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ABSTRACT

To keep the working environment as healthful as possible the permissible
exposure to dust particles has to be decreased. Lower permissible exposure
makes the representativeness of 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 as circular
tube and parallel plates. Samplers whose face is not perpendicular to the
ambient flow are simulated by a line sink. The model accounts for inertial
and sedimentation effects on particle motion.

The results obtained by use of the computer program system agree very well
with the experimental data reported in the literature.
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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 Touzalin'! predicted and experimentally verified
the possibility of obtaining nonrepresentative samples of particulate matter
by a sampler. Since then, the experfmental data of numerous investigators
have confirmed the impostance of sampling procedures. Few, however, have
made attempts to establish a theoretical basis for estimating sampling error.

To keep the working environment as safe as possible the permissible exposure
to particles is made less and less. Lower permissible exposure makes the
representativeness of the sample more important, and methods to estimate the
sampling errors are necessary.

The quality of air in an industrial environment is evaluated by use of sam-
pling methods. The recent emphasis on 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 an
appropriate length of tubing. Personal respirable dust samplers consist of a
cyclone fitted to the sampling head that may be attached to the worker's
clothing near his breathing zone. The cyclone is designed to closely approx-
imate the AEC-ACGIH respirable dust curyes. Some of the other commonly used
samplers are horizontal elutriator, 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 of 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



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 calculdte 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.



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 Badzioch®:® 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.

i=_.‘l Eq-f(l() [E%-l]:l (1)
Co u (%

(==

where
f(K) = unknown function of K and is evaluated by experimental data
C = measured concentration of particles (#/cc)
Co = actual concentration of particles (#/cc)
U, = stream velocity (cm/sec)
U = the mean air velocity at the sampling orifice
K = dimensionless inertial parameter called Stokes number



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
C 0
T o = + (l-a) (2)
C0 U
where
a = [1 - exp (-D/2)1/(D/2)
A = KL = range of a particle

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 D 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

Ui < 64K (3)
0

ic fulfilled, where U is the suction velocity of the sample (cm/sec), UO is

free stream velocity, and K is the Stokes number (U_t/L). According to

Levin, if particle sedimentation is ignored, the asBiration coefficient due

to inertia A, = C/C., where C is the measured concentration (#/cm®) and ¢

is the actual concefitration (#/cm®), is determined as follows:

1 v

Where U/U, values from 4.0 to 8.0 the experimental results were in good
agreement with Equation 4.

U U
A, =1- 3.2 —5’-|<+o.44—U‘l|<2 (4)

In the late fifties and early sixties there were a number of experimental
studies on the effect of probe shape on the sampling accuracy and directional
dependence of samplers®»?,



Vitols!?*!! calculated, by means of a computer, the flow field for an aspir-
ated nozzle for various values of U/U_ ignoring the turbulence and viscosity
of the fluid. Particle trajectories fere computed for different values of
the Stokes number, K. Gravitational force on the particles was not consid-
ered. The graphs A; vs. U/U_ were obtained using the Stokes number as the
parameter. A typic11 curve s shown in Figure 1. The lowest value of 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; = U_/U
because the efficiency of capture of the particles is 100% for large K valfles.
These theoretical error estimates compared well with the experimental data of
Badzioch which have a very large scatter_in values of A,. According to
Davies,'2’!% when the wind velocity U_ < U/5, the aspiration coefficient can
be estimated from the sampling criterfa for stationary systems. Whenever
this condition is not met, the aspiration coefficient can be calculated by
using Levin's” solution for A,. Because Levin's solution is based on a point
sink that draws particles froh a uniform stream, it is applicable only to
sampling tubes of small radii. According to Davies, the maximum diamter, D,
of the tube is:

=]

D —L41TU
i (5)

where F is the rate of suction of the sampler.

For larger sampling tubes Davies gave an empirical relation based on the ex-
perimental data and Ai is determined as follows:

u
. C _ 0 ,
AT 1+[ufJf“) (6)
where K is the particle Stokes number and
_ 1

Belyave and Levin!"* showed that the observed aspiration coefficient A_ could
not be identified with purely inertial aspiration A, that had been thE main
subject of the earlier studies (1-13). Taking into'account the rebound of
the particle and its deposition in the sampling tube, A_ will be a function
of Ai’ A, (the coefficient characterizing the particle Eoncentration decrease
in a samﬂle caused by deposition in the inlet channel) and A_ (the coeffi-
cient which depends on the particle rebound from the front eﬁge of the sam-
pling nozzle and their subsequent aspiration into it).

Al11 three coefficients, A., A,, and A, strongly depend on nozzle shape.
Since the character of thls dgpendencE for A_ and A, has yet to be estab-
lished, A_ and A, were assumed to be united ind gavg an empirical relation
for A, as"followd:

U
Af“{v"-l]ﬁ (8)
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where 8 is a non-dimensional function, 8 *+0 as K+ 0, and B + 1 as K + =,
A11 the previous works concluded that 8 is a function of K only. But in
Figure 2, which gives theoretical curves as well as experimental points, B
shows a dependence on U/Uo and is given as follows:

8= 1- 13 (9)
and B, a non-dimensional function, is given by:
B=2+0.617 (10)
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 of the flow fields_at the entrance to a tube from a stationary
medium and from a stream 0 < U /U < 1 is quite different!®

Levin'® considered the sampling from stationary aerosols as a flow into a
point sink. He developed a relation for Ai’ the inertial aspiration coeffi-
cient, which is:

A, +1 - 0.8K +0. 08K% + . . . (11)

where K = 1(4 V 3/F);E is a parameter acting as a Stokes number, F is the flow
rate into the s?nk and V is the sedimentation velocity of the particle.

In his well known theory of sampling, Davies!2*!3*15+7%53%,c0e4 the stopping dis-
tance of a particle to characterize inertial effects and term1na1 settling
velocity to characterize sedimentation of particles. For inertia to be neg-
ligible, the stop distance should be small compared to the radius of the tube
D/2. For sedimentation to be negligible, the flow velocity in the probe
should be much larger than the terminal settling velocity. Then the complete
condition to obtain a true sample is:

r 1/3 b
(Ft D F .
& <3<l (12)
where F is the rate of suction of the sample (cm®/sec), T is the relaxation
time of particles (sec), and g is acceleration due to gravity (cm/sec?).

Using an arbitrary criteria of 1/5 he arrives at the following condition:

F I%
1/3 o

s (17 <R < (13)
Table 1 shows the permissible tube sizes for sampling aerosols as a function
of 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 be satisfied simultaneously for the unbracketed entries in
the table but not for bracketed entries. Satisfactory samples can be ob-

tained by using the tube size satisfying the lower limit condition and
orienting the sampler vertically to eliminate sedimentation.



Agarwal3® 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 by equation (13)
and provides adequate accuracy.

Ter Kuile®’ 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 of
DAVIES' theory for representative sampling and LEVIN's sampling theory into
one criterion which is limited by three physical effects:

impaction on the wall of the inlet;
sedimentation on the wall of the inlet;
dynamic escape from the sampling region.

2. The criterion for coﬁparab]e 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 of a dimensionless particle size number (k,.), and a tube size num-
ber (mDQ). Theoretical limits of the region where thgqefficiency is more than
90% for ‘representative sampling and more than 94% for comparable sampling are
plotted in these graphs. The tube size number only depends on parameters of
the sampling device, so that the design of this device determines the nature
of the physical limitation. As a result of this, sampling devices can be di-
vided into three classes for which different physical mechanisms 1imit the
aspiration efficiency of large particles.
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Flow field in the case of sampling a stationary fluid into a tube

Figure 3.
(from reference [17]).

10



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.

Glauberman® 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. Schmel!® 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 Sansone?? 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 Stein?® considered sampling inlets in calm air. Their results
showed that Davies' criteria for inlet conditions for correct sampling are
overly restrictive.

Raynor3? 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 Rate of suction, F {cm®/see)

diameter, p 1 10 100 1,000 10,000 100,000

1 V.033- 1.9 0.071 - G.0 0,15 -19 0.33 =G0 0.71 =190 1.5-600

¢ 0.051 = 1.0 0.11 - 3.2 0.23-10 0.51 — 32 1.1 =100 2.3~320

5 0093~ 0.41 0.20 — 1.3 0.43— 4.1 0.93-13 2.0 — 41 4.3-130

10 0.15 - 0.¢1 0.31 =~ 0.65 0.68= 2.1 1.6 = 6.5 3.1 = 21 6.8- 65

20 (0.2% ~ 0.10) (0.50 ~ 0.133) (1.1 ~ 1.0 2.3 - 3.1 50 = 10.3 11,0~ 31
S (042 ~ 0,042) (0,90 ~ 0.13) (1.9 ~ 0.42) (4.2 ~1.,33) (9.0 ~ 4.2 (19 ~ 13.3)
100 (063 ~ 0.023) (1.4 ~0.071) (2.9 ~ 0.23) (6.3 ~ 0.71) (14.0 ~ 23 (29 ~ 1.1)
200 (0.BY «~ 0.014) (1.9 ~ 0,047) (4.1 ~ 0.14) (8.9 ~ 037 (19 ~ 14) (41 ~ 37
500 (1.26 ~ o.008) (27 ~ 0.025) (5.8 ~ 0.08) (12.6 ~ 0,25) (21 ~ 0.80) (58 ~ 2.5)

-

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. Jhis 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, y.!® .

