESULTS

SIN VEL **** CALCULATES THE FLOW FIELD WITH LINE SINK (NDIME 2 )
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' FLOWFI ! DATA INPUT

CARD 1 : NDIMIPUNCH FORMATO )

NDIM ...... FLOW FIELD OPTION PARAMETER
30 TWO DIMENSIONAL CASE
: 1 AXISYMMETRIC CASE
: 2 LINE SINK

IPUNLM .... CONTROL PARAMETER FOR GETTING PUNCHED OUTPUT OF
PSI.UZ.URZ.R.ENC
: 0 NO PUNCHED OUTPUT DESIRED .
: 1 PUNCHED OUTPUT DESIRED .

CARD 2 : ISINM • ALPHA of FORMAT ( 15.2F10,4 ) OMIT IF NDIM.NE.2

ISINK ..... SINK DISTRIHUTION PARAMETER
: 0 LINE SINK OF UNIFORM STRENGTH .
: 1 LINE SINK OF TRIANGULAR STRENGTM DISTRIBUTION ,

ALWA.....ANGULAR ORIENTATION OF THE FACE PLANE OF SAMPLER FEAD ,
240 DEGREES WHEN SAMPLER FACES THE STREAM
: 0 DEGREES WHEN STREAM IS TANGENTIAL TO THE HEAD .
FRACTION OF THE PROBE DIAMETER OVER WHICH
THE SINK IS ASSUMED TO BE DISTRIBUTED ,
RECOMMENDED VALUE IS 0,01 .

CARD 3 : ITERMARELAX FORMAT ( 15 ,F10,4 )

ITEMA ....MAXIMUM ALLOWABLE ITERATIONS FOR FLOW FIELD
TO CONVERGE

RELAX ..... RELAXATION PARAMETER USED IN THE PROCEDURE OF
SUCCESSIVE OVER RELAXATION ( SOR )
VALUES BETWEEN 1.0 AND 2.0 ,

CARD 48 ZM . ZMA KU.1.w. ANG FORMAT ( OF 10.4 )

IM ........ UPSTREAM FLOW FIELD HOUNDARYLE , .5 .
ZMA ....... 00WNSTREAM FLOW FIELD BOUNDARY
KU ........FLOW FIELD HOUNDARY IN THE RADIAL UK TRANSVERSEKl

DIRECTION RO.GE.5 ..

C

C

C

C

C

C

C

C

C

С

C

с

C

C

C

C

C

C

с

C

C

C

C

C

C

с

C

C

C

C

U. ANISOKINETIC VELOCITY RATIO ,

SAMPLER MALL THICKNESS
WHEN NOIN.Q.2 W= 0 .

ANG ....... TAPERING ANGLE OF SAMPLER WALL
20 IF W: 0 . OR NDIM .E0.2

CARD 58 161.GR FORMAT ( 215 )

IGL ....... GRID POINTS PER UNIT LINGTH IN AXIAL DIRECTION
: 1./GRICSIZE 1

JGR GRID POINTS PER UNIT LINGTH IN RADIAL DIRECTION
: 1 , /RADIAL GRID SIZE 1
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с
с CARD 63 II FORMATO )

C

C II ........NUMBER OF STREAM FUNCTION CONTOURS NEEDED.LE ,10
C

C CARD 73 STK FORMATO )

C

C STK .......STREAM FUNCTION VALUES FOR THE CONTCUR , THIS ARRAY
С WILL CONTAIN ' II ! VALUES
C

C

с

C

PROGRAM MAIN
DIMEISTUN PSI ( 101.61 ) .2 ( 101 ) .R (61 )
DIMENSION UK ( 101.61 ) .UZ ( 101.61 )
DIMENSION STR ( 10 )
COMMUNI AKI / NDIM , IPUNCH
COMMON / SAT / ALPMA ,HISINK
HEAU ( 5.3 ) NUIM . IPUNCH

3 FORMAT ( )
IF ( NDIN , EG.2 ) READ (5.1 ) ISINK ALPHA , F
READ (5.1) ITERMA RELAX

1 FORMAT ( 15.2F10,4 )
CALL FLOOUN ( ZM ZMA kuollow , Zow . ITW )

CALL GRID ( IM . JM , 2 ,RZM . ZMA ,RO.W.ZOW . ITW )
IF ( NDIM.LQ.2 ) GO TO 2
CALL UCOND (PSI ) M . JM.U.IT * WR )
CALL LAPLA ( PSI . IM . JM . IT RELAX.Z.R.ITERMA ,ACON )
CALL VELU (PSI.IM , JM ,UZURRO , W , ITW.U.Z.R )
CALL RESULT ( PSI . IM . JM.Z.R.PELAX.NCUN , 112.UR )
RFAL (5.3 ) II
READ (5.3) ( SIR ( I ) : 1 : 1.II )
CALL STREAM (ZOPSI . IM . JM.SIR.II )
STUP

2 CALL SINVEL (U.Z.R.IM , JM.UZ.UR )
CALL RESULT (PSLIM , JM , Z.RRELAX.NCON.UZ.UR )
STOP
END

*FOR I FLBOUN
SUHROUTINE FLHOUNIZM , ZMARO.U.W.ZON.ITW )
COMMON / ARD /NUIM , IPUNCH
COMMON /HAT / ALPMA ,F.ISINK
I FOWMAT ( OF 10.4 )
READ ( 5.1 ) ZM . ZMAKO.U.W . ANG
EPANG : ANG - 90 ,
ITW : -1
IF (ABS (EPANG ) .Lt ..005 ) ITW = 1
IF ( ANG.LE..005 ) ITW : 0
AN SANG / 180 , 3.1415962
IF ( ITW )2.3.3

3 zon30 .
GO To u

2 ZOW : W / TANGAN )
4 WRITE ( 6.5 )
5 FORMAT ( IH1.25X'FLOW FIFLC HOUNDARY 111 )
IF ( NDIM.EX.0 ) WRITE (68 )
IF ( NDIM.to.1 ) WRITE ( 6.9 )
IF (NDIM.L.2 ) WRITE ( 6.10 ) ALPHA

8 FORMAT ( IH . 10X , ' FLOW FIELD FOR TWO PARALLEL PLATES ! 11.10X ,
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Lower

S ..
.

1 ' TWO DIMENSIONAL CASEI / )

9 FORMAT ( IM , 101 , ' FLOW FIELD FOR CIRCULAR TUBE 11.10X
1 ' AXIALLY SYMMETRIC CASET / )

10 FORMAT ( im , 9x'FLO * FIELD WITH A LINE SINK , 11.10X .

I'ORIENTATIUN ANGLE ALPHAE ' , F10.6 , ' DEGREES T
O THE FLOW ! )

WRITE ( 6.0 ) ZM . ZMA ,RO

O FORMAT CIF , ' DISTANCE OF UPSTREAM BOUNDARY : 1 ,F10,5 / 7/ 1 ,

1 IM , 'OISTANCE OF DOWN STREAM BOUNDARY : 1 ,F10.5 / 1 .

< IM , ' DISTANCE OF RADIAL BOUNDARY : ' , F10,5 // )

IP ( IPUNCH.tw.1 ) WRITE (1.1 ) .WANG
WRITE ( 0.1 ) UWANG

1 FORMAT ( 1h , ' SAMPLING CONDITIONS / 11

1 IH , ' SAMPLING VELOCITY /FREE STREAM VELOCITY : 1 ,F10,5 / 7 ,

2 IM , ' SAMPLER WALL THICKNESS : ' , F10,5 / 1 ,

3 ihi ! TAPERING ANGLE OF SAMPLER WALL : ' , F10,5 , DFGREES '// )

RETURN
ENL

FOR IGRID
SUMKUUTINĘ GRILCIM . JM , 2 ,ROZM , ZMAROW.ZOW IT W )

COMMUNI A6C / JOK , IGR , IbnTTER
COMMUNTACCO1B0.JGRO
DIMENSION 2 ( 101 ) or (61 )

REAU (5.16 ) 162.JGR
18 FORMAT ( 15 )

IGP : 16Z
RITE (0.1 ) IGR , JGK

1 FOMAT ( IM , NUMBER OF GRID POINTS FOR UNIT DISTANCE Z = 1,1577 .

IM , 'NUMMER OF GRID POINTS FOR UNIT DISTANCE F : ' , 1577 )17 : 162-1
FGK : JGR - 1

07 : 1,7767
DR : 1./FGR

C CALCULATE MAXIMUM VALUE OF I

1 : 1
2 ( 1 ) : 7

2 2 (11 ) : 211 ) .UZ
1:11
IF ( AMS (2D ) ) .LE . (OZ + .0005 ) GO : 3

GO TO 2

3 1 : 1 + 1

211 ) = 0 .

Aw : 1

IF ( IT W )5.15.15

5 FN : 20W / 01
Norli
NNON + .99

IF ( NN.Ewen ) G ) TO 13

E NONN

N : NN
13 DO 14 J : 1 , N

Fj : J
1 : 1.1

2 ( 1 ) : 20- / N

14 CONTINUE

2 ( 1 ) : 70
15 IANU : 1

4 Z ( 1 + 1 ) : 7 ( 1 ) .DZ

1 : 1 +1

IF ( Z ( 1 ) .GE . ( ZMA- , n005 ) GO T
O 6

GO TU 4
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6 IM
C CALCULATE MAXIMUM VALUE OF J
J : 1
RCJ ) : 0 ,
7R ( J + 1 ) :RIJ ) .DK
J : J . 1
IF ( v.tw . JGK )GO TU A
GO TO 7

HR ( JGR ) : 1 .
IF ( ITW ) 9.10.17

17 FNEWDK
NEFN
NNSEN , 99

IF (NN EQ.N ) GO TO 9
FNENN
NONV

9 DO 10 JJ : 1.N
ty : JJ
J : J.1
# ( ) : 1 , +4J* W / AN

16 CONTINUE
R ( J ) : 1 , +n
JGKU : J

10 JOJ + 1
R ( J ) : R ( J - 1 ) +UR
IF ( (RJ) + . 005 ) .GERO )GU TO 11
Go 10 10

11 JMJ
IF ( IT .E0,0 ) JGRO : JGR
WRITE ( 6.12 ) IM . JM

12 FORMAT ( IH , IMAXIMUM NUMBER OF POINTS IN Z CIRECTION : ' , 15/16
1 IM , IMAXIMUM NUMBER OF POINTS INR DIRECTION : 1,151 / )
RETURN
END

FOR , I BCUND
SUPRUUTINE BCOND (PSI , IM . JM U , I TwoWoll )
COMMON / ABC / JGR . IGR IAW , ITER
COMMUN / ACC / IBWU.JGRO
COMMON / ARD / NDIM , IPUNCH
DIMENSION PSICIM , JM ) .R ( JM )

C INITIALIZt ALL PSI VALUES .
NENDIMI
DO 11 J81.JM
A : R ( J ) N

DO 11: 1.IM
PSI ( I.J ) : A

1 CONTINUE
11 CONTINUE

C AT THE OUTER BOUNDARY
DO < 1 : 1.JM
PSI ( I.JM ) : * ( JM ) ** N
2 CONTINUE

C AT THE INLET
JM1 : JM - 1
DO 5 J : 2.JM1
PSI (1.J ) ERIJ ) ** N

3 CONTINUE
C AT THE OUTLET

DO 4 J : 2.JGR
PSICIM , J ) : K ( J ) ** N * U
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4 CONTINUE
DO 5 1 : 18w.IM
PSI ( I.JGR ) : 1)

S CONTINUE
JG = JGRAUS ( TW )
IF ( II )6.Hin

6 THEIR
IF ( ITW.Lt , 0 ) 18 18W + 1
un / 1 : 16.160)
JG1,: JGR - Ton I
IFCITW.EQ.1 ) JGG : JGRO
on 13 J JG.JGO
PSI ( 1.J ) :PSI (1.6 )

13 CONTINUE
7 CONTINUE
DO 14 1 : 150 . IM
un 15 J : JG.JGb
Psi (1J) :PSI ( 1.JGR )

15 CONTINUE
14 CONTINUE
8 A : * ( JM ) ** NOU
C : ( 1. +W ) ** N
8 : - ( JM ) * N - C
IF ( ITwit0,0 ) JGGEJG
DO 9 JEJGGJM1
IF ( J.16 , JGR ) Gil 10 9
PSICIM.J ) : A / 8 ( ( J )** N - C ) +1

9 CONTINUE
WHITE ( 6.12 )

12 FORMAT ( 1M INITIAL VALUES OR STREAM FUNCTION // ):
RITH (610 ) ( (PSI (1J) . 1 : 1 . IMS ).J: 1.JM , 5 )

10 FORMAT (11F10,4 )

.

RETURN
ENU

FOR , I LAPLA
SUPRUUTINH LAPLA (PSI . IM.JMITWIRELAXZRITERMANCON )
COMMON /AC JGRIGRIBW . ITER
COMMLR AAA / ERR
COMMON /ACC / IDwi . JGRO
COMMON / ARC / NUIM , IPUNCH
CIMENSION PSICIM , JM ) .Z ( IM ) .R ( JM )
ENLIMENDIM
WRITE ( 0.11 ) RELAX

11 FORMAT ( IM , IRELAXATION FACTCK : ' ,F15.6 . /1.11 ,
I'CONVERGENCE KATE !!! )
16 : 0
ACON :

ITER : 1
IM1 1 * -1
J۴۰۱:لدم

EPPS : It - 3
IF ( Irwint , 0 ) 16 : 1

3 ERR : 0 .
00 11:2.IMI
Dz = 2 ( 1 ) -I ( 1-1 )
IF ( 16.EQ , 0 ) GU TO U
072 = 2 ( 1.1 ) -Z ( 1)
A : 2 ./ ( UZLİLL )
6 : A / 02
C : 4 / 0ZZ

O
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.

0

O

SUo

D : 2,70Z / UZZ
4 DC 2 J :2.JM1
DRER ( J ) -R ( J - 1 )
IF ( J .EW.JGK , AND , 1 ,GE.IBW ) GO TO 2
IF ( IG .EQ , 0 )GU10 5
If ( Jul1.JGRGUR J.G1.JGRO ) GO TO 10
IF ( I.LT , IRW ) GO TO 10
IF ( ITM ) 9.5.2

4 IF ( D.GE. Ikw () ) GO TO 2
JMA1 , : 1-160M + JGK + 1
IF ( J.GE .JMAG ) GO TO 10
GO TO 2

10 DAKOK ( J + 1 ) -RUJ )
A : 2 ./ ( DRTURR )
taA / DR
foA / ORK
Got72 . * OKR / R ( J ) INDIM
Hot 12. UR / R ( J )
HEMENDIM
P : ( UK - CRR ) / 10R / DRR / R ( J )
P : P ENLIM
W32./DR/DRR
SEU - P
PS PSI ( I.J ) RELAX / S (6PSI ( I -1.J ) + C PSI ( I.1.J ) + (GE) .PSI (1.J - 1 ) ( F
1 - H ) PSI ( 1.J + 1 ) )
PS:PS- RELAX #PSI (I.J )
GO TO 6

5 PSEPSI (LJ) KELAX /4. * (PSI ( I - 1.J ) PSI ( 1 +1.J ) PSI (1.J - 1 ) + ( 1 . +DR / 2 . *
2ENDIMIR ( J ) ) PSI ( I.J + 1 ) * (1. -URI2.7R ( J ) * FNDIM ) )
FsẽP S - PEL Ag +PSI • J )

O EROADS (PSI ( I.J ) -PS )
FootR /PSI (1J)
IF ( ER.GE .ERR ERROEK
Psi ( 1.J ) : PS
2 CONTINUE
1 CONTINUE
WRITE (68 ) ITER . ERR(

* FORMAT ( 15,710,7 )
IFCERR.LE.LPPS )GU TU 7
ITER : ITER !

IF ( ITER.GE.ITEKMANCON : 1
IF ( ITER.GE.ITEWMA ) GO TO 7
Go 10 3

7 RETURN
FNU

FOR I RESULT
SUBROUTINE RESULT ( PSI . IM . JM.Z.R.RELAX ,NCUNUZ.UR )
UIMENSION PSICIM.JM ) .Z ( TN ) . ( JM )
DIMENSION UZ CIM , JM ) URCIM . JM )
COMMUM / ABC / JGRIGRIHwITER
COMMUN / AAA / ERR
COMMON / ART /NDIM , I PUNCH
COMMON / ACC / IBW , JGRO
COMMON /HAT / ALPHA , F , ISINK
IF ( NDIM.LR.2 ) GO TO 12
IF ( NCON ) 1.1.3

2 WHITE (63 )
3 FORMAT ( IM , ' NU CONVERGENCE ' )
I MRITE ( 6.5 ) ITER
5 FORMAT CIH , ' NUMBER OF ITERATIONS ' , 2x.14 )

�

94



:5:(

WiRITE ( 6,4 ) ERR
4 FORMAT ( IM , IMAXIMUM ERROR : 1,2x.F10,7 )
WRITE ( 0.1 )

7 FORMAT ( 11,1H ,! FINAL STREAM FUNCTION SOLUTION 1/1 )
WRITE ( 6.0 ) ( ( PSI ( I.J ) .1 : 1.1M.5 ) .Jai.JM )

12 WRITE ( 6.8 )
WRITE ( 6.61 UZ ( 1.J ) .1= 1 , IM . 5 ) .J =1.JM )
WRITE ( 6.4 )
WRITE (6.0 ) ( ( UR (1.J ) . 1 : 1.IM , 5 ) . J-1.JM )( I
6 FORMAI ( TIF 10.4 )
B FORMAT ( Ilidt , SX , SUZ ' )
9 FORMAT ( 11,1H , 5X.NUR ' )
10 FORMAT (HF10.4 )
11 FORMAT ( 214 )
IF ( IPUNCH ) 13.13.14

14 CONTINUE
WRITE (1.11 ) NDIM
WRITE ( 1.11 ) JGR . JGRO
WRITE ( 1.11 ) IRWIHWO )
WRITE ( 1.11 ) IM . JM
IF (NDIM.Ed.2 ) WRITE (111 ) ISINK
IF ( NDIM.EQ.2 ) WRITE ( 1.10 ) F.ALPHA
WRITE (lin ) ( Z ( I ) : 1 : 1.IM )
WRITE (110 ) ( R ( I ) 1 : 1.JM )
IF (NDIMLQ.2 ) GO TO 13
WRITE ( 1,10 ) ( (11Z (LJ) , 1 : 1 . IN ) . J =1.JM )
WPITE ( 1.10 ) ( CUR ( I.J ) , 1 : 1.In ) .J : 1 . JM )

13 RETURN
ENU

FURI VELOvtlo
SUVBRUUTINE VELU ( PSI . IM . JM.UZ.UR.RU.WIIwou.Z.R )
DIMENSION Z ( IM ) .R ( JM )
DIMENSION PSICIM.JM ) .UZ ( IMJM ) .UR ( IM.JM )
COMMON / ACC / IBUJGRO
COMMON / ABC / JGK.16R JAW . ITEW
COMMON / ARDINDIM . IPUNCH
ESC ( A , B , C ) = ( A - 172.70
ESCA , tocol ) :( 3 . *Ac- 4 . * 8172.1D
Est (AR Coll ) : 14. * 8 - A - 3 . * C ) 12.70
UESCA.M.C.E.D ) :( 0 ** 2 * A- ( C +* 2-6 ** 2 ) + H - E ** 2 * C ) / ( 0 + E ) / D / E
UFSF ( A , B , C , D) , k ) : (** ( 1 + 5 ) ** 2 - A * 0 ** 2 - C ( 2 . * ( + 1 ) * ) / 13 / E / ( 0 +t )
UF SE (Arkiciliof ):( A * (2. * U++ ) * t H * (DE )+2+ ( * ** 2 ) / D / E / (DE )

C INITIALIZE ALL VALUES OF VELOCITIES
N : DIN 1

un 11: 1.IM
on 2 J : 1.JM
11711.J ) : 1.0
Hall.J ) : 11,0
2 CONTINUE
1 COITINUE
DO BJ : 1.GR
UZ ( IM.J ) :

3 CANTINLE
co4 J : JGRUJM
UZ ( IM . J ) :(RU **NEU ) / (RO **N- (1. +w ) ** N )

4 CONTINUE

O

(۱نول:لابا•لایخاب
.UZ ( IM ) : 0 .

2H CONTINUE
0 29 1 : 1 . IM

95



.

.

UZ ( 1.1 ) : PSI ( 1,2 ) / R ( 2 ) ** N
IF (NDIM.tQ , 0 ) RR : 1 .

29 CONTINUE
C CALCULATE THE VELOCITIES

IMI : IM - 1
JM12JM - 1
Do 1 :2.IMI
vo 1 J :2.JMI
07 : 2 ( 1 + 1 ) -Z ( 1 )
MM : 2 . ** ( J )
IF (NDIM .EQ , 0 ) RR : 1 .
CRER ( +1 ) - ( J )
IF ( IT ) 8.9 , 10

9 U7 ( 1.J ) : LSC ( PSI ( 1.J + 1 ) .PSI ( I.J - 1 ) .DR ) IRR
UR ( I.J ) : ESC ( PSI ( 1 + 1.J ) .PSI ( I - 1.J ) .02 ) / ( - RR )
GO TU 7

10 IF ( J.LT , JGK.OR.J.G1.JGRO ) GO TO 9
IF ( I - IWW ) 11.12.13

11 Flv ,G1.JGH , AND , J.L1.JGRO GO TO 9
17 DRREK ( J ) -R ( J - 1 )
UR ( I.J ) , - ESC ( PSI ( 1 + 1.J ) .PSI ( I.1.1 ) .DZ ) / RR
07 ( 1.J ) : UESCOPSI ( 1.J + 1 ) .PSIC.J ) .PSI ( I.J - 1 ) .DR.DRR ) /RR
GO TU 7

12 UR ( I.J ) : - ESH (PSI ( 1.J ) .PSI ( I - 1.J ) ,PSI ( I -2.J ) .DZ ) / RR
07 ( 1.J ) = 0,0

14 IF ( J.EQ.JGH DUZ ( I.J) : SB (PSI ( I.J ) , PSI ( I.J - 1 ) .PSI ( 1.1-2 ) . ( RIJ ) -HlJ - 1
1 ) ) ) / RR
IF ( J.LG , JGROUZ ( I.J ) : ESF (PSI ( I.J + 2 ) .PSI ( I.J + 1 ) .PSI ( I.J ) .DR ) / RR1 )

GO TU 7

13 UR ( 1.J ) : 0,0
17 ( I.J ) : 0,0
GO TO 14

6 IF (D.GE.IBW.AND.1.LEIHWOIGU 10 15
IF ( J , t6.JGR.lin .J.EQ.JGRO )GO TO 16
IF ( I.LT . IBW ) GO TO 9
IF ( J.L1.JGRGUR.J.G1 , JGROGO TO 9
UZ ( I.J ) : 0.0
UR ( I.J ) : 1,0
GO TO 7

16 IF ( D.LT , IBW ) GO TO 17
UR ( 1.J ) : 0.0
GO TU 14

15 IF (1.16.IBW.UR.I.E.IwO ) GO TO LA
IF ( J.L1.JGR.UR.J.G1.JGRO ) GO 10 9
IF ( J . EQ.JGRO ) GO TO 12TU
IF (J.ti . JGK ) UR ( I.J ) : 0.0
IF ( Jitu.JGK ) GO TO 14
IF ( 1.61 . ( IHw J.JGR ) ) 60 10 27
IF ( J.G1 , ( JGR 1-10 ) )GO TO 9
IF ( Jitu . ( JGR 1 ) .04.J.EQ . ( JGRO - 1 ) )GO TU 19
IF ( J.L1 . ( JGR + 1- IB * ) ) GO TO 27
07 : 2 ( 1 ) -Z ( 1-1 )
UR ( I.J) : - ESA (PSI (1.J ) .PSI ( I - 1.J ) .PSI ( 1-2.J ) .UZ ) / RR

21 12 ( 1.J ) : ESF ( PSI ( I.J + 2 ) .PSI ( 1.J + 1 ) .PSI ( I.J ) .DR ) / RK
GO TO 7

27 UZ ( I.J ) :0,0
UR (1.J ) : 0,0
GO TU 7

19 IF ( D.NE. ( JGR - 1 ) ) GO TO 20
07 : 2 ( 1 ) -Z ( 1-1 )

O

.