V2 y=0 (14)
where V2 is the Laplace operator.
. _ 92 3?2 . .
Ve = T + 5?7 for two dimensions

where V2 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:

(1) v = constant at the body surface
(2) v = 0 at the axis of symmetry (15)
(3) v =y of the environmental flow pattern upstream and

downstream from the body
The velocity of flow can be calculated from y as:

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

U =ﬂ
X 9y
16
— (16)
y ox
(ii) for cylindrical coordinates (r,z) (see Figure 6)
U:_l_a_!)_
r r dy (17)
17
U =.]L§‘2
z2 ror

Hence, once y is calculated from equation (14) with the use of conditions (15)
then the velocity distribution can be found from either (16) or (17).

15



Figure 6.

<

Coordinate system for solving Equation (14).
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The stream function ¢ 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 U satisfies the 3-D continuity equation, V - U
= 0), a so-called vector potent1a1 Y=y 1+ w 3+ w k does exist, such that

the velocity components are given by: X
§] .-:&-ﬂ)l
X ay 0z
W, W
= Z_ . X
Uy T X 9z (18)
3 3
o = by M
4 X 3y
and ¥ satisfies
v2y=0 (19)

Equation {18), when written in terms of the vector components, constitutes a
set of three equations to be solved for wx’ wy, and wz. They are:

2 =
v wx =0
v2 ' = 20
by 0 (20)
2 -
v wz =0

Equations (20) are similar to equation (14). But the boundary conditions are
not as simple as (15) 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
casaes.

The two-dimensional equation (14) for ¢ is useful where the sampling inlet is
either axisymmetrical or when the ratio of height to width of 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 of 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. As can be seen
from the figure, some transverse distance Y, 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 be obtained only for a finite number of mesh points.

The required boundary conditions now have to be specified at the centerline,
the pro?e surface, the constant ordinate Yo and section I and II as shown in
Figure

17
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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 of velocity U and trans-
verse component U, are related to the stream as follows:

y
U, = 3% (21)
U ='§ﬂ (22)

The expression for y at sections I and II can be obtained by integrating
equation (21):

VU G (23)

Where U is the appropriate velocity of the fluid and C; is an orbitrary com-
tant of integration for which a value of zero can be assigned.

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

Y ¢ = v at centerline = 0 (24)
By virtue of equation (23), the values for y at other boundaries follow:

¢y at Section I = wl = UIy
v atyo = ¥yo = Ulyo

(25)

y at Section Il is given in by three equation valid over various regions.

brp = ¥ at Section II inside the probe
= U, 0<y<H (26)
bop = v at Section II outside the probe

Uy (HH) <y < yo

By use of mass balance at Sections I and II, expression for Yop becomes
(Appendix A)

_ (nyo - UH) w [
op * T, - (F] (y - (H+W)) + UH
for (H+W) <y < Yo

(27)
Ypg = ¥ on the probe surface = UH for H < y < (H+) (28)

Divide the velocities by Uy and the distances by H to make them nondimension-
al. Denoting the nondimensional quantities by stars, the boundary conditions
become:
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""I* = y*
wIP* = U*y*
(p,* - U*)
Yop” = (v, eyt - (1) (29)
ber* = 0
Vpg = U

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
Z =", the axial and radial velocity components, U, and Ur are given as
follows:

U = .1. .a_lk
¥4 Y or (30)
U =--1— i‘k
r Y 9z
Following similar procedure used for parallel plates,
bp =kt
Vp =B U T
(U R 2 - UR?)
Yop = %.(ﬁjr___(ﬁiﬁyry « (r2 - (R#W)2) + % UR? (31)

¥¢ = y at centerline = 0

Nondimensionalizing velocities by % UI and distances by R boundary conditions
become:

e r*2 0<r*<R*
bpp* = U* ¥ O<r*c<1 (32)
(R *2 _ U*)

Yop* = TR, Ty (0 - (149)7) + U
(1+W*) < r < R*
y*¢ = 0

20
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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 y 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 o # 90° towards
the oncoming stream, the axial symmetry is not preserved. In the three-
dimensional case, the stream function y 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. 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”s2s13:15,%
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 1ine 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 two parts, wsink and
wuniform stream* The following equation provides wsink and wus'
/x2+ 2
Veine = -m [tan L « x - tan"T~1—y s (x-d) +y n Y (33)
S1In: [ X x-d (X‘d) +y
Yy.s. = Upy cosa + Upx sina (34)
Uy = velocity in the x direction
= Y
ay
/o2 3 2
= U cosa - m XY (35)

/(x-d)? +y?

op
Ul cosa - m 2“K5
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Figure 9.

Line sink distribution along face plane of the sampler.
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Uy = velocity in y direction
= _ 3y
ax
= i -11 - -I—L
Ugp sina + m [}an x tan x-é] _ (36)

UI sina + m (8:-87)

If U is the anisokinetic velocity ratio and f the ratio of f%w then through
mass balance

_U - sina
m= (37)

If U is greater than sina then m is positive and denotes a sink. If U is
smaller than sina then m is negative and denotes a source. The detailed
derivation of Equations (33), ?38) and (36) is given in Appendix B.

Triangular Strength Distribution--

A uniform sink/source strength distribution along the face plane of the sam-
pler does not take into accout the effect of the sampler wall. The effect of
sampler wall propagates towards the center of 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 of retarded flow near the walls, the sink/source
strength distribution was made triangular (Figure 10). Using an approach
similar to the case of uniform strength, the stream function can be written
as the sum of two stream functions, ¢ sink/source and ¢ uniform stream.

Then fvom Figure 9

d
=/ m + B8+ dg (38)
S o £
Where
mg = m&; 0 <E<d/2 (39)
=m(d-£); d/2<e<d
and 0 =cot "1 (x-£) (40)
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Fiqure 1C. 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 ¥S is given by

¥s = Cot = x/y Imx2/2-my2/2]

+ Cot -? x'd/Z [myz-m(xfdlz)zj

Yy
+ Cot ! gig m(d-x)zfg%i]

’+ lx d/
+ my (d-x)/2 #n[y*+ (x-d/2)* (41)
2+ (x_d)z
The velocities U, and U in x and y direction due to the sink are given as
follows.
Ux = a¥
3y

13

and Uy =

2

= mx/2 x2-y? - my cot-? x/y
xZ+y

+m (x-d/2) y*- ix-dézgz + 2my cot-! x-d/2
y*+ )x=d/2 y

+ ngg-q) (d-x)2-y2 - my cot™! x-d
(d-x)2+y* E

ey e

+ m{d-x) &n|y*+ gx-d[2)2]+ my? (d-x) L 1 ]
24 (x-d/2)2 y2+ ( (42)

24 (x-d)? x-d)?
- oY
X
= my/2 x2 - y? - mx cot =1 x/
XX ¥y y
+my y®- (X-d/2)2 + 2m (x-d/Z) cot ~? x-dlz
y +(x-%2)? y

+ my/, ld-_xz_:i +m (d-x) cot -? m

(d-x)2 + y?
26



+my/, Infy? + x? +my/, In|y? + (X-dlglz
y + (x-972)2 y? + (x-d)?

- myx x__ - (x%2)
y24xt o oyt 4 (x:a}z)2

- my (d-x)] x=972) - (x-d) (43)
y2 + (x-dlz)2 y? + (x-d)?

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

Ux
Uy

Ux + Uo cosa
Uy + Uo sina (44)

The value of m in equations (41), (42) and (43) can be obtained by mass balance
as per Appendix C.

m = - 2(U-sina) /nf? (45)

where
U is the anisokinetic velocity ratio.
a the angular orientation of 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 by superposition accounts for the angular orientation and the anisokinetic
sampling. The effect of inlet geometry is not taken into account.
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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. "

The various forces acting on a particle are as follows:
« inertial
- 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
T, the relaxation time of the particles. Tt 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:

2
T L T 18nL
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where U° = the free stream velocity
T = 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
n = the viscosity of the medium (gm cm/sec).
Gravitational '

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, Vg, is given by

Ve = 19 (47)

where
T = 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):

Vi vt
=S5 - _S '
Fr Ig T (48)
Diffusional

Diffusion is the most dominant force on small particles (d<+2 pym). 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.