O
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67232 ( 1-1 ) -2 ( 1-2 )
LR ( I.J ) ZUESH (PSI (1.J ) .PSI ( 1 • 1.J) .PSI (1.2.1 ) .02.022 ) / ( - RR )
IF (JEW . ( JURO)-1) )GU TO 20
Gn iu 21

20 Optor ( J.2 ) -R ( J + 1 )
U211.J ) : UESE (PSI (1.2.J ) .PSI ( 1 +1.J ) .PSI ( I.J ) .DR.DRR ) / RRIllvitg . ( JGR + 1 ) ) GO TO 7
07 : 2 ( 1 ) -I ( 1-1 )
UR ( I.J ) aot SH (PSI ( I.J) .PSI ( 1-1.J ) ,PSI (1-2.J) .07 ) RR
GO TU 1

18 IF ( I.16 . Ihwn )GO TO 22
26 DRKER ( J ) -R ( J - 1 )
Cz2 : 2 ( 1 ) -7 ( 1-1 )
UR ( I.J ) : - 1E SCOPSI ( I.1.J ) ,PSI ( 1.J ) .PSI ( I - 1.J ).Z.DZZ ) /RR
Uz ( 1.J ) UESC (PSI ( 1.J.1 ) .PSI ( 1.J ) .PSI (1.J- 1 ) .DR.DRR ) ZRK
GO TU 7

22 IF ( J.G1.JGRAND.J.11 . JGPO ) GO TO 23
IF ( J .E.JGN ) GO TO 24
IF ( J.tw . JGRO ) GO TO 25
UROR ( +1 ) -RJ)
Gri 10 26

24 UR ( I.J ) : 0.0
07 : 2 ( 1 ) -2 ( 1-1)
URTI , J ) : LSHIPSI ( 1.J ) .PSI ( 1-1.J ) .PSI ( 1-2.J ) .DZ ) / RR
OROR ( J ) -R ( J - 1 )
UZI1.J ) : SB (PSI ( 1.1 ) .PSI ( I.J - 1 ) .PSI (I.J - 2 ) .DR ) IKK
Gin TU 7

25 UR ( 1.J ) : 0.0
07 : 7 ( 1 ) -2 ( 1-1 )
UR ( I.J ) : - F SHI"SI (1J) .PSI ( I -1.J ) .PSI ( 1-2.J ) .DZICKR
07 (1.J ) : + SF (PSI (1.1.2 ) .PSI (1.J + 1 ) .PSI11.J ) , DR ) IRR
Gin TU 7

23 UR ( I.J ) : V.U
17 ( 1.J ) =0,0

7 CONTIN !!!
5 CONTINUE
RETURN
ENIO

* FURT STREAM
SUBROUTINE STREAM (2.PSI.R.IMJM , STR.11 )
DIMENSION PSICIMIN ) .Z ( IM ) .R ( JM ) . SIR ( II )
DIMENSION AS ( 10.101 )
SAG ( X , Y.V.A.K.C.D ) : ( A - C ) ( A - D ) x / ( H - C ) / (0-0 ) + ( A - ) + ( A - D ) * Y / ( C - B )
1 / (1-0 ) ( A - 3 ) * ( 4 - C ) *VI (DA) / ( 1 - C )
Jmazgma2

un ilm : 1.11
ST : STRIK )
Co2 = 1 . IN
un 3 J : 1.JM
IF (51.61.PSI ( I.J ) , AND.ST.LE.PSICI.J + 1 ) ) GO TU 4

3 CMNTINUE
4 * SCIK , 1 ) :S1GCKCJ ) .R ( +1 ) .RIJ+ ? ) . ST.PSI (LJ) .PSI ( I.JOI ) .PSI (1.J21 )
2 CONTINLE
1 CONTINUE
WRITE ( 0.5 ) ( ( ( D) . (AS ( IKI) , K : 1.11 ) .131.1M )

5 FORMAT ( 11F10,0 )
RETURN
END )

Fik 1 SINVEL
SUERCUTINE SINVELOU.Z.R.IMJM.UZ UR )
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0

DIMENSION Z ( IM ) . ( JM ) .UZ CIM , JM ) UR ( IM.JM )
COMMON / BAT / ALPHA.F.ISINK
FUN ( X , Y ) =SORT ( X + 2 + 7 + * 2 )

REALM
ALPHA ALPHA 3,141596 / 180 .
COCOS ( ALPHA )
S : SIN ( ALPHA )
: ( U - S ) /4./F
IF ( ISINK.EQ.1 ) M3 ( S - U ) / 2 / +2
WRITE (64 ) M.F.ISINK

3 FORMAT ( 4110,6 )
4 FORMAT ( 2F10.6.14 )
co i 1 : 1.IM
Y : -7 ( 1 )
o 2 J : 1.JM
X : ( J ) F
XF : X - F
XF :Xof
IF ( ISINK.E0,0 ) GO TO 13
IF (AUS ( Y ) .LE..01 ) GO TO 10
A : UN (XY )
B : FUN (XFY )
LOFUN (XFHY)
F :BXF
EXFC
G : * A
UUZ : .X72 . /A.XF / H- XFF / 2. /DEALOG ( H / G ) ALOG ( H / E ) .12/ 2 * 2. / B / B / G /A12 : / p )
Ulik : X** 212. / Y / A - X*** 2 / 4 /B.XFF **212.7Y / D - 112 . * (2./8.1/A-1,0 )
UUREUURA /2. / Y - B /4.0 /2. / Y
UUZ : UUZM
UUR UURIM
GO TO 11

10 IF (X.Gt.0 . , AND , X.LE. (2. * F ) ) GO TO 12
LUK : 1 .
U12 : M * ALOG (XF27X /XFF )
GO . TU 11

12 U12 : 0 .
UUR : 1 .
GO TU 11

13 AzFUN (XY)
BEFUN (XFPV )
IF ( A.lt..01 ) A : , 01
IF (D.Lt . .01 ) B : , 01
017 : M * ( 1./A-1./8 )
UURE - M * ( X / A / Yo ( XFF ) / B / Y )

11 CONTINUE
U7 ( 1.J ) E -UURES
UR ( I.J ) :UUZC

2 CONTINUE
1 CONTINUE
RETURN
END

EFIN

2
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PROGRAM ' TRAJEC '
ITORI INER
C

C

WWW

b
o
y
w w w w w
e

I w w w w w w w w w w w w w w w W
.
W w w w w w w w w W Wwwwwwwwwwwwwwwwwwwwwwwwwwwwwwwww

TRAJEC SOLVES FOR THE LIMITING TRAJECTORY O
F PARTICLES CAPTURED B
Y

A SAMPLING HEAD IN A PREDETERMINED FOOW FIELD

PARTICLE TRAJECYORIES ARE OBTAINED BY NUMERICALI.Y SOLVING THE EQUATION

O
F

MOTION OF PARTICLES WITH STOKE'S DRAG .

NUMERICAL METHOD USED ........ PREDICTOR - CURRECTOR WITH ITERATIVE CONVERGENCE
WWWWWWWWWWWWWWWWWWWWWWWWWWWWWWWwwwwwWWWWW iwar

PROGRAM TRAJEC VARIABLES DESCRIPTION
ALPHA ****** ORIENTATION ANGLE OF THE SAMPLERHEAD WITH RESPECT TO FREE STREAM

IN DEGREES (USED ONLY WITH THE OPTION NDIM : 2 ) INPUT

: 0 WHEN THE FACE PLANE OF THE SAMPLER IS TANGENTIAL TO
FREE STREAM

: 90 WHEN THE FACE PLANE FACES THE STREAM .

ANG ******** TAPERING ANGLE OF THE SAMPLER WALLOUSEC ONLY WITH THE OPTIONS
NDIM : 1 OR 0 ) INPUT

C
C

C
C

C
C

C
C

C
C

C
C

C
C

C
с

C
C

C
C

C
C

C
C

C
C

C
C

C
C
.

C
C

C
C

C
C

C
C

C
C

C
c

C
C

C
C

C
C

C
C

C
C

OTI ******** INITIAL TIME INCREAMENT FOR THE TRAJECTORY CALCULATIONCOURING
THE EXECUTION OF THE PROGRAM THIS TIME INCREAMENT IS VARIED AS
REQUIRED FOR CONVERGENCF CRITERIA . ( USUALLY : 1,1 ) INPUT

DRO INCRE AMANI IN KADIAL DIRECTION , USED TO CHOOSE A NEW'RII
BASED ON THE PREVIOUS TRAJECTURY CALCULATION ( CAN A

E 0,1 O
R 0,2 )

LPPS ******* PRESET TOLERENCE T
O STOP THE ITERATIVE PROCEDURE AND TRAJECTORY

CALCULATION ( INPUT )

F ********** FRACTION OF DIAMETER OVER WHICH THE SINK IS DISTRIBUTED .

(USED ) ONLY WIT OPTION NDIM : 2 ) USUALLY $ 30.01 INPUT

FR ********* FROUDE NUMBER OF THE PARTICLE ( OUTPUT )

IB ********* NUMBER OF AXIAL GRID POINT AT WHICH THE INNER WALL OF THE
SAMPLER IS LOCATEC

IhW0 ******NUMBER OF AXIAL GRID POINT AT WHICH THE OUTER WALL OF THE
SAMPLER IS LOCATEC .

IWWU IH IH OPTIO ADIM : 2 IS USED .

IDIM ******* SINK TYPE PARAMETER
30 WU DIMENSIONAL

: 1 AXISYMMETRICAL

IE ********* ELECTROSTATIC PARAMETER

= 0ELECTROSTATIC EFFECT NOT TAKEN INTO ACCOUNT

I TAKEN INTO ACCOUNT

IM * . *** . *** MAXIMUM NUMBER OF GRID POINTS IN AXIAL DIRECTION INPUT
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INT ******** INTERVAL FOR TRAJECTORY COORDINATES TO BE PRINTED OUT INPUT

IS ********* SEDIMENTATION PARAMETER
30 SETTLING IS NOT TAKEN INTO ACCOUNT

TAKEN INTO ACCOUNT

ISINK ****** SINA STRENGTH DISTRIHUTION PARAMETER .
: 0 UNIFORM STRENGTH
: 1 TRIANGULAR STRENGTH DISTRIBUTION

INPUTIST ******** NUMBER OF SIZE INTERVALS IN PARTICLES DISTRIBUTION
MAXIMUM OF 10

LIMIT ****** MAXIMUM NUMBER OF TIMES TO PERFORM THE TRAJECTORY CALCULATION
FOR ņNE PARTICLE

THE FLUID IS ASSUMED TO HE FRICTION.ESS AND THE FLOW FIELD IS GOVERNED
BY POTENTIAL FLOW EWUATIONS . THE FLUID FLOW MODEL COVERS THREE DIFFERENT
SITUATIONS.1 ) TWO DIMENSIONAL FLOW BETWEEN PARALLEL PLATES
2 )AXISYMMETRIC FLOW IN A CIRCULAR TUBE
3 ) LINE SINK WITH ARBITRARY ORIENTATION TO THE ONCOMING FLOW ,
THE USER CAN CHOOSE ANY OF THE ABOVE OPTION WITH PROPER VALUE OF AN
INTFGEM PARAMETER INDIMI
NDIM :( TWO DIMENSIONAL CASE
NDIM : 1 AXISYAMETRIC CASE
NDIM : 2 LINE SINK

P ********** PARTICLE RADIUS IN MICRONS ( DIMENSION " IST ! )

C

C

C

C

C

c
C

С

C

С

C

C

C

C

с
C

с
C

C

с
C

C

C

C

C

С

C

C

C

C

C

с

C

C

С.

С

с
C

с
C

C

C

С

C

C

C

C

с

C

с

с

с

C

C

C

C

PH ********* MEASURED FRACTION OF VARIOUS PARTICLE SIZES ( DIMENSION ' ISTI )

PL ********* LINEAR DIMENSION CF THE SAMPLING HEAD

QC ********* ELECTROSTATIC CHARGE ON THE SAMPLER HEAD .

RI********* INITIAL RADIAL POSITION OF THE PARTICLE
KT ***** RADIUS OF THE TUEE ( SAMPLING ) OR CHARECTERISTIC DIMENSION OF

THE SAMPLER .

SIK ******** STOKE'S NUMBER OF THE PARTICLE

R ********** RADIAL COORDINATE ( DIMENSION ' JM " )

KE ********* REYNOLD'S NUMBER BASED ON THE RADIUS

TA ********* RELAXATION TIME OF THE PARTICLES ( DIMENSION IST )

RIME SAMPLER WALL THICKNESS ( INPUT ) .USED ONLY WITH
NUIM OPTION OF 0 OR

UZ ******** VELOCITY OF FLUID IN AXIAL DIRECTION ( ARRAY OF IMXJM )

UR ******** VELOCITY OF FLUID IN TRANSVERSE DIRECTION ( ARRAY OF IMXJM )

U ******* SAMPLING VELOCITY RATIO ( INPUT )

იი

)
1
ი
ი
ი
ი

2 ********** AXIAL COORDINATE ( DIMENSION IM )

ZI *** * INITIAL AXIAL POSITION OF THE PARTICLE
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ZLIPI ****** LIP DEPT OF THE SAMPLER

ZMAX ******* MAXIMIIM AXIAL DISTANCE UP TO WHICH THE TRAJECTORY SHOULD BE
C CINTINUE ( USUALLY EQUAL TO 0. )
C

C

[ win w w w la
t
w win w w w w w w w w w w w w w w w w w h
a
i
w w
ie
w w w w w w w w w w w w w w w w
e

w w w w w w w w w w w w wielu w w w w w w W WWW

C
C

C
C

C
C

C
C

C
C

(
C

C
C TRAJEC DATA INPUT

C
C aaa

C A A A A AAA AAAAO

C CARD 11 INT FORMAT ( 14 )

C PRINTING INTERVAL

C
Ľ CARD 2 : Tel w i IS FORMAT ( 314 )

C IL : 171 ELECTROSTATIC EFFECT NOT INCLUDED INCLUDED

C Iw : 1 / -1 UPPENILOWER WALL

C 15 : 0/1 SEDIMENTATION EFFECT NOT INCLUDED / INCLUDED

C

CARD 3 : UWANG FORMAT ( 3F 10.4 )

C U - ovt LICITY RATIO.SAMPLING VEL / FREE STREAM VEL

C wuoWALL TRICKNESS OF THE SAMPLER

C ANG -- IAPERING ANGLE IN CE GREES OF SAMPLER WALL

C
C CARD 4 : NIM FORMAT ( 14 )

C FLUM FIELD OPTION

C :( IwU DIMENSIONAL FLOW HETWEEN PARALLEL PLATES

C • 1 AXISYMMETRICAL FLOW FOR CIRCULAR TUFE

C : 2 FLOW FIELD WITM LINE SINK

C OPTIONS nol REQUIRE THE FLOW FIELD in PE DETERMINED PY THE PROGRAM

C FLORII

C
C CARDS : CIM FURMAT ( 14 ) OMIT IF NDIM : 0 OR 1

C : 0 W DIMENSIONAL UNE SINK

C AXISYMMETRICAL LINE SINK

C
C CARD 6 : JGKJGRU FORMAT ( 214 )

C JGH - olvim AEK UF GRIU PUINTS PER UNIT

c . RADIAL DISTANCE . : 1./GPID SPACINGIN RAD.DIR 1

C JGRO --RADIAL GRID POINT AT WHICH OUTER EDGE OF TMR WALL IS LOCATED

C JGRO : JGM IH NDIM : 2 OR wou . FOR NDIM :01 JGRX JGRU ARE CALCULATED

C BY THE PROGRAM FLOWFI

ا
ا
ا

C
C

C

CARO 1 : Ion , lino FORMAT ( 214 )

Ion-- AXIAL GRID POINT AT WHICH INNER EDGE OF SAMPLER WALL IS LOCATED
IHWC - AXIAL GRID POINT AT WHICH OUTER EDGE OF SAMPLER WALL IS
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1 .LOCAILN , IWW () IW IF NDIM : 2 OR WE 0 OR ANG : 90 , FOR NDIMIO OR
IMW AND IBO ARE CALCULATED BY " FLOWFI !

CARD 81 JM JM FURMAT ( 214 )
IM - _MAXIMUM NUMBER OF PCINIS IN AXIAL DIRECTION < 101
JM - _MAXIMUM NUMMER OF PCINTS IN RADIAL DIRECTION , <61
FOR NDIME 2 IM . JM ARE INPUT BY THE USER .
FOR NUIM : 0.1 IM . JM ARE OUTPUT BY FI OWFI .

CARD 9 : ISINK FORMAT ( 14 ) OMIT IF NDIM.NE , 2
: 0 UNIFORM SINK STRENGTH DISTRIBUTION ,
31 TRIANGULAR SINK STRENGTH DISTRIBUTION ,

CARD 101 FALPHA FORMAT ( 2F10,4 ) OMIT IF NDIM , NE 2
- FRACTION OF DIAMETER OVER WHICH THE LINE SINK IS DISTRIBUTED
USUALLYF : 0,01
ALPHA -- ORIENTATION ANGLE OF SAMPLER

CARD 111 --- 11 - IM / A Z ( 1 ) FORMAT ( OF10,4 )
AXIAL COORDINATES OF GRID POINTS , FOR NDIME 0.12( 1) IS CALCULATED
BY FLOWFI ' . FOR NDIM : 2 INPUT BY USER . THERE WILL BE
IM / 8 UAIA CARDS .

CARDS 11+ IM /8--11 + IM / 8.JM / A : N (SAV ) R ( I ) FORMAT ( 8 10,4 )
RADIAL COURDINATES OF GRID POINTS , FOR NDIM = 0,1 R ( I ) IS CALCULATED
BY FLOWFI ' . FOR NDIM : 2 INPUT BY USER . THERE WILL BE
JMO DATA CARUS ,

C

C

C

с
С

с

C

с

C

C

С

C

C

C

C

C

C

C

C

C

C

с
С

C

C

с
с

С

C

с

C

с
C

с

C

C

C

С

C

C

C.

с

C

С

C

C

C

C

C

С

C

С

C

C

C

C

C

с

С

C

CARD NO -NIMJM / 8 : M ( SAY ) UZ ( 1.J ) FORMAT (BF10,4 ) OMIT IF NDIM : 2
UZ -- AXIAL COMPONENT OF VELOCITY . FOR NCIM : 0 OR 1 CALCULATED BY
' FLOWFI

CARDSM - IM * JM / 83MM ( SAY ) UR ( I.J ) FORMAT ( F10,4 ) OMIT IF NDIM32
UR - O RADIAL COMPONENT OF VELOCITY . FOR NDIM30.1 CALCULATED BY FLOWE I

CARD ( +1 ) LIM.D11.ZIRI.CR FORMAT ( 15.4F15,6 )
LIM .. # UF TIMES TREJECTORY CALCULATION HAS TO BE DONE
011 - TIME INCREAMENT FOR EACH STEP ( 0.1 )
ZI -- INITIAL AXIAL POSITION OF THE PARTICLE .
RI -- INITIAL RADIAL POSITION OF PARTICLE : SQRT ( U )
DR- , RADIAL INCREAMENT ( 0,2 )

CARD (MM + 2 ) UINFORF FORMAT ( 2F15,6 )
UINF - FREE STREAM VELOCITY USER INPUT
RE- REYNULLIS NUMBER BASED ON TUBE WICTH

CARD (MM3) : ZLIP FORMAT ( F15,6 )
ILIPO -LIP DEPTH OF SAMPLER .

CARD (MMU) : OP.QC.PL FORMAT ( 3F10,4 ) OMIT IF IE : 0
UP . - ELECTROSTATIC CHARGE ON THE PARTICLE
oc --ELECTROSTATIC CHARGE ON THE SAMPLER .
PL - LINEAR DIMENSION OF THE SAMPLER .