- X
¢ = ¢ (49)

where
kinematic viscosity {(cm /sec), and

diffusivity of particles (cm /sec).

<
]

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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-
o

Pe = e (50)
where

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

D = the diameter of 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 of magnitude Qp and Qc located at the center of the
particle and the collector respectively. The coulombic force between a
charged particle and sampler head is given by

_ Qe
Fc = - %E?gz (51)

where
Qc = charge on the collector/unit length
Qp = charge on the particle
o = dielectric constant of air, and
R = distance between the center of particle

to the surface of collector.

If the linear dimension of the collector surface is L, the electrostatic force
can be obtained by integrating equation (51) over the length of the collector.
Using the coordinate system shown in Figure 11, the total force on the parti-

cle can be written as follows

L
F = J Fcdx (52)
0
Fx = x component of the force
= <yfa’ (Sin 61 - Sin 92) (53)
and
Fy = y component of the force
= T}§57 (Cos 8, - Cos 8,)
where
K=0Qc Qgp

4“60
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_ Collector surface

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 approx1mat1on of the
fluid the equation of motion of the particle may be written as:

3 dv _ s T g3, U, 1 3 [dU _dv
g 9% G = 3md (T-V) + ¢ °gdt*1zd°g[dt’d:}
C1(du dv (54)
PO G e )
5 'rrpgn 1% +Fe
t t-t

The first term on the left in equation (54) is the resultant force acting on
the particle. The first term on the right is the viscous resistance given by
the Stokes law. The second term is due to the pressure gradient in the gas
surrounding the particle, caused by the acceleration of the particle. The
third term denotes the force regquired to accelerate the apparent mass of the
particle relative to the ambient gas. The fourth term, known as 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 (54) in simpli-
fied form will be

d°p =~ =3mnd (U - v) + F (55)

or
dv _U-v,F (56)

where F is the external force per unit mass. Divide velocities by U; and
time by E/U to obtain nondimensional form of equation (56). Denoting the
nond1mens1ona1 quantities by stars, the equation of motion becomes:

dV*_U*-V* _
dt* K * Fem* (57)
where
UIT
K = Stokes number of particle = T
oL
= _ _em
Fem = 2 (58)
Uy
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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):

3 2

-0y (59)
We are not interested in the physical significance of this transient solution,
but a step in time At in the time-dependent y 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 q
bg V1o 55y, &%
5+ =5 (60)
At Ax Ay
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1,N M,N

e P U B 75|
V) s
Ay
‘}*F T J-1
I-1 I I+1
1,1 M,1
Figure 12. Rectanguiar mesh geomeiry.
where
wIkJ = the stream junztion y at (I,J) at the kth time step.
2k k k
e 55 W IS OF Sl T U
Az N Az2
(61)
2 k k k
8% g1 - 2VpytVrogn
Ay2 2
Ay

For the difference equation (60) to be stable the condition is:

At At

Since we wish to approach the solution as rapidly as possible, we take the
largest possible At from equation (62).

Defining the mesh aspect 8 = Az/Ay, then:
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k+1 k
wI J = wI J 4’____l____ [% + w k+1 4 B w
2(1+82) I+1,J I-1,J I J+1

2, k+l 2 k
+ B WI J- 1 = 2(1+B ) 'JJI,J] (53)

The convergence of equation (63) can be made faster by multiplying the
bracketed terms by a factor w such that 1<w<2 [28,29]. Then

k+1 _ k w

—_— Bracketed terms as above

A solution forxpk +] would be computed from the lower order solution w J
An initial lower order solution has to be prov1ded'g§Fher by a prev1ou§
problem or by arbitrary assumptions for y. When y 3. VI then the
solution is reached. This can be programmed in a élgital éomputer and the
iteration will be stopped when

k+1 k
V1,3 - V1.3

- < E (error limit) (65)
V1,3

The velocities are calculated as follows.

Uz(1,3) = (w(I,d+1) - y(I,d-1))/2-2y

(66)
Uy(I’J) = '[W(J+],J) - w(J']aJ)]/Z'AZ
Thin-walled Tube--
The time dependent problem for circular tube is given by
=2ty 1w,
5t 5zZ ~TF 3r t 37z (67)

Writing equation (67) in discreetized form for point I,J using FTCS differ-
encing

k41
¥ -y 2.k 2.k .k
1J 1d _ 8%y 8y 1 8¢y
At =5z7 Y BrZ T R Ar (68)

where K
V= stream function at (I,J) at kth time step
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R = Radial Coordinate at (I,J)

oK .k
s2pX V11,0 - P10t Viayg
Az? Az2

K K k
520X ¥1,0-1 7 W15 * V104
Ar? Are

k K
so¥ _ Y1041~ V1,041
Ar ®Ar

The convergence of equation (68) is made faster by multiplying the right hand
side of the equation by a factor w such that 1<w<2. The flow velocities are
calculated as follows

v T
Up(1,9) = §  —adthladcd
(69)
0 (1.) = -1 Y1e1,0 ~ Y1-1,0
rtteY/ 7 TR 2+A2

Thick-Walled Tube/Plate

Depending on the shape and thickness of the sampler wall the grid size in any
one direction may not be equal throughout the flow region (Figure 13).

J+l
Ar,
Az, Az,
J T Ve T Cd e
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 sfze
and grouping the terms gives:

U 2 1 [Ary-Ar2 2
I,J {lbzl'A22; " R [Ar1°Arz) + AP1'AP2}

v 2 ' + Y 2
1-1,J {(Az,+AZ;)A2 I+1,J {(Az,+A2,) A2,

+y 1, Ar: + 2
I,J-1 R (Ar1+Ar2)-Ar1 (AF1+AP27;AP1

1 Ary 2
*¥L,a4 {"ﬁ (ar #Ar,)oar; & (Ar1+Ar2)-Ar2} (70)

for circular tube,

b L et = ¥ :
1,0 \B8Z;°AZ; = Bri*Ar, 1-1,0 |(Az,+Az;)-A2,

+y 2
wI*l,J TA21+A22)°A22

2
+ wI,J—l {(Ar1+Ar2)-Ar1}

2
* wI.J*l {(AP1+AP2)'Ar2} (71)

for plates

The stream function at the boundary points are given by either equation (29)
or by equation (32).

The various wall shapes that can be realized by use of wall thickness 'w'
ana chamfer angle 'a' are shown in Figure 14. These shapes can be obtained
for both two-dimensional and axisymmetrical cases.

(c)
RS
(a) St
- .",-',_“",((.;\n.
EET IO
—_— .. ""_/)\' :' by
e -
R N e - .
— w = 0 > e d = finite
— 5 =0 > pr—————= = 90°
3P 2 R R
— Eadl BN AT
R N
be o > . .
k4 n » M et e
. '/'\‘" /. ‘<. '\(’g
L 7 LI
NN X

Figure 14. Various inlet geometries.

38



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=xo0 at time t=0, then at t=t+At, the particle
is predicted to be at

X =X_+At - v

0 = %o (72)

X-Xo

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+ At - v

¢ = %o X =% +X (73)
o 0
2
Equation (73) is iterated until the corrected value ;c converges.

The above procedure is continued until the particle either touches the wall
of the sampling probe, in which case it is captured and lost from the sample,
or enters the probe inlet, in which case it could either be transported to
the sensing instrument or be lost by deposition to the walls. A limiting
trajectory which will just graze the inside of the probe wall can then be
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 of the
various forces influencing the particle. In this study, the particle motion
is determined by 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

dVy  Ux-VxtVext-x
dt K

(74)

dvy _ Uy-VytVext-y
dt K

Now let the particle be at position (x,,y,) at time t=to. Then at time
t=tot+dt, Vx=VyP, Vy=V,P are the pred1c2ed values of velocities.

b = dVy
VxP = Vx + J |x=x, * At
Y=Yo
VP =v, + 4y - At
y Y dt x=x°
Y=Yo (75)
xP = Xo + VXP°At
yP = yo + VyP - At
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The corrected values are

' _ dVy
VxC-Vx+'a-£—x=XQ;Xp°At
- Yotyp
Yy =72
(76)
v, =V, + E!l Xotxp « At
y y dtx=—2—p—
y = Yotyp
2

Xc = Xg + VyC < At

yc=yo+VyC'At

The equations (76) are iterated, replacing the Xp, and y, values by the
corrected values x. and y. until the successive values ape within a preselected
tolerance.

For the cases of 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). To overcome
this difficulty, the velocities of particle Vx and Vy can be approximated and
the following procedure is used.