CARD (MM + S ) IST FORMAT (14 )
# OF SIZE INTERVALS IN THE SIZE DISTRIBUTION < 10

CARNS (MMO ) - (MM * 6 IST ) PLAPF FORMAT ( 3F 15.8 )
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08

C P. -PARTICLE RACIUS IN MICRONS
C TA- RELAXATION TIME OF THE PARTICLE IN SEC
C POMEASURED FRACTION OF PARTICLES
C THERE WILL BE ISTI DATA CARDS .
CAAAA
Caaaaa
C

C

C

C

C

С

PROGRAM INER
CIMENSION ST ( 101.1A ( 10 ) , DF ( 10 ) P ( 10 )
COMMON / AAA / STK.FR
COMMUNABA /R161 ) .Z ( 101 )
COMMUNABA /UZ ( 101.61 ) .UR ( 101.61 )
COMMON / C / IM , JMJGR . JGRO . I WIBWO
COMMUNACB / T.IC INT . ILP.CLIP
COMMUN /HAI / INDIMISINK of ALPHA.U.IDIM
COMMON /SARISIE OP.AC.IW.PL.ESP JISIS :
PFAD (5.1 ) INT .
KFAL (5.1 ) it.l-.IS
READ (5.2 ) UWANG
READ (5.1 ) NIM
IF (NDIM.to.2 ) HEAD (5.1 ) IUIN
REAL ( 5.1 ) JGR . JGRO
READ (5.1) THW Ikmu
READ (5.1 ) IJM
WRITE ( 6.14 )

19 FORMAT ( IM1.30X'SAMPLING BIAS DETERMINATION'T111 .
1 in , ' TA JAFCTORY CALCULATION )

I FORMAT ( 314 )
2 FORMAT ( +10.4 )
3 FORMAT ( )
WRITE16.22 ) U ,WANG

22 ORMAI (115X'VELERATIO : ' , F10,6.75X ' WALL THCIKNESSI ,
1F10,0.75 * , ' TAPERING ANG : ' , F10.6 , ' DEG ' )
IF ( NCIN.EU.2 ) READ (5.1 ) ISINK
IF ( NDIM.EN.1 ) HEAD (5.2 ) F.ALPHA
P : 3,1415902
IF (NUIM ,NE.2 ) ALPMA =P112 .
IF (NDIM.U.2 ) GOtt 29

24 READ (5.2 ) ( Z (1.1 : 1 . IM )
HEAD (5.2 ) ( + (1.1 : 1.JM )
IF (NDIM.1.2 ) GO TO 2A
READ (5.2 ) ( (W2 ( 1 . ) 1 : 1.IM ) .J : 1.JM )
RFAD (5.2 ) ( CUR (I.J ) .151.IM ) .J : 1.JM )

26 ZMAX : ” .
Zru : -1 .
RFAU15.4 ) LIM , " TI.21.RIDH
RISU
IF ( NEIM.NE , O ) RIOSOKT ( U )
REA13 ( 5.5 ) UING ORE
MEAD (5.2 ) CLIP
FILP : ( ZLIP - Z ( 1 ) ) / ( 2 ( 2 ) -2 ( 1 ) )
ILPOFILP 1 .
ZMAX : 11 pm
IF ( H.10.1 ) READ (5.2 ) UP.GC.PL

zc
e

103



,

....

4 FORMAT ( 15,4F 15.6 )
5 FORMAT ( 2F 15.6 )
READ (5.1 ) IST
CALL BIAS ( IST.ST.PETA.PFICAUINFRE )

ALPH : ALPHA /P1* 180 .
WRITE (630 )

30 FORMAT (1125x'FLOW FIELD BOUNDARY'111 )
IF (NDIMEO , 0 ) WRITE ( 6.31 )
IF ( NDIM , EQ.1 ) WRITE (632 )
IF (NDIM . EQ , 2 ) WRITE (633 ) ALPHISINK ,FIDIM

31 FORMAT ( 1H , 10X , ' FLOW FIELD FOR TWO PARALLEL PLATES , 11.10X .
I'TWO ) DEMENSIONAL CASE ' // )
32 FORMAT ( in , 10X , ' FLOW FIELD FOR CIRCULAR TUBE 11,10x
I'AXIALLY SYMMETRIC CASE / )

33 FORMAT ( 14,9 , IFLOW FIELD WITH A LINF SINK '11 , 10X
I'ORIENTATION ANGLE ALPMA : ' , F10,6 . DEGREES TO' THE FLOW ! //
210X , ' SINK DISTRIBUION PARAMETER ISINK : '14 .11 .
$10X'SI'NK ISTRIMUTED OVER ' , F10,6 , ' OF THE PRURE DIAMETERI

, 11 ,

410X , ' IDIM : ' ,1.11 . )
34 FORMAT ( 11,1H , 25X , ' WALL PARAMETER Iw : 1,1477 )
WRITE (639 ) ZLIP

39 FORMAT IHO10X , ' ZLIP : 1 ,F15,617 )
WRITE (6,35 ) IS.IE.ITS

35 FORMAT ( IM , 9X , SEDIMENTATION PARAMETER = ' . 14.11 .
110X , 'ELECTROSTATIC FIELD PARAMETER : I , 14.11
110X , SEDIMENTATION TRAJECTORY PARA ITS: 1 , 14 , 17 )
WRITE (636 )

36 FORMAT ( 1H , TRADIUS ' , 3x . ' FRACTION ' , 7,1H , IMICRONI )
DO 37 1 : 1.IST

37 WRITE (6,2 ) P ( I ) .PF ( 1 )
LIMIT : 20
CAT : 1.05
EpPS =1s
EPP : 10 , * EPPS
210 : 21
DT1 =UTI
09235.00TL
D13 :11I / IN .
DT3 : 011/5 ,
DT4BUT312 .
IF (LIMIT.L1.1 )STOP
IwP : 1
IF ( NOIM . £ 2,2 . AND .ALPHA.L1,1,57 ) IWP : 2FP:IP
YUP : 0 ) .
YL0 = 0 .
CO 24 I1= 1 , IST
IF ( IL.NE . DR 0.1
STKEST ( 11 )
TAU : TA ( ID )
PP : P ( ID )
ESP : 3 , *QPWC /4. /PI /PP3/UINF ** 2 * 10.5 * 12
G2981 .
IF ( IS.L1.1 ) GO TO 6
VSOTAU * G
GO TO 17

6 VS = 0 .
17 RIERE * .1467 /UINF
FRIUINF ** /RT / G
RREPP # 10 ** ( - 4 ) RT
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VS VS /VIF
ZIEZIC
*RITE (6.2 ) 21 PPkt.UINFOSTK.FR ,RT
DO 38 IIwx1.IWP
Iw31
IF ( IIW.1.2 ) In : -1
W : 1 W
WRITE (634 ) I W
K : 0
IF ( IN.to.1 . AND 11.00.1 ) ROORI
IF ( I .EQ.1 . ANI).II.NF.1) RO : YUP
IF ( Ilm . Ew , 2 . ANL , 11.EQ.1 ) ROOYUP - 1.5
IF ( IIw.fb.2.AN ) , 11.NE.1 ) ROOYLU
KCA : ) .
RES : 1 .
F11 : 0 ,
On 20 1 : 1 , LIM°
IC = 0
Kolt : 0
J : 0
IHAL = 0
IDIV : 0
DEUTS
CT : UT
DTD11
IF (STK.L1..05 ) DT : 013
IF ( * . Q.2 ) 11 : 1 .
IF (K.LG . 1 ) FI1 : -1 .
IF ( K.66.4 ) FI1 : AMS (F11 ) 12 .
IF ( Moth.3 ) 11 : - ABS (FI1 ) 12 .
RO : KU +1R FI1 * F In
IF (NOIN.NE..ANU , 1.1.1.0 . ) STON
KOLORO,
T : V .
ICAT = 0

.

.

ur210�

211: 21.SIN ( ALPHA ) -R ( *CUS (ALPHA )
Rn : 21 *COS ( ALPHA ) +ROSINCALPHA )
21 : 211
CALL OUTP (ZI.RO ,KDE )
Ir : 1
CALL INTERF ( 0.21.XY.DUX.DUY )
vz : UX
VROUY

14 CALL FCI (RU.21 . !,VZDVRUX.LY.VZ.VR . DUX QUY )
011 * U : DUX
TUY UsDUY
OvZUEVZ
DVROEUVR
IF ( IUIV.tw.1 )ni :01
IF ( DIV.1,2 )01=UT3
IF ( IDIV.to.3 ) 1 : 1) 14
IF (STK.L1..50.AND.21.6.ZCU ) DT :014om : 1
PREDICT NEW POSITION

9 IF ( STK.L1..1 ) GO TO 42!
v7 : VZDVZDT
VRP VROUVRIUT
Gn 10 w3

42 V7P :UX / ( 1 , STK DUX )

С.
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C

C

Ver UY (18K DUY )
43 Zp : 21.VZP * OT
RPSKOVHP +01
RATORP / RU
IF ( ICAI.2.1 ) GO TO 10
IF (RAL.GI.CAT ) UT &DT12 .
IF (Ur.lt .1E - 3 ) ICAT : 1
IF (RAT.G1.CAT ) GO TO 9
CORRECT THE PREDICTED POSITION

10 CALL FC I (RP.ZP.CvZ.CVR.UXCUYC.VZP , VRP.CUX CUY )
VZ13V2 + ( UVC +CV7 ) 12.DT
VRI EV (DVR CVR ) 12. DI
IF (STK.L1..1 ) v2C :UX /2,711.STK DUX ) .UXC /2,711 , SIK CUX )
IF (STK.L1..1 ) VRC UY /?,711 . SIK DUV ) .UYC / 2.111.STK *CUY )
20 : 21VZC.DT
CORO + VRC * 1) T
ITERATE FOR CONVERGENCE
IF (M.tl..1 ) GU TO 11
IF ( ABS (Z01-20 ) .LhotPPS . AND , AHS (RCI - RC ) .Lt ,EPPS ) GO TO 12

11 MOM1
IF ( M.GY.LIMIT ) ILIV : 11 IV 1
IF ( IMAL.NE.0.AND.M.LE.LIMIT ) GO TO 7
IF ( IDIV.G1.3 ) GO TO 13
IF (M.G.LIMIT ) GO TO 14

7 Zp : 20
RPERC
V7PzV2C
VRP : VRC
RCIERC
ZC1 : 20
GO TU 10

15 D 1172 .
IHALIFALI
IF ( IHAL.GE.5 )WRITE (65) 71.10.20.ZP.RPERC.CvZ.CVR
IFCIMAL.GE.S ) STUP
DvZ :DVZO
DVRBOVNU
DUX : NUXU )

CUVUUYO
GO TU 8

12 KODEO
Tel.DT
CALL OUTP (2CRC.KUDF )
IA (KUDE.L0.1 ) WRITI ( 6.15 )

15 FORMAT ( 1 / 5X ' CAPTURED )

IF ( KUDE.NE.1 ) GO TO 21
ACASHOU
IF ( Kotu , u ) K : 2
IF (M.tw , 1 , OROK , F0.3) KEU
GO 10 23

21 CONTINUF
ZjEZC
RO RC
Vz : VZC
VROVRC
1 ( NDIN , NE.2.AND.40.11.0 . ) STOP
IMAL 30

IF (ALPHA .Ew.0 , AND ,RO.GE.1 . ) GO TO 41
IF ( 21.11.ZMAX ) GO TO Tu

41 WRITE ( 6.27 ) 1.1 :. 106
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0
.0
)

WRITE ( O.18 )

18 FORMAT ( 1 / 5X'ESCAPED )

21 FORMAT ( IM , 3 ( F 15.6.10X ) )

IF ( Kit0,0 ) K : 1

IF (Not6.2.0R.K.to.4 ) K : 3

RFS :RUU
23 ko - k0i
IF (ABS (RCA -KES ) .LT ,EPP ) GC TO 25

20 CONTINUE
25 IF ( II *.0 , 1 ) YUPERCA / 2 , REST2 .

IF ( Ilm.10.2 ) YLO : RCA / 2 , RES72 .

W PITE (640 ) CALICAT

4
0 FORMAT ( 11.11.10X , " MAX . POSITION RATIO : ' , 115,6,11,10

I'VALUE O
F ICAI ISE ! , 14,11 )

38 CONTINUE
Eft : ( (YP - YLU / FWP ) ** 2 / U

IF (NDI.N.1 , AND IDIM.E5,0 ) EFF : ( (YUP - YLO ) / FWP ) IU
EFFEFFVS.COS (ALPHA ) / U

WRITE (O26 ) VERF.STK YUP.YLO
26 FORMAT ( 1 /5X , VAL . RATIO : ' .- 10.6./5X , CONC . RATIO : 1,610.6 .

1 /5X.'STOMES NUMMER : ' , F10,6 . / 5X , CRITICAL ORD , : ' ,F10.6.5x5F10,6 )

PF (II ) :PF ( IT ) / EPF
24 CONTINUE
CALL HIAS ( IST.ST.P.TAFFICA ,LINFORE )
STOP
END

*FOR I FCI
SUR001 Nt FCL ( 070 [2v7 , VP UY • UY • vX VY • DUY • DUY )

COMMUNAAA /STK.FR
COMMUN / BAT /NOIMISINK ,F.ALPHA , 1 , ICIN
COMMUN /SARISIENN.00 . IwPL.ESPITS
FW1W
CALL INTLRP (RO.71.UX.UYDUX , DUY )

IF ( STK.L1..1 ) GU TU 2

Dv2 : ( UX - VX ) ISIK
DVR : (UY - VY ) / SIK

IF ( IS.t0.0 ) GO TU 1

Uv2 :DVZ.COS ( ALPHA ) /FR *FW
UVREUVR - SIN (ALPHA ) /FROHIN

1 IFCIL .E0.0 ) GO TO 2

Flin : SURTC ( 0-1 ) + 2.70 ** 2 )

S : (RU - 1 ) / IIN

1 : 20ZHIN
FUM : SOFTC Ril - 1 . ) . * 2. (PI - 20 ) ** 2 )

SS : (Ki - 1 . ) FUN
CC : ( PL - 20 ) UN
FX ESP / ( ( -1 . ) . ( S - SS )

Fy :LSPIR0-1 ) + (CC - C )

Dv7OUV2 + FX
UvK : O )VRFY

& RETURN
ENU

HORI INTERP
SUBR0INE INTERP ( R0 10 DX 00UX DUY )

COMMUNAA / R (61 ) .2 ( 101 )

COMMON /BAT /NOIMISINK ,F.ALFHA.U . IDIM
COMMON / ABB / UZ (101.61 ) .UR ( 101.61 )

COMMON / AB / IMJMJGR . JGHOIBWIHWO
IF (NUIM.EO.2 ) CALL SINVEL (RO.20.UX.UYDUX DUY )

IF ( NDIM.10.2 ) RETURN
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001 1 : 1 . IM
IF (20.G.Z ( I ) , AND.20.11.2011 ) )GO TO 2

I CONTINUE
2 IF ( 1.60.18w ) 121-1
Do 3 J : 1.JM
IF (RO.GE.ROJ ) , AND ,RO.L1.H ( J + 1 ) GO TO 4

3 CONTINUE
4 CONTINUE
UXL : (UZ ( 1 +1.J ) -UZ ( I.J ) ) / ( ( 1 + 1 ) .Z ( I ) ) . ( 20 - Z ( I ) )) 2 1.1 ( Z

UYL (UR ( I.1.1 ) -UR (I.J ) ) / ( 2 ( 1 + 1 ) -Z ( 1 ) ) . ( 20 - Z ( I ) )
UXUE (UZ ( 1-1.J + 1 ) -UZ (I.J+ 1 ) ) / ( 2 ( 1.1 ) -Z ( I ) ) * (20-2 ( 1 ) )1702
UYU : (UR (I1.J + 1 ) -UR ( 1.J.1 ) ) / ( 2 (1.1 ) -2 ( 1 ) ) . (20-2 ( 1 ) )117 ( (

UYL : UYL + UR ( I.J )
UXUEUXU +UZ (1.J + 1 )
UYUSUYL +UR ( I.J.1 )
UXL UXL +UZ ( I.J )
UX : ( UXU -UXL ) / ( R ( +1 ) -R ( j ) ) (RO - R ( J ) )
Uy : (UYU -UYL ( R (J1) -R ( J ) ) . (RO - R ( J ) )
DIY (UYUSUYL ) / ( R ( +1 ) -R ( J ) )
DUXOUZ ( 1-1.J ) -UZ ( I.J ) . ( UZ ( I +1.J + 1 ) -UZ ( I.1.J ) -UZ (I.J 1 ) .UZ (I.J ) )
1 * (RU - R ( J ) ) / ( x ( +1 ) -R ( J ) )
DUX : DUX / ( Z ( I + 1 ) -Z ( I ) )
Ux : UX +UXL
UV :UYUYL
RETURN
E NO

FOR , I SINVEL
SUB 0U ( NE SINVELR010 UX UY • DUY • DUY )
COMMON /HATINDIM ISINK , F , ALFHAU , IDIM
COMMON / SAKTIS , TERM ,QC , Iwo flot SP , ITS
COMMON / ACK / T.IC . INT . ILPZLIP
FUN ( X , Y ) =SQRT ( X**2Y** 2 )
THIL (X.Y ) : ( *** 2 - Y + 2 ) / ( x + 2.7 ** 2 )- 217 **2Y )

ARA ( X , Y , Z ) : ALOG ( ( x + 2 + 7 + 2 ) / ( 2** 2 * Y ** 2 ) )( ) X** Y ** 2.Y
ACH ( X , Y ) : 1 , 7 ( x **2Y** 2 )
REAL M
C : CUS ( ALPHA )
SESIN ( ALPHA )
M : ( U - S ) /4./F
IF ( ISIMK.0.1 ) . ME ( S - U ) /2./F** 2
P : 3,141596
THETA :P1-2 . ALANZLIP )
MEMPI / TMETA
X :RUF
Y - 10

XF : X - F
XFH EXF - F
IF ( IDIM.E2.0 ) GO TO 1

IF ( ISINK . 0,0 ) GO TO 13
IF (ABS ( Y ) .LE..01) GO TO 10)

A : FUN ( X , Y )
B : FUN (XFY )
V =FUN (XFFY)
: 6+ XF
toXFFC
G :XA
UUZ ? -X12./A.XF/8-XFF/2.70+ALOG ( H / G ) +ALOG ( H / E ) +

JY ** 212.12 . / M /8-1.7G / A - 1 . / E / D )
UuRa*** 212.7V / A - XF ** 2 / 4 / 8 +XFF** 212.7Y / D - 112 , * (2.70-1./A-1,/0 )
UUREUURA / 2.7Y - H /YD / 2.7Y

0

0

. 0
C

108



۲۶۳۷ ار00:
]:]

DUY : 2./k-1./A-1.10
LUX : - *** 2 / A + .** F ** 2 / H -XFF ** 2 / D
DUX3DUX * M / Y ** 2

= M

11 :00Z * M
LUKUUTM
GO TO 11

10 IF (X.GE...AND ,X.LF . ( 2 . F ) ) GO TO 12
UUR :) .
UULEMHALIG ( X + 27X / XFP )
on 10 11

12 WIZ :
UK : 1) .
GO 10 11

15 A : HUN ( X , Y )
HOT UN (XFloY )
IF (A.Lt . .01 ) A : .01
IF ( * . lt , .01) M : .01
U12 : M * ( 1 / A.1.1 )

UUR : .M . ( X / A / Y- ( XPF ) / 8 / Y )
DUYEM * ( - X / A ++ 3.XFF / H ** 3 )
Clix : -M * ( - X / A** 3 - X / A / Y** 2. XPF / A ** 3+ XFF / B / Y ** 2 )Goru 11

1 M : 4 . * ( S - i )12./F**2/PI
IF ( ISI Kot0,0 ) M = ( U - S ) /PI / H
M : *PITMETA
IF ( ISINK .FW.0 ) ( 01 TO 2
A : THIL (XY )
bottl ( x y ) ,
LOIHIL (XFY)
E : ARA ( X.Y.XF )
6 : ARA (XFYXFF )
HEACH ( X , Y )
PEACH ( XRoY )
W : ACM ( xff( )

AA : ALANC / X )
AR : ATAN ( Y / XF )
AC : ATAN ( Y / XFF )
1112 : X12 , A - Y * AA - XF ** . 2 , * Y * AP XFF / 2 , * - Y AC X72 . * + - XFF12 , * 6 + y** 2
1 * x * (hop ) -Y** * XFF * ( pon )
LUR : Y72 . * A - **AA - Y * H * 2 .**** AK +Y72 , * 1)-XFF * AC - Y72 . * 172 , * G - Y ***
1 ( x * M -XFP ) + Y * XFF * (xFp - XFF * W )
UITY : £12. - 6,72 .
Cux : t12 . +672 .
IF (AHS ( ) .LE . ) UUZ : 0 .
IF ( ADS (RO ) .Lt.f ) UUR : - + * +212.7Y
UITZEUUZM
LUKEUUKM
۱۱۲ :۱۲۶۴
1114 : 11! X No

GO TU 11

2 A : AK A (XY,XFP )
D : A I ANCY / X )
D : AIAN ( Y / XFI )
G : ACH ( X , Y )
ha ACE (XFlor )
UITLE -MA
ULKEM * (Hon )
DL1VB - M * ( ** G - XFF * H )
CI1X : 1 ( x G -XFFM )

ixx2 / 20
1
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11 CONTINUE
UX : -Ult + s
UVBUUZ + C
RETURN
END )

FORI BIAS
SUBROUTINE BIAS ( IST.ST.P.TAPFICAUINFRE )

DIMENSION ST ( IST ) .P ( IST ) . IA (IST ) ,PECIST )
Tpp20 .
IF ( ICA.EW.1 ) GO TO I
on 2 1 = 1 , IST
READ (5.3 ) ( 1 ) .TA ( I ) , PF ( 1 )
ST ( I ) DUINF **2.JA ( I ) /RET . 1467

2 CONTINLE
ST ( I ) :. 008
ST ( 2 ) = , 040
ST ( 3 ) : 105
ST ( 4 ) 3 , 404
ST ( 5 ) : 1.144
ST ( 6 ) : 5,224

3 FORMAT ( 37 15,8 )
ICA 1
RETURN

1 DO 4 1 : 1.IST
TPF : TPF PF ( 1 )

4 CONTINUE
Do S 1 : 1.ISI
PF ( 1 ) : PF ( 1 ) TPF
5 CONTINUE
WRITE ( 6.36 )

36 FORMAT ( IM , 35x , 'ACTUAL DISTRIBUTION
15X , ' RADIUS ' , 11X , FRACTION ' ./5X , MICRON / )

on 121 IST
WRITE (6.3 P ( 1 ) .PF ( I )
6 CONTINUE
RETURN
END

*FOR I OUTP
SUHROUTINE OUTP ( ZP , RP ,KODE )
COMMON / A6A / R (61 ) .Z ( 101 )
COMMON /ALC / IM , JM . JGR . JGRU , IewIANO
COMMUNACB / 1.IC.KILP.ZUIP
COMMON /HAT /NDIMISINK , F , ALPHAU IDIM
IF ( IC ,E2.0 ) WRITE ( 6.1 ) 1.2PRP
PP : AbS ( RP )
NEN.1
IF (N.F.K )WRITE (0.7 ) 1.ZPRP
IF ( Netwok ) NOV

7 BOKMAT Cih , 3 (F15,6.10x ) )
IF ( NDIM.EQ , 2 ) GO TO A
Do 11: 1.IM
IF ( ZD.GE.201 ) .AND.ZP.11.2 ( 1.1 ) ) GO TO 2

1 CONTINUE
2 IF ( I - ILP ) 3,4.4
8 IF ( ZP -ZLIP ) 3.4.4
4 On5 J : 1.JM
IF (PP.GE.RIJ ) ,AND.PP.LI.R ( J + 1 ) ) GO TO 6

5 CONTINUE
6 IF ( J.GE.JGK.AND.J.LE.JGRO )KODE : 2
IF ( J.L1.JGN ) KODER 1 110



IF (KUDE ,NE.0 )WHITE (0.7 ) 1 , ZP ,RP
3 RETURN
ENT
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Appendix E. Computer Program System - User Manual

The computer program system consists of two separate programs . Program
' FLOWFI ' solves for the flow field and program ' TRAJEC ' computes the particle
trajectories in the specified flow region . Since the model uses the stream
function equation only when the sampling head faces the stream , program
' FLOWFI ' has to be run only with this option . For angular orientations the
flow field is approximated by a line sink /source in a uniform stream and the
flow field is incorporated in the ' TRAJEC ' program . User instructions for
both programs follow .