Vx=Ux-<%’i-Ux+vax

(77)
Vy=Uy-K%¥-Ux+vey

where
Vx = particle velocity in x direction

Vy = particle velocity in y direction
Ux = 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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t - Vx
78)
dy (
_.Eg
at - W
where
xp, yp = coordinates of particles
t = time coordinate
From (78) we get
dy
_R:!x
dxp Vx (79)

Equations (77) and (78) are used to compute the trajectory of the particles.

Particle velocities Vx, Vy are computed from the equation (77). By using (79),
the new position of the particle is predicted as:

= Yyi o,
Yox YPo * U XPOAx (80)
where
YPN = new position of particle in Y
YPO = old position of particle in Y
Ax = a preselected step size in x
XP0 = old position of particle in x

If the ratio of YpN/Ypg 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 by calculating the velocities at the new position by equation (77)
and using an average value of the velocity ratios in equation (80). That is

+ By

. 1 (vy
YPN(corrected) = Ypo + g { s

. AX (81)
v o

old

If we denote the corrected value of Ypy as Yo then Equation (81) is iterated
until Yo converges. That is

+ Jy

Yo" = von-1 4+ [V¥
*1o1d er
2

n-1
].Ax
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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 Cy denote the number of particles/unit volume in the free stream and let
C be the actual number of particlies sensed by the instrument, then

R G
Co Co (g
where
n = the efficiency of the sampling, and
C1 = the concentration at the inlet to the probe
C Uo
S
where
E = the efficiency of capture of inlet
¢ _ C1-AC
o
where
AC = the loss of particles in the probe.

Iin the case of a polydispersed systém, 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

n
Neff = L MNjfj

i=1
where
ny = 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:

. _ fi/ni
f’act “n fi (82)

r ni
i=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 y

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 (N?. The values of the upstream boundary M,
downstream boundary ZMA, and the radial boundary RO have to be chosen arbi-
trarily. Typical nondimensional distances are IM=5, ZMA=5 and R0=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 progrém 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 (I,J)
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-0 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) UESF (Unequal Spaced, Forward)

6) UESC (Unequal Spaced, Centered)

Subroutine RESULT prints out the results obtaihed 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 'TPRAJEC'

This program to solve for the limiting particle trdﬁectory 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 = O 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 W ANG ALPHA  ZLIP Physical Meaning

0 0 0 900 0 Two D thin-walled plates facing the stream.
Wo 900 900 0 Two D thick-walled plates facing the stream.

Wo «a 900 0 Two D thick-walled plates with sharp edge
facing the stream.
1 0 0 900 0 Thin-walled circular tube facing the stream.
Wo 90° 900 0 Thick-walled circular tube facing the stream.
Wo « 900 0 Thick-walled circular tube with sharp edge
facing the stream.
2 - - 900 - Approximate solution to sampler facing the
stream.
IDIM =0 - Two « D
IDIM = 1 - circular tube
- - a 0 Sampler with an orientation angle a.
- - a ZL Sampler with an orientation angle a with a

lip depth '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 Rl 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 thé 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 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 along the centerline and

R axis 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 O 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
deposition, capture or escape, of particle from the sampler and is indicated
by KODE. When KODE = 2, particle is escaped and when 1 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 médifies 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 1ine 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 sucha 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 Cy. 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/C, approaches the velocity ratio Uy/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 1ip depth of 0.2 x radius. The sampling
bias for various particles when sampled at an angle o 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 60° 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 < and O are shown in solid lines. The
experimental values of efficiency for a particle of Stokes number 0.553, as
obtained by G.S. Raynor®® 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 ap at which all the
particles are sampled isokinetically.

Sin a, = U/Uo (83)

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

Prsjected Area A'

Sampler Head
Area A

Isokinetic Sampling at an Angle to the Free Flow

The physical meaning of equation (83) is that the correct tilt of the sampler
ag can reduce the volume of air sampled to compensate for sampling velocities
U<Ug. Isokinetic sampling happens in general when the volume of fluid inci-

dent on the sampler cross-section equals the volume of fluid sampled:

Vi o=V
where Vi = U A (a)
Vo = UA

A' is the projection of A on the plane perpendicu]ar to the free flow, as
shown in the figure. Therefore,

A' = A sina . (b)

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
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Figure 28. C/Co vs. orientation angle for U/Up = 0.375 and 1ip depth is 0.2.

64



‘0 = dI1Z ‘39Ul a4enbs 06 = © 403 X "SA %3/7

0°01

0°L

— A

"62 34nbd

L°0

T

L0°0

100°0
0

\

62°0 =°n/n

l

€0 =%yn

0°¢

. 0
62'0 = n/n

0°v




‘0 = dI1Z “321u} aJenbs 06 = © 403 ¥ *SA %3/9 -og aunb4
)
0°0L . 0°L L'0 ; 10°0 0°0
G0
60
'L = - — ‘j"llllll.mh.o
/ /
L i

0°1

%3/2

66



T'Il!l e o o

1.0

—

0.1

0.01

0.0

C/Cq —

K vs. C/Cy for U/Uy = 0.375 square inlet, ZLIP = 0.

Figure 31.

67



‘0 = dI7Z *32(u} aaenbs /€70 = /N 404 © "sA 03/) "zg unbyy

+~—— © 3|bue uojjejuaiJdo
0°06 0°09 0°0¢€ 0°'0

- n WE wm W T T mm S

0°¢

+— 09/9

68



*0 = dI1Z ‘39lu} a4enbs * 06 = © UOLINGJUISLQ Y3 UO SPLY JO 392343 gg d4nbiLd

ueyl 43jeus ¥

I O B L1 |

66 86 66 06 08 0L 09 05 Ov OE 02 OL § 2 1 26
I 1 | | { | | 1 | 171
.\
Y,
Y 7
7
Vi
P 74
A -
S
7/,
2
2/
o 0°L
7
4
s/
/7 \

n=0Mn-——”" /.
6£°0 = °nm >
v?.:%u:ll\f“ \

% /
/S S0y = %0/n

P .
oyl

.\\
"/

oot

+—— (SUOLILW) ®IQ ®{D}340d

69



with a line sink located at the face of the inlet (NDIM=2). The 1ip Tength
ILIP is assumed to be 0 and o the orientation angle is 90°.

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

Figure 31 shows the plot of C/C4 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/Cy vs. o for various values of K. The curves for K
equal to zero and K equal to » 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/Cq remains close to 1 even at extreme velocity ratios. For large
Stokes numbers, K = 10 the curve approaches the asymptotic 1imit for K = =,
i.e., C/Cq = Ug/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®!' 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 10um, 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-%. Particles with
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such a small Stokes number will follow the fluid stream lines 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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Figure 34. C/Cq vs. U/Uy for Square Inlet Facing the Stream.
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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)

(2)

(3)

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.

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

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.

For subisokinetic sampling (U/Ug<l) the sampler wall thickness has
a counter effect on the sampling bias.

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

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

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.

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 . '

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 collectfon 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

1 1 1 1
7 U]:Ro2 - §UR2 = 7 UORO2 -3 UO (R + W)z

SO

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

bop = 7 Uor* + €

on the probe wall y is unique and w must be equal to wlp’ the stream
function inside the probe. So

1 U R - UR? 2 -1 p2
7 Rrwz (RW5+C=7 R
and C is given by

-1 ]
C=-5 Ug(R + W) + = UR?

2 _ 1p2
'Pop = % [’R:’! R_ (R +URN)§] s [r2 - (R + N)zj + %’ UR2
(R + W) <rx< Ro

in non-dimensional form

2_ -
‘Pop:{ﬁ;’&}"ﬂg_w)""_r'"z'“*”)zhu

(1 +W) <r <R,

80



Two Parallel Plates

Following similar procedure as before

UrYo - UH
Yo - (H + W)

UiYqg - UH
Yop = tvgjf‘fﬁ—;—gjj-' [y - (H+W)]+UH

(H+W) <y<Yo

U0=

In non-dimensional form

Yop = Tp ey LY - (1M

(1+W <y<Yg
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Appendix B. Uniform Sink Strength Distribution

d
VYsink = ~fme+dx; 80
()
X} =X -ycot 6
dx; = y cosec?@ - d6
82
Ysink = -/ m =+ 6 + cosec’d - do -y
01
= -my |6, * cotB; - 62 * cotH, + n E%Eg%{]
KTy?
v = -m [}an"x-- x - tan~! o (x-d) +y  2n (B1)
sink X X- d)iey
wU-F = ¢ due to uniform stream
= Upy Cosa + Ugx sina
v = wsink * wU-F
=9y
Ux 3y
/ 2 2
Uy = Uj cosa - m 2n Xy (82)
/x-d)%+y? :
U, = - _a_lk
y 9X

. X - x-d -
-Up sina + m|- §?£§?'+ tan ‘¥-+ x-d)2+y? " tan IT§¥HT
Xy (x-d)y
+ X +y - X= 2+y2]