The fluid flow model covers various inlet geometries :

Parallel plate inlet facing the stream
Circular tube inlet facing the stream

• Slit inlet with arbitrary orientation to the stream

The user can choose any of the above options with proper value of an integer
parameter ' NDIM ' .

NDIM = 0

NDIM = 1=

Parallel plate inlet
Circular tube

Arbitrary orientation - slitNDIM - 2

For options 0 or 1 , it is necessary to obtain the flow field data from pro
gram ' FLOWFI ' to do the trajectory calculations . However , for option 2 the
flow field is incorporated in the program ' TRAJEC ' and the use of ' FLOWFI '
is not required . Various inlet geometries and physical conditions are sim
ulated by proper selection of parameters U , W , ANG , NDIM , ZLIP , ALPHA .
Figure 37 shows the physical meaning of these parameters .

ANG
ZLIP

ALPHA

Figure 37 . Parameter description for inlet geometry and orientation .

The ' FLOWFI ' program input data and their description follows . The recommended
values for some non - physical variables are also given .
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FLOWFI ! DATA INPUTC

C

C

с
C

CARD 1 : NDIM I PUNCH FORMAT ( )

NDIM ...... FLOW FIELD OPTION PARAMETER
: 0 TWO DIMENSIONAL CASE
: 1 AXISYMMETRIC CASE
: 2 LINE SINK

IPUNCH .... CONTROL PARAMETER FOR GETTING PUNCHED OUTPUT OF
PSI.UZ.URZ.R. ERC
:( NO PUNCHED OUTPUT DESIRED .
: 1 PUNCHED OUTPUT DESIRED .

С

C

C

C

с
C

СC

C

C

C

с
C

С

C

C

C

CARD : ISINKALPMAF FORMAT (15.2F10.4 ) OMIT IF NDIM ,N.2
ISINK ..... SINK CISTRIBUTION PARAMETER

: 0 LINE SINK OF UNIFORM STRENGTH .
: I LINE SINK OF TRIANGULAR STRENGTH DISTRIBUTION .

C

ALPHA.....ANGULAR ORIENTATION OF THE FACE PLANE OF SAMPLER ALAC ,
: 90 DEGREES WHEN SAMPLER FACES THE STREAM
: 0 DEGREES WHEN STREAM IS TANGENTIAL TO THE HEAD .
PRACTION OF THE PROBE DIAMETER OVER WHICM
THE SINK IS ASSUMED TO BE DISTRIBUTED .
RECOMMENCED VALUE IS 0.01 .

CARD : ITEWMA RELAX FORMAT ( 15,1 10,4 )

ITERMA ....MAXIMUM ALL UWABLE ITERATIONS FOR FLOM FIELD
TO CONVERGE

RELAX ..... RELAXATION PARAMETER USED IN THE PROCEDURE OF

SUCCESSIV OVER RELAXATION ( SOR )
VALUES BETWEEN 1.0 AND 2.0 .

CARD 4 : (M.ZMARUU WANG FORMAT ( 67 10.4 )

ZM ........ UPSTREAM FLOW FIELD HOUNDARY.LE . - 5 .
ZMA . DLWNSTREAM FLIM FIELD HOUNDARY

С

C

С

С

С

с
C

с

C

с

C

C

C

C

C

с

C

C

C

C

C

C

C

C

C

C

C

C

C

C

C

с

C

C

C

C

C

RO . FLOW FIELD HOUNDARY IN THE RADIAL OR TRANSVERSE
DIRECTION . RU , GE.5 .

U. ANISOKINETIC VELUCITY RATIO .

...... SAMPLER WALL THICKNESS
WHEN NDIMEW , 2 W: 0 .

ANG ....... TAPERING ANGLE OF SAMPLER WALL
• 1) IF : 0 . OR NDIM.Q.2

CARD 5 : 162. JGR FORMAT ( 215 )

IGL ....... GRID POINTS PER UNIT LINGTH IN AXIAL DIRECTION
: 1./GRICSIZE +1 Recommended value 6 or greater

JGR ....... GRID POINTS PER UNIT LINGTH IN RADIAL DIRECTION
: 1./RADIAL GRID SIZE + 1 Recommended value 6 or greater
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CARD 63 II FORMATO )

11 ........NUMBER OF STREAM FUNCTION CONTOURS NEEDED.LE . 10
CARD 7 : STR FORMATO )

с
C

C

с
с
C

C

с

с
C

C

C

С

STK ....... STREAM FUNCTION VALUES FOR THE CONTOUR . THIS ARRAY
I ILL CONTAIN " II ' VALUES
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Program ' TRAJEC ' solves for the limiting particle trajectory and calculates
the true distribution of particle size from the measured distribution .

Program ' TRAJEC ' starts the trajectory calculation at position ZI ,RI input by
the user . ZI is the upstream distance at which the particle is moving with
the stream and is usually at least 5 radii from the sampling head . RI is the
radial position to start the process to find RC , the radial position of
limiting trajectory at ZI . If the trajectory of the particle starting at
position RI enters the probe , then the next trajectory is started from a
position RI - RI + DR , where DR is a preselected radial increment . If the
trajectory from RI escapes the sampler , then the new RI is given by RI - DR .
This process continues until the trajectories from successive radial positions
alternate ( i.e. , one gets captured and another escapes ) . This process is
repeated with successive halving of DR until the radial positions RES ( at
which the particle escapes ) and RCA ( at which the particle gets captured ) are
within a preselected tolerance EPP .

To calculate the trajectory accurately , it is necessary that the time or space
step is not very large . This is accomplished by taking the ratio RAT of
predicted radial position RP to initial radial position RD . If the ratio RAT
is greater than a prespecified value CAT then the time/space step is halved
and recalculation starts . The value of CAT used in the program is 1.05 .
Even with a step size that satisfies the ratio test , if the iterative conver
gence fails within LIMIT iteration than the step size is halved and the cal
culation procedure is restarted . The origin of the coordinate system lies
at the center of the sampling head . The Z axis is along the centerline and
R axis along the face plane . The efficiency calculation is performed for IST
number of particles .

Subroutine BIAS calculates the actual size distribution from the measured
size distribution . It uses the efficiency calculated by the subroutine INER .
The Stokes number of a given particle K is also calculated by BIAS . The
measured fraction PF , particle size P , relaxation time TAU are input to the
subroutine BIAS . The maximum number of particle intervals that can be used
is 10 .

The input data and their description follows . The recommended values for
non - physical variables are also given .
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TRAJEC DATA INFUT

1 ) ) ) ננננ(
ןננננננננננננ

ננ
ננננננ

ננננננ
ןגנכ

1 )

)

) )

) ננ( JJJJJJ ) ןנער ןנע
) DI ) ) ) ) ) D )

) )

CARU 1 : INT FURMAT ( 14 )
PEI .TIM livTERVAL

CARU 2 : Elm.IS FURMAL ( 14 )
It = 0 / 1 ELECTROSTATIC EFFECT NOT INCLUDED INCLUDEL
IN : 1 / -1 UPPER LUER WALL
ISO / 1 SELIMENTALIUM EFFECT NOT INCLUDED INCLUDEL

CARL 3 : U..ANG FORMAT ( F10,4 )
HeoVELICITY HATIW.SAMPLING VELIFREE STREAM VEL
W- . ALL THICKNESS OFINICKINESS OF THE SAMPLER
ANG - TAPERING ANGLE IN DEGREES OF SAMPLER WALL

CAR14 : AIN FORMAT ( 14 )
FLOW FIELD OPTION
: 0 ins DIMENSIONAI. FLUM PETWEEN PARALLEL PLATES
: 1 AXISYMMETRICAL FLlin FOK CIRCULAR TUBE
: FLC FIELD IIM LINE SIN
OPTIONS URI HEDUIRE THE FI liin FIELD 10 ME DETERMINED BY THE DRUGKANi
'FLOFI !

CAK05 : IDIN FORMAT ( 14 ) UMIT IF NLIME CK 1
: 0 T

in
( DIMENSIONAL LINE SINA

AXISYNE TRICAL LINE SINM

CARD 6 : JGkJGMU FORMAT ( 214 )

JGku_NUMEä сif GRID PUINIS PER UNIT
KALIAL ISTANCE . : 1.7GRID SPACINGIN KALDIR + 1

JGPU - OKALLAL GRIPUINT AT WHICH 01 TEK TOGE OF TMK WALL IS LOCATED
JO , ( 1 : JGK 1

+ NUIM : UK " = 0 . FOR NUIM : 0.1 JG ** JGKU ARE CALCULATEC
KY I PROGRAM FLOWFI

C AKO 1 : Ihm Itali FORMA1 ( 214 )

IHR - AXIAL GRID POINT AT WHICH INNER EDGE OF SAMPLER WALL S LLCATEL
IMW --AXIAL GRID POINT AT WHICH OUTLR EDGE OF SAMPLER WALL IS
LOCALE , IB01H IF NUIME OR ^ : 0 OR ANG : 40 . FURNLIN : 0 CK 1 .
Inn ANC TANCAKE CALCULATED BY ' fillind I '

CARL 8 : IMJM FORMAT ( 214 )

IMG_MAXIMUM NUMBER O
F POINTS IN AXIAL DIRECTION < 101

JM - MAXIMUM NUMBER OF POINTS IN RAI ) LA DIRECTION . <61
FOR ARIM :? IM , JM ARE INPUT B

Y

THE USEK ,

FOR M.IN:0.1 * .JM ARE OUTPUT BY FLOWFI .

CARL 9 : SINK FORMAT ( 14 ) OMIT IF ADIM.N.

: 0 UNIFUR SINK STRENGTH ISTRIPUTIUN ,

: 1 TRIANGULAR SINK STRENGTH DISTRIBUTION ,

CARD 10 % VALPHA FORMAT (2F10,4 ) OMIT IF NDIM , NE . 2

HooFRACTION OF DIAMETER OVER WHICH THE LINE SINK IS DISTRIBUTEC
USUALLYF : 0.01
ALPHA - ORIENTATION ANGLE OF SAMPLER
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CARI ; 11 : -.- 11 - IM / H L ( 1 ) FORMAT (BIU.4 )
AXIAL COORDINATES OF GRID FUINTS , FUR NDIMEV.1 2 ( 1 ) 15 CALCULATEU
HY 'El imti ' . FOR NDIM : 2 INPUT HY USER , THERE WILL BE
IM LALA CARDS .

CAKIS 11. INTR -O11 + INA+ JM / : N (SAY ) HU ) FURMAT (810.4 )
KAILAL COORDINATES OF GRID POINTS.FR NDIM : 0.1 F ( 1 ) IS CALCULATEDMY FLI'NI ' . FOR NDIMO ? INPUT FY USER . THERE WILL BE
JM CATA CAPIS .