Uy si =1Y _ tan—i Y
Ul sina + m[:tan £ - tan™lofy (B3)
Ur sina + m(6,-62)
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The sink strength m is given as follows

HeUu

H sina o Up + ndm =
. _ U - sina
o M= (B4)
_ d
where f = R
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put

then

then

Appendix C. Triangular Sink Strength Distribution

= m . d
mg =m- £ 0<g<»
= m (d-£) g<E<d (cn)
d
Ysink = / Mg = 8« dp
)
= -1 = - X-
6 = tan X-E or 6 = cot i_yﬂl
d/2 d
Y source = [ mg cot-lil:él . d& + £ m(d-£) - cot-lié:gl . dE
0 y d/2 y
y
dg = -y « dx
d
x 2
y Yy
Y source = myx S cot™'x + dx + my? fx - cot”'x - dx
x-3 X
-z y
y
x- 3
_2 x-d
y y
+ my(d-x) S cot™'x « dx - my? f x ¢ cot™'x  dx
x-d x-3
y 2
y
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Integrating and grouping the terms
2 2
_ -1X | mX _m ]
Y source = cot y [:—2— —{—]

_,x‘% 2 d 2
+ cot e -m(x-?-)]

+ cot“x;d ['(dz-x)z _ '_".Zi]

2 2
my +
+ n 2, {x-d 2
ez
2
24 [, d
my(d-x) , |7 [ 7}
+ =572 gn [;2-*(x-d)2 (c2)
d
2 d
The total sink strength = é me £ - dg + é m(d-g) - dg
2
_ md? . md?
8t e
. md?
)

The value of m is found by flow balance to the sampler. Let Q be the rate of
sampling for a square inlet (H x H). Then flow per unit width is

8—and
md?

o

=Ursina«H-m-

non-dimensional m=0H_ _2(U - sina) (c3)

I nf2
L d
where f is given by 25

3y _ Msource . 3W-F
ay ay oy

velocity Uyx

W _ Wsource  3Vy.F

Uy = - 3X 3x X
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Appendix D. Computer Program Listing

(See following pages.)
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ﬁﬂﬁhﬁhﬁﬁﬁﬁﬁﬂﬁﬁﬁhﬁﬂﬁﬁﬁﬁﬁﬁﬁﬁf'\(‘vﬁﬂﬂn(".(’iﬁﬁﬁﬁﬁﬁﬂﬂﬂﬁnhnﬁﬂﬁﬁﬂﬂﬁﬂﬁnﬂﬂﬂ

t‘."‘.#“‘.O‘."Ol'“‘.‘t““O‘&.".Ut.“".“.“t‘.“"“l.“‘.‘l‘

'FLOWFI! DESCRIPTION
FLEBSLAESIIBERISS0E 4

.0“.“’0#t“‘t“‘!t‘t"Ul#‘t't“““tt‘OOO“"O.““‘O#““i"“‘."

Tnls PROGKAM SOLVES FOK THE FLOW FIELD IN AND ARGUND THE SAMPLING
HEAD,

THE PHYSICAL DIMENSIONS ARE NORMALIZED WITH RESPECY TO THE
PROBE kaplus

ALL THE VELOCITIES ARE NORMALIZED wlTH RESPECTY Y0 THE FREE
SIKEAM VELUCITY
METHOUL OF SULUTION

SECONU URDER FINITE DIFFERENCE APPROXIMATION
SUCCESSIVE OVER RELAXATION(SCR) TECHNIQUE IS USEL
Tht FLULIL IS ASSUMED TO Bt FRICTIONLESS AND TME BLOW FIELC IS GOVERNECL
BY PUITENTIAL FLOMW EQUATIONS,THE FLUID Fi Ow MODEL COVERS THREE DIFFERENT
SITUATIONS 1) Tw) DIMENSIONAL FLOW BETWEEN PARALLEL PLATES
CIAXISYMMETIRIC FLOW IN A CIRCULAR TUBE
J)LINE SINK wITH ARBITRARY ORIENTATION TO THt ONCOMING FLOW,
THE USEk CAN CHOUSE ANY OF THE ABOVE OPTION WITH PROPER VALUE OF AN
INTEGER PARAMETIER 'NDIM! ~ .

NDIM 20 TwO DIMENSIONAL CASE

NDIM 21 AXISYMMETRIC CASE

NDIM =22 LINE SINK
30‘0‘ttltt#‘t‘“t#t#‘!t#tt‘ttttt‘tttt##ttt#!tt‘#tttt‘#ttttt‘tttt#‘t#!

'FLOLFI' VARIABLES DESCRIPTION
BELSIIETFSARFSRSINISSARSRREERESD

RELAXSS33SRELAXATION PARAMETER(USER fNﬁUY)oVALUEs BETWEEN 1,0 AND 2,0
ALPHASS$35ANGLE OF ORIENTATION OF SAMPLER MEAD(INPUT) +USED ONLY WITH
MOIM VALUE 2., . .

IGRe*32334LKID PUINTS PER UNIT LENGTH IN AXIAL DIRECTION (INPUT)

JER$ #5428 6RIN POINTS PER UNIT LENGTN IN TRANSVERSE DIRECTJON(INPUT)
IM s383%38F | Ow FIELD BOUNCARY uPSTRtAV(INPU1)'<-S. o
IMAs#38835F L Ow FIFLD BOUNGCARY DOuNSTREAM(XNPUTi

RO s#38388F| Uw FIFLD BOUNDARY RADIAL DIRECTIONCINPUT)

ITERMAS SR sMAX [ MM ALLOWABLE ITERATIONS FOR FLOW FIELD TO CONVERGE (INPUT)
IM  #sessamaxIMUM NUMHER OF GRID POINTS IN AXIAL DIRECIIUN <101

JM ®EsssaMaAXIMUM NUMBER OF GRIC POINTS IN RADPTAL DIRECTION <o}

ANG *3322xTAPERING ANGLE OF SAMPLER WALl (INPUT)

ERR ®8ssssmMaxIMUM ERROR ALLOWABLE IN STREAM FUNCTIUN SOLUTIONCINPUT)
ITER*S3 28 4NUMBER OF JTERATIONS TO OBTAIN THE SOLUTION

PSlssassaslMagm ARKAY OF STREAM FUNCTION
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e XaksXalakakaXakaXeXkakakaXaXaKaXaXaXaEaXaEakakakakalaEaXaNe o e oo NN N o Ne N aNa RN NaNe Nala oo N NN ol o RakalaRaRaRal e Nl

IPUNCHESR®SCUNTROL PARAMETER FOR GETYING PUNCHED OQUTYPUT OF
PSI1eUZsURZsRORTICCINPUT)Y
30 NU PUNCHED OUTPUT DESIRED
81 PUNCHED OUTPUT RESULTS
ucn~ttttt#lNI£GER PARAMETER lNﬁlCA?TNG NHETHER SOLUTION CONVERGED
OR NOT WwITHIN ITERFA INTERATIONS
S0 CUNVERGENCE OHMTAINED
81 NU CONVERGENCE
U s*¥$588SAMPLING VELOCITY RATIO (INPUT)
URSsS$3288VELUCTITY OF FLUID IN TRANSVERSE DIRECTYIONCARRAY QOF IMXJM)
UZ%sd28¢s8VELOCITY OF FLUID IN AXTAL DIRKECTION{ARRAY OF IMXJMm)

WEsgds 22T HE SAMPLER wALL THICKNESSCINPUT)USED ONLY wWITH
NDIM UPTION OF 0 OR 1

ESCe**2523FUNCTIOM FOR EQUALLY SPACED CENTRAL DIFFHERENCE
ESFaes2323FUNCTION FOUR  ERUALLY SPACED FORWARD DIFFERENCE
ESHs¥ss80sFUNCTION FOR EBOQUALLY SPACED BACKWARD DIFFERENCE
UESC**$sssFUNCTION FOR UNEGLALLY SPACED CENTRAL DIFFERENCE
UESF*s2ss3FuNCTION FOR UNEQUALLY SPACED FORWARD DIFFERENCE
UESR#8£22F UNCTIUN FUR UNEBUALLY SPACED BACKWARD DIFFEREQCE
MBS0 4F TLTICIOUS SUURCE/SINK STRENGTH(FOR NDIM 2)
BESSFFEERSEASNEREIICEISAEUSNEBIRISASESRIRSEISLERERIFNSLERSEERISEREES
SUBROUTINE DESCRIPTION
FEEGSPAEB SRR EESRESREREISFDEECEIEERUSEESRRSARRSSEIRSEEEEESEIEINERY
MAIANS*3$98(ALLS VARIOUS SUBRCUTINES
FLBOUNS*SXFIXFS THE FLOW BOUNDARY