CARD NOON + IMJM / H EM ( SAY ) UZ ( 1.J ) FURMAT ( 8 + 10.4 ) UNIT TE NDIM : 2
Ul --AXIAL COMPONENT OF VELICITY , FUR NDIM = 0 OK 1 CALCULATEU BYLOFT

CARDSMOOM + IN * JM / A : M (SAY ) UK (1J) FURMAT ( 10.4 ) OMILI NDIM : 2UR- • WALIAL COMPONENT OF VELOCITY . FOR NDIM :() 1 CALCULATECHY FLORFI
Caki ) ( MM + 1 ) LIM . ) 11.21.K.DK FURMAL ( 15,45 15.6 )LIN-- . OP TIMES TKJECTORY CALCULATION HAS TO BE DONE011--1E INCREAMENT FOR EACH STEP ( 0.1 )
LI -- INITIAL AXTAL POSITION OFAXIAL POSITION UP THE PARTICLE .RI-- INITIAL RADIAL PLSITION OF PARTICLE SURI ( U )
LH-- AAMIAL INCREAMENT ( 0,2 )

CARD (MM ) LIMFIRE FORMAT ( 2715.0 )
Ulr - oFHEE STREAN VELICITY USE " INPUT
RE- REYNOLCIS NUMBER BASED ON TUBE 101h

CARMS ) : ZLIP HURMAT ( +15,6 )
ZIP..LIH DEPTH OF SAMPLER .

CAK !' (MM + 4 ) : P.GC.PL FORMAT ( 3F 10.4 ) OMIT IF IE : 0lupoolllCIROSLATIC CHARGE ON THE PARTICLE
AC -- ELECTROSIATIC CHARGE ( IN THE SAMPLER .
PL - LIMEAK DIMENSION OF THE SAMPLER .

CARD (MM * 5 ) ; IST FORMAT ( 14 )
# OF SIZŁ INTERVALS IN THE SIZE LISTRIBUTION < 10

LANDS (MN )-- ( MM + 0 +IST ) PETA.PT FORMAT ( BE15.c )

P. - PARTICLE KADIUS IN MICRONS
Ta on ELAXATION TIME OF THE PARTICLE IN SEC
PH - OMEASURED FRACTION OF PARTICLES
IMERE WILL BE IISI ! CATA CARIS .

) ) ] ] ] ] ] ] 11 ) )

] ] ] ] ]
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j
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For NDIM options of 0 or 1 , the data cards 3 through 'MM ' are punched out in
the same order by program ' FLOWFI ' . However , for NDIM =2 , the user has to
calculate the axial and radial coordinates as shown below .

The flow region of interest is given by upstream boundary ( ZM ) , downstream
boundary ( ZMA ) and radial boundary ( RO) . Assuming the face of the sampler is(
located at the origin , then

IM =
- ZM + ZMA
AZ

+ 1

-ZM
IBW = ū + 1

3JM RO

AR
+ 1

1
JGR = + 1

AR

where AZ , AR are the grid sizes in axial and radial direction . Coordinates of
the grid points are

Z ( I ) - ZM + AZ * ( 3-1 ) for I = 1 , IM

R ( J ) = AR * ( J - 1 ) for j = 1 , JM
For typical values of ZM =-5 , ZMA =5 , RO =5 and AZ =AR =0.2 , IM =51 , IBW =26 , JM =26
and JGR =6 .

The axial and radial velocity data cards are omitted for option NDIM =2 .
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EXAMPLE PROMLEA

LET NO ASSIE A CIRCULAK TUAH F 0,93 ( N RADIUS ABNT A WALL THICKNESS

1.9 0.09 CH IS SAMPLING FROM A STREAM AT A VELOCITY OF 300CM /SEC . THE WIND
SPEH IS 700CM / SEC.THE SAMFLER FACES THE SIKEAM . THE MEASURED PARTICLE
SIZt DISIHIRUTINIS GIVEN BELOW .

KAI) IS (MICROS ) FRACTIO

3.5 0.1

1.5 0.2

12.5 0.23

¿ .5 0.32

51,1 ) 0.06

CALCULATE THE TRUL PARTICLE SITE DISTRIHUTION .

Full Im ! AHOVE PHC ! FLEW THE INCIMI OPTIUN UP i MAS 1 HE USED .

T VELOCITY PATIO 11 : 300/200 : 1.5

THE WALL TIL NESS M 0.0 /1.92 : 0.1

SINIŁ MI ! CHAMFER ANGIE IS GIVEN THE TAPERING ANGLE ANG ! : 40 .
Frin Trt till I UPTION OF 1 THE FESULTS FROM PROGRAM FL (infl ! ARE WHILI
Ini Kilir. Om dilom Ait ITKA JAC ' . THE INPL'T CALA FCA PROGRAM ' flrimf I ' IS AS Full lins
(Utre TU IALA INPUT DESCHIPTION FOR EXPLANATION AND FURMA )

CAD 1 1 1

r.amii uc 1.5

CA - li 3 • 5 . 5 . 5 . 1.5 0.1 or .

O

Carl S 1

CAK :) 0 a ( STREAM FUNCTION VALIE in LOCIS )

int 101rul PRO PLIGA 'Flowf I ' FOLLOWS .
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THE PIINTARU OUTPUT RESULTING FROM THE PROGRAM FLOWFI ' IS A PART OF

fut Ipil LATA TO THE PROGRAM TRAJECI . THE INPUT DATA IS AS FOLLUMS .

17er EK TU BATA INPUT DESCRIPTION FUR FXPLANATION AND FORMAT )(۱

CARL 1 so

CART 2 0 1 0

Carli 3 PUNCHEL OUTPUT FROM FLOWI

Cul N. LAST CARD ( + IME PUNCHED OUTPUT .

CARL N : 1 20 n.1 .5 . 1,224 0.2

CAKI N2 200 . 1206 .

( AN N + 3

Carl Nu S

CARINS 3.5 3.7 F - 15 0.1

CARI ; NO 7.6 1.85-04 0.28

CARL N + 7 12.5 4.86 F - 04 0.23

САН . + 3 26.5 2.147 F - 03 0,32

CALL N4 51.0 8,01 E - 03O 0.16

Dit 10 TE LENGTE OF IME COMPLETE OUTPUT LISTING Thit TRAJECTUK IFS

En Unt PARTICI E AND THE CURRECTED DISTRIBUTION ARE PROVIDED ,
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SAMPLING BIAS DETERMINATION

TRJAECTORY CALCULATION

VELORATIO : 1.500000
WALL TMCIKNESS : .100000
PAPERING ANG : 90.000000DEG

.

FLOW FIELD HOUNDARY

FLOW FIELD FOR CIRCULAR TUBE

AXIALLY SYMMETRIC CASE

ZLIP : .000000

SEDIMENTATION PARAMETEK : 0

ELECTROSTATIC FIELD PARAMETER : 0

SEDIMENTATION TRAJECTORY PARA ITS : 0

RADIUS (MICRONS ) FRACTION

3.5 0.1

7.5 0.28

12.5 0.23

20. ') 0,32

51.0 0,06

WALL PARAMETER IW8 1

Z R

000000
.980000
1.980000
2.979999
3,979998
4,489997
4.989997
5,009997
5.009997

.4.999998

.4.019999
-3,019830
-2,017794
.1.008228
..489925
..016487
, 001048
.001048

1.224754
1.224754
1,224403
1,220267
1.198568
1.163534
1.103450
1.101434
1.101434

ESCAPED
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000000
. 940000
1.940000
2.99999
3.939998
4.469997
4.689997

-4.999998
-4.059999
• 3.059878
- 2.057465
-1.043345
..491433
, 000842

.

CAPTURED
.000000
. 140000
1.140000
2. 140000
3.139999
4,069���
4.569991
4,929997

.4.999998
-4.59998
-3.854999
.2.859664
• 1.856431
..913105
..398794
.01 3838

.
CAPTURED
.000000
.260000
1.200000
2.254949
3.2599��
4.129948
4.029997
4.949���

-4,999998
-4.739998
-3,739999
-2.739573
-1.735811
..853696
• , 344664
.001965

CAPTURED
.000000
. 340000
1.340000
2.339999
3.339498
4,169998
4.669997
4.�����
u.989947

.4.������
-4.654998
-5.659995
.2.659484
-1.655435
• , 813938
..307929
.007781
.007781

0

ESCAPEU
.000000
.340000
1.340000
2.339���
3.339998
4,169998
4,669997
4.��991
4.969997

-4.99999
-4.659998
-3,659995
-2.659475
-1.655329
• .813385
..306744
.006764
, 006864

ESCAPEC
.000000

1.024754
1,024754
1,02450A
1.020901
, ���490
.956265
, 844296

1.124754
1.124754
1.124753
1.124218
1.118748
1,093251
1.045445
.909776

1,170754
1.174754
1.174747
1.113951
1,167162
1,140491
1.092050
.991580

1.199754
1.199754
1.199737
1.198730
1.190942
1,163512
1,114391
1,052651
1.052651

1. 187254
1.187254
1.187238
1,186239
1. 178451
1.150797
1.100462
1,021694
1,021644

1,181004-4.��9998
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380000
1.360000
2.379999
3.379995
4,189998
4.689997
4.959497
4.959997

-4.619998
.3.619992
.2.619412
-1.614929
• , 792677
..286671
005292
.005292

1.161004
1.180984
1.179879
1.171548
1. 143184
1,090367
1.006424
1.006424

ESCAPED

MAX . POSITION RATIO : 1.500000

VALUE OF ICAT IS : 0

VAL . RATIO : 1,500000
CUNC . RATIO : 924918
STOKES NUMBER : .008000
CRITICAL URU ,: 1.177870 .000000

CORRECTEU SIZE DISTRIPUTION

RADIUS ( MICRUNS ) FRACTION

3,5 0.093

1.5 0.261

12.5 0.223

26,5 0.340

51.0 0,070
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GLOSSARY

A ;

B

С

co

D

d

E

f
F

Fe

Fr

fi
9

H

Aspiration coefficient due to inertia

Non - dimensional function ( Equation 8 )

Measured concentration ( # / cm )

Actual concentration ( #/ cm3 )
Length of line sink ( cm )
Diameter of particle

Efficiency of capture

Fraction of diameter with line sink

Pate of suction of sample ( cm / sec )

External force ( gm.cm/sec )

Froude number ( Vst / L )
Fraction of ith particle group

Acceleration due to gravity ( cm/sec ? )
Half width of channel ( cm )

Grid point along Z direction

Grid point along y or r direction

Stoke's number ( Uit / L )

Characteristic length ( cm )

Sink /Source strength

Number of particle groups

Peclet number ( U1L / E )
Electrostatic charge on particle (statcoulums )

Electrostatic charge on collector ( statcoulums )
Radius of the tube

Radial boundary of flow field
Cylindrical coordinate

Schmidt number

I

J
K

L

m

n

Pe

Qp

Qc

R

Ro

r
Sc

t Time scale
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U

UI

Suction velocity of sample

Free stream velocity

Ū Flow velocity vector

UX , Uy Flow velocity along x + y direction

Uy , Uz Flow velocity along y + z direction
V Particle velocity vector

Vs Terminal settling velocity of particle
� Width of sampler wall

X ,Y , Z Cartes ian coordinates

Ay , Az , Ay Grid size intervals in y , z , y directions
Stream function

4 ¢ Stream function at center line

Orientation of sampler face plane to the direction of flow
Relaxation time of particles

Efficiency of sampling

a

τ

n

AUSGPO : 1981 757-074 / 1075
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