GRIN®**#s2sLAYS A PRESPECIFIEC GRID ON THE FLOW FIELD ANU
CALCULATES THE COORDINATES OF THE GRID POINTS,

SCONDS#$s3¢CALCULATES ROUNDARY CONDITIONS FOR THE PROBLEM
LAPLA®®$3&SOLVES Tht FINITE CIFFERFNCE EUUATION BY SOR METHCD
VELO®#®#38CALCULATES THE VELCCITIES FROM STREAM EUNCTION
STREMS®S&3CALCULATES THE CONTUUR OF A STREAM LINE
RESULTS##$PRINTS THE RESULTS

SIANVEL***SCALCULATES THE FLOW FIELD WITH LINE SINK(NDIMEZ)

2 2 2 R RS2 R R 222 R R R 2R 222 R RS 2 R R R R 2R R R R 2222222 RS X222 R R R 2 R 2 %

222X 2SR R R 2 R X S 2 R R R R R R R R R R R R R R R R AR R R R 2 R 2R 22 R 2222 222 R R 2222 R 2 2 2
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CARp 13

Cakp 23

CARD 3§83

CARD 4

Cakp 53

TFLOWFI' DATA INPUY
SSSSSSSESESEREEESES
NDIMe IPUNCH FORMAT( )

NDIMgoooooeblOW FIELD OPTION PARAMETER
80 TwO DIMENSIONAL CASE
1 AXISYMMETRIC CASE
22 LINE SINK

IPUNLMeoe e CONTROL PARAMETER FOR GETTING PUNCHED OQUTPUT OF
PSTeUZ2UReZeRIERC
B0 NO PUNCHED QUTPUT DESIRED,
2] PUNCHED OUTPUT DESIRED,

ISINROALPHAGE FORMAT(1502F10,4) OMIT IF NDIM/NE,2
ISINK,oeeeSINK DISTRIBUTION PARAMETER

20 LINE SINK OF UNIFOURM STRENGTH,

81 LINE SINK OF TRIANGULAR STRENGTH DISTRIBUTION,
ALPHA, coeo ANGILAR CRIENTATION OF THE FACE PLANE UF SAMPLER KEAD,

290 DEGREES WMHEN SAMPLER FACES THE STREAM

20 DEGREES wHEN STREAM IS TANGENTIAL TO THE MEAD,
P esescooeseF RACTION OF THE PROBE DIAMETER OVER WHICH

THE SINK ]IS ASSUMED TO Bt DISTRIBUTED,

RECOMMENDED VALUE IS 0,018,
TTERMAIRELAX FURFAT(1SeF10,4)

TTEnMA, oo e MAXIMUM ALLOWABLE ITERATIONS FOR FLOw FIELD
10 CONVEKGE

RELAX,o0eoRELAXATION PARAMETER USED IN THE PROCEDURE OF
SUCCESSIVE OVER RELAXATION(SCR)
VALUES BETwWEEN 1,0 AND 2,0,

IMoeZMA oKD oliowoe ANG FORMAT(6F10,4)

IPQOOOOCOQUPSTRE‘M FLOW FIELD BOUNDARY LE,*5,

IMA o euoeee DOWNSTREAM FLOW FIELD BOUNDARY

KllgaoosooeflOmw FIFLD HOUNDARY IN YHE RADIAL Uk TRANSVERSE
DIRECTION, RO,GE,S,

Ueeoooooe o ANISOKINETIC VELOCITY RATIO,

MessseseseSAMPLER WALL THICKNESS
WHEN ADIVMEQ,2 WSO,

ANGooososo TAPERING ANGLE OF SAMPLER waAlLlL
g0 IF w20, OR NDIM_,EG,?

I62¢JGR FORMAT(215)

IGlseeeeesGRID POINTS PER UNIT LINGTH IN AXTAL DIRECTION
T 1./GRIL SIZE +1

JGFeoeese e GRID POINTS PER UNIT LINGTH IN RADIAL DIRECTION
B1,/RADIAL GRID SIZE ¢t
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CARD ot 11 FORMATY( )
Ileooseeee NUMBER OF STREAM FUNCTION CONTOURS NEEDED,LEL10
CAxn 713 STk FORMAT( )

STHevooeo o STREAM FUNCTION VALUES FOR THE CONTCURQTHIS ARRAY
WilLL CONTAIN $IIV VALUES

O.t"tttt$‘t‘t!t't“tt#ttl‘tl.Q.ttt‘O“"“'“.t#*"#.“.“‘t"'l‘t.".

2 XakaXaXkakaXaXaNaNaNaNaNal

PROGRANM MAIN
DIMELSTUN PSI(101061)92(101)0R(61)
LIMENSION Uk(101961)0UZ2(1010061)
DYMENSION STR(10)
COMMUNZ/ARKD/NDIMy JPUNCH
COMMON/BAT/ZALPHASF o IS K
READL(Se3) NOIMeIPUNCH
3 FOKMAT( )
IFINDIMLEG.2) READ(Se1) ISINKIALPHACF
READ(Se1) ITERMAGRELAX
1 FORMAT(1502F10,4)
CALL FLBOUNCZMeZMAoKUoliowoZ0WelTw)
Call GRID(IMoJMe2ZoReZMeZMAIROINIZONS ITH)
IF(NDI™.EQ,2) GO TO ?
CaLl BCOND(PSIelMeJMeUeITwonoR)
CaLtL L!PLA(PSIoIMoJMoIThoPELAXoZoRoIYERMAoNCON)
CALL VELU(PSLeIMoJMIUZoURIROIWeITHOUSZIR)
CALL RESULT(PSIsIMeJMeZoRsPELAXINCUNIUZIUR)
RFAD(S¢3) 11
READ(Se3) (STR(I)eIx1s11)
CALL STREAM(ZsPSToReIMeIMISTROII)
STUP
2 CALL SINVEL(UeZoKeIMgIMeUZIUR)
CALL RESULT(PSToIMoJMeZoReRELAXINCONOIUZUR)
STOP
END
2F0ORel FLBOUN
SUBROUTINE FLHOUN(ZMoZMAWROoeUeWsZOWeITH)
COMMON/ZARD/NUIMe IPUNCH
COMMON/RBAT/ALPHAGF o ISINK
1 FORMAY(6F10.4)
READ(S01)ZMelMAsROoUsW e ANG
EPANGSANG=90,
IThse}
IF(ABS(EPANG) JLE o, 005)]TwW=]
I (ANG LE 4 ,005)ITws=0
AN BANG/1BU*3,1415962
IF(ITw)29303
lon30,
6o TU 4
Zowsw/TAN(AN )
wRITE(6¢5)
FORMAT(IH]1 e 25x e 'FLOW FIFLD ROUNDARY 1 /7/)
TF(NDIVM,EG,0) WRITE(608)
IF(NDIMEQ,1) wHITE(6e9)
1F(NDIMEN,2) WRITE(6e10) ALPHA
8 PORMAT(1Hel1OXo'FLOW FIELD FOR TwO PARALLEL PLATES!'e//010Xe

e N ("]

S0



1'Tw; DIMENSTUNAL CASE'//)
9 FORMAT(IHelORe'FLOW FIELD FOR CIRCULAR TUBE'9//030X,
1YAX]ALLY SYMMETRIC CASE'/7)
10 FORMAT(1ReQOXe'FLOW FIELD WITH A LINE SINK'e//910Xe
L'NRIENTATTIUN ANGLE ALPHAE'oF10,6¢'DEGREES TO THE FLOW!')
WwRITE(6e0) ZMeZMALRO
© FNkMAT(Lhe'DISTANCE OF UPSTREAM BOUNDARYZ!'9F10,5//0
1 1Mo YOISTANCE OF DOWN STREAM BOUNDARYZ ! oF10,5//0
2 IHy'DISTANCE OF RACIAL BOUNDARYZ'9F10,5/7)
It (CIPUNCH Ebel) WRITE(1ol)LowoANG
wpJlt(eo?) UswoANG
7 FORMAT(1he'SAMPLING CONDITIONS'///0

1 1R 'SAMPLING VELOCITY/FREE STREAM VELOCITYS'9F10,5//0
° Ine 'SAMPLER WALL THICKNESSE!'9F 10,577

3 the' TAFERING ANGLE OF SAMPLER WALLE'9F 10,50 !'DFGREES?//)
KETUKN

EnU

FORe] 1D

SHRKOUTINE GRID(IMeJMoZ9ReZMeZMAGROIWeZOWeITH)
COMMUN/ABC/JILRIIGReIBNOTTER
CAOMMUN/ACC/1BW00JGRD
DIMENSION 2(101)eKR(61)
READ(S5¢18) JLZ2eJGR

18 FNhMAT(215)
I6PsIGY
WRITE(o6+]1) IGRWJGK

1 FORMAT (I ' WUMBER OF GRID PDINTS FOR UNIT DISTANCE 28'915/7,
| 1He INUMHER OF GRID POINTS FOR UNIT DISTANCE R2'91577)
ba7s1G2=1
FGH3JGR=1]
D217k 4
ORE1 ,/FON

C CALCULATE MAXIMUM VALUF OF 1

I=1
2el)=s2v

e 2(l*1)22(1)+02
I=1+1}
IFCAMS(Z2(I)) ol o (24¢,0009))G0 T+ 3
6n 10 2

3 I=1+1
2tl)s0,.
l1Rwa]
IF(ITw)Se1b5e1n

S FNSZUNW/DYZ
Neb
NNSFN¢ .99
IF (NN EWeN) GO TO 13
Fr 2NN
NzNN

13 On 19 Jstlen
fFJsJ
I=1+}
201)3HJ*20n/EN

14 CoNnTINUE
2(1)320n

15 lanuz]

4 2(141)27(1)+02
I=slet
IFUZ(1) Gl oe(ZMA=,N005))GO TU &
6o 'u 4
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6 [M=]
c CALCULATE MaAXIMUM VALUE OF J
Jzi
R¢J)=O,
7T R(J*1)ER(J)¢Dx
JxzJ¢}
IF(JeblJGR)IGO TU 8
Gn 10 7
8 R(JGR)=1,
I (ITW)Q910417
17 FNSw/DK
N=FN
NNSENG,99
IF(NNGEWeN) GO TO 9
FNSNN
NNy
9 Do 1o JJ3teN
tJsJJ
JeJei
R{JIS ¢k Jen/FN
16 CONTINUE
R(JISt,on
~Jaklsy
10 JsJ+
R(JI)BR(J=1)+DR
IF((R(J)*+,005),GEL,RO)GL TO 11
Go 10 0
11 JmuzJ
IF(ITWEua0) JLROZJGK
WRITE(6012) IMeJdm
12 FORMAT(1He "MAXIMUM NUMBER OF POINTS IN Z TIRECTIONS'¢]IS//
1 {He "MAXIMUM NUMBER OF POINTS IN R CIRECTIOUNSI418%//)
RETURN
END
#2F0Re¢]1 BCOND
SUBRUUTINE BCOND(PSIoeIMeJMpUeITWwoeheR)
COMMON/ABC/JGReIGReIBWIITEK
CAMMUN/ACC/IBAUWJGRO
COMMON/ARD/NDIMy TPUNCH
DIMENSION PSI(IMeJM)eR{JM)
c INIVIALIZe ALL PSI VALUES,
NeNDIMed
00 1 1 JsieJM
A=R(J)ssN
Do 1 I=sfelm
PsI(led)2A
1 CoONTINUE
11 CoNnTINULE
C AT ThE OUTER BOIUNDARY
00 2 Iz3lelm
PSI(ledM)ar(JM)®RN
2 CoNTINUE
(o AT THE INLET
JMIZIMe
Do 3 Jz2eJMmi
PSI(1eJ)ER(J)SEN
3 CnMNTINUE
C AY Mk OUTLET
Do 4 Js2¢JGR
PSI(IMeJ)Ek(J)SENSy
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4 CoMNTINUE
Co 5 13IBwelm
PSI(l+sJGR)sl
S ConNTINUE
JGSJGReABS(ITw)
IF(ITR)GeR A
6 JR=IHn
IF(ITweilb,0)I=IBWe1
Lo / J1zslbe]lbnl
JRLSJGR=rHne ]
IFULITR,kQ@,1) JGGIILRD
On 138 JsJdiGeJGh
PSItled)2PSI(1edbLF)
13 ContINUE
7 CoNTINUE
Dn 14 Iz]lkn0elIm
Un 1S J=dGeJob
PSIC1eJ)ZPSI(]0JGR)
15 CaonTINUE
14 CaonTINuE
8 Ask(JVM)*3Neyj
Cx(leen)ssn
Ber (JM) 33N
IF(1TW.EW,0) JG6G3JG
D0 9 JsJGGe MY
IF(JebLJGRYGO 10 9
PSI(IMeJ)za/B8(R(J)*%NaC) 4],
9 ConTINUE
wRl1TE(6e12)
12 FORMAT (1Mot INITTAL VALUES CF STREAM FUNCTION'//)
PRITH(OoI0)((PSI(TaJ)elz10IMeS)0d2ledMeb)
10 FORMAT(1LF1044)
RETUKN
Env
ZFOR.] LAFLA
SukkUUTING LAPLA(PST o IMoJMoITweRELAX)ZoRoITERMAZNCON)
COMMUON/ZABC/IGRoIGROIBWeITER
COMMUN/ZAAAZERK
COMMONZACC/ZIBWOWJGRO
CovMON/ARC/NDIHoIPUN(H
CIFENSION PSI(IMeIM)0Z(IM)eR(JIM)
PNDIMENDIM
WRITE(oe11) RE( AX
11 FORMAT(IPe 'RELAXATION FACTChE' oF1S¢60//7 01k
1'CUNVERGENCE RATE'//)
IS0
NCONSO
ITERs}
IMiz]re
Juizjrel
EpbOSitel
IF(IT*.NE.O)IG:)
3 ERKkE0,
Co 1 Is2sIMm1
D232(1)=l(]=})
IF(IG.EQL0)GL TO 4
U2232(J+1)=2(1)
Aze,/7(0L2¢0¢LZ)
bzA/DZ
C=24/027
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D=2.,/D2/022
4 DO 2 Js2vJMmi
DREW(J)=R(J=1)
1F(JoEU.JGK,AND,I,GE.IBW) GU TO 2
IF(IG,EQ.0)60 Y0 S
I (Jel ToJOKRLUR oJeGT4JGRO) 6O TO 10
IFCI.LT,IRW) GO TO 10
IF(1Tw)9e502
9 IF(l.6E,IBw0) GO YO 2
JMALS e IBReJOR
I+ (JeGEJMAG) GO TG 10
6o 10U 2
10 DReSr(Je1)=RL])
Azle/(DR+DRR)
taA/DR
F=A/DRK
Bt /C¥DRR/KR(J)SENDIM
F2b/2.8DR/K(J)
HgH*FND M
Ps(VkeCRR)Y/DR/DRR/R(J)
PePSENLIM
Ws2e/DR/DRR
SzUe=Pe¢§
Ps=PSI(IvJ)oktLax/S’(btPSI(1-1vJ)*C‘PSI(IOI.J)O(GOE)‘PSI(Ichl)O(F
1) *PSI(Jledel))
PS=PSeRELAX®*PSI(]14J)
Go TU o6
S Ps=PSI(IvJ)tkeLAX/a.#(PSI(IoloJ)oPSI(!+loJ)oPsl(IoJ-l)'(l.¢0R/2.*
CFNDIM/R(J))I*PSI(1eJe1)2(]1,=DR/2.,/R(JI*FNDIM))
FSSPSePELAXSPSI(]eJ)
6 ER3ABSI(PSI(Ied)=PS)
FREER/PSI(]4J)
IF(EN GELERR)ERRSER
Psl(]eJ)zPs
e CoNTINUE
1 CoMTINUE
WRITE(6e8B) ITERCERR
& FORMAT (ISt 10,7)
1F(ERR,LELEPPS)IGL TU 7
1TERZ1TEReL
Te (1TER,GELITERMAINCONS]
IFC(ITER,GELITERMAYGO TO 7
6n 10 3
7 RETURN
END
2FORe] RESULY
SUBRUUTINE RESULT(PSTeIMeJVeZoReRELAXINCONIUZIUR)
UIMENSION PSIC(IMeJM)eZ(IM)eR(IM)
DIMENSTION UZ(IMeJM) eUR(IMeIM)
COMMUN/ZABC/JORsIGReIRWe ITER
COMMUN/ZAAA/ERR
COMMUNZARD/ND My 1PUNCH
ComMON/ZACC/IBwL e JGRO
COMMON/BAT/ALPHAGF 9 ISINK
IFINDIM,ERL,2) GO TU 12
IFI(NCON)To1 02
e mRITE(6+3)
§ FORMAT(1He'NU CONVERGENCE ')
I wRITE(6eS)ITER
S FOWMAT(IHy INUMBER OF ITERATIONS!o2Xe]4)
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12

- L 0C

Sl b

14

13

WRITE(6ed) ERR

FORMAT (1Mo tMAXIMUM ERRORE' 92X eF10,7)
WRITE(ee7)

FORMAT(/703He ' FINAL STREAM FUNCTIUN SOLUTION 1/7)
PRITE(Oe0) ((PSTI(1ed)oel=1elMeS)edr]edM)
wRITE(6el)

WRITE(O1OY(( UZ(TeJd)elS19IVMe5)edsleJM)
wRITE(E+9)

WRITECOs0)(( UR(I9J)elSlolIMeS) ol e JM)
FNRMAT(11F10,4)

FOKMAT(//70lHeSxYy2Y)
FORMAT (/79 HaSXe'URY)

FORMAT (RF 10, 4)

FnrmaAT(214)

IFOIPUNCH) 13013014

CanTINUE

wRITEC(Le11) NDIM

WRITE(L+11) JGHeJGRD

wRITE(T1e11) InwelNwo

WRITE(1e11) IMeJm

IFINDIMGENG2) WRITE(Se11) ISINK
IFINDIMGEQ,2) WRITE(1¢10) FoALPHA
WRITE(T910)(2C1)oIzy,eIM)
WRITE(L910)(R(I)oIS)odM)

IF(NDIMEQ,2) GO TO 13
WRITE(Lo10)((HZ(Ted) el elM)edzledM)
WRITEC(Lo10)C(URCTI o) oISt oIM)edaledM)
KE TURN

Env

2FURe] vELO

SHBRUOUTINE VELO(PSToIMeJMeUZoURIRUsWeITwolioZsR)

LIMENSTON Z(IM)eR(JIM)

CTIMENSTION PSI(IMedM) eUZ(IMeJM) gUR(IMeIM)
CNFMUNZACC/IbBRUOJGRO

COMMON/ZABL/JGReIGR o JBW I TER

COMMUN/ZARD/NDIMe TPUNCH

tSC(AsboeC)= (A=) /2,4/C

ESb(AebeCoD)IS(3,%A¢Ceu %8)/2,/D
ESF(AWB¢Col: )3 (4 *BeAad #$C)/2,/D

UESC(AenoCoErU)S (L% 28Aa(CH32afs#2)8UaEs828C)/(D¢E)/D/E
UFSF(AoHICINDIE)S(RE(DIE)SX220D852aC (2,504t )%E)/10/F /7 (Det)
UFSB(AsRsCoeleE )= (a8 (2,80¢)%¢ oHE(DHE)*%2+Cx0%22) /D/E/(C+E)

C INITIAL1ZE ALL VALUES OF VELOCITIES

Nt D]IVed

tn 1 Is)elm
bDn 2 JsYedM
U2(1eJ)=1,0
Le(Ied)s0, 0

2 CoONTINULE

2R

CnnTINUE
On 3 Jstelbk
Uz(ImMeJ)s1)
CANTINLE
Lo 4 J3JGRUWIM
VZUIMed)S(RURENG) /(RNSENe (] ,4n) %EN)
CANTINLE
Lo 28 JzJdukeJHROU
Lz 0ImMey)=0,
CONTINLE
Vo 29 I=zl4]m
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UZ(1e1)sPSI(]e2)/R(2)%8N
IF(NDIM,EQ,0) RRs],
29 CNNTINUE
C CALCULATE THE VELOCITIES
IMiBIMa ]
JM13 M|
Do S I=z2¢IM)
Lo 7 J=2eJMy
D72Z(1+1)w2(])
RRE2,%K(J)
IF(NDIM,EN,0) RRsy,
CRER(Je¢1)=k(J)
IF(ITW)Be99 10
9 UZ(TeJ)tSC(PSIC(IoJe1)ePSI(TeJ=1)eDR)Y/RK
UR(IoJ)ZESC(PSI(I+19J)ePSTI(1e1¢J)eD2)/(=kR)
6o Tu 7
10 IF(JelVToJGH,OR.J4GTJGRU)GL TO 9
IF(leltsw)tifol2eld
11 JF(JeGT oJGR(ANDGJLLT,,JGRO )GO TO 9
17 OrRBk(J)=R(J=1)
UR(IeJ)a=ESCIPSI(1¢10J)ePSI(leleJ)eD2Z)/RR
UZ(1eJ)BUESCIPSI(TeJe¢1)ePSI(IeJ)ePSI(1eJ=1)9sDReDRR)/RR
Go Tu 7
12 UR(IvJ)=2=ESR(PSI(1¢J)ePSI(IeleJ)ePSI(I=2¢J)eD2Z)/RR
UZ7(1eJd)=0,0
14 TR (JebGadGRIUZ(TIoJ)ZESBI(PSI(T0J)ePSI(10Jdel)ePSI(Iede2)o(R(J)eR(J=1
1)))/RR
IF(JebGCeJGROIUZ (S0 JI)ZESF(PSI(I9Je2)ePSI(I0eJe1)ePSI(10J)sDR)/RR
Gp 10 7
13 UR(1eJ)=0,0
Uzlledizu,o
Go 10 14
8 IF(loGEtoIBR,AND,1,LE,IBWOIGU TO 15
IF(Jet Lo JGR IR L JEQL,JGRO)IGO TO 16
IF(lsLT,1BK)GU TO 9
IF(JelToJUR,URGJGGT,JGROIGO TO ¢
U7(I'J)=000
UR(1eJ)=0,0
tn 10 7
16 IF(leLT,IBW) GO TO 17
UR(]1eJ)=0,0
o YU 14
15 T (JebGoIBW,UR,IER,IBwWN) GO TO §A
IF(JelToJGR.UKGJ4GT,JGRO) GO 1O 9
IF(JeEQ,JGKOD) GU TO 12
TF(JebliodGh) UR(TIeJ)=O0,C
IF(J b JdGKk) GO TO U
1F(1eGT,(InweJeJGR)) GO TO 27
IF(JeGT  (JGROLIm1BR))GO TO 9
IF(JetUo(JGR*1) (N, JL,EQ,(JGRO®]))IGU TU 19
IF(Jel T, (JuRe]=IBN)) GO T 27
D22(1)=2(]1=1)
UR(IeJ)==tSBIPSTI(TeJ)ePSI(IetsJ)ePSI(1e20J)eDZ) /RN
21 LZ(10J)2ESF(PSI(TeJ42)ePSI(JeJe¢1)ePSI(1eJ)eDRI/RK
Go T0 7
27 uUz(led)z0,0
UR(1eJ)=0,0
Gn YU 7
19 IF(JeNEL(JGR+1))GO TU 20
RN7232(1)=2(]l=1)
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2o

18
26

22

24

2s

23

2F0R

LB AVAN V]

2F Ok

7432 (lel)ef(1=2)
LR(1eJ)ISUESB(PSTI(1eJ)ePSI(leleJ)sPSI(102¢J)eDZe0Z2)/(=RR)
IF(JeEGa (JLRO=1)IGL TO 2V

6n T 21

DPRasR(Je2)=R(J+1)

L2(1ed)s U&SF(Pbl(IOeoJ)vPSI(IﬁloJ)cPSI(IoJ)vDPoDRR)/RR
It (JebL . (JGR+1))GO YO 7

0732(1)el(]=1)

UR(TeJ)2=t ShH(PSI(IeJ)ePSI(IeieJ)sPSI(T@2eJ)eD7)/KR

Gn YU 7

IF(l.tR IbWN)GO TO 22

DRKSR(J)eR(J=1)

07222(])=7(1=1)
UR(IoJ)SoUESCIPSI(1¢10J)ePSTI(1eJ)ePSIC(I=10d)eNZeDZZ)/RR
U201 eJ)=UESC(PSI(T1eJe1)ePSI(JeJ)ePSI(TeJe]l)eDRINDKRR)/RK
tn Y0 7

IF(JeGT JRRGAND GJGl TL,JGRO) GO TO 23

1F(JEL JGK) GO 16 24

16 (J kU, JGKO)} GO T0 2%

URER(J+l )= (J)

bn 10 26

LR(IsJ)a0,0

N722(1)=2(1~1)

URLLeJ)S=ot SB(PSTI(T1eJ)ePSI(I=10J)ePSI(I®20J)eDZ)/RR
DRER(J)eR(J=1)
UZUTeJ)StSBPSI(L1ed)ePSI(TeJe1)ePSI(lede?)eDR)/RK

6Gn 10 7

UR(1¢J)S0,0

D732(1)=2(1=1)
UR(TeJ)IZ=tSHIPST(1eJ)ePSI(IeieJ)esPSI(Te20J)eDZ)/KR
UZCTedISESF(PSI(TeJe2)ePSI(TeJe1)ePSI{IeJ)sDR)/RR

Gn YU 7

LR(IeJ)=u 0

uz(ledisv,o

CnonT INUE

ConT INLE

RE TURN

N2

I sTktam

SHBROUTINE STREAM(Z2ZePSTeReIMeIMeSTRY11)

DIMENSTON PSI(IMeINM)eZ (TM)eR(JMYSSTR(II)

UCIMENSIOMN RS(100101)
SAG{XeYoveAoBeCoD)IS(A=CI¥(A=D)Ex/(HaC) /(B )¢ (A=) *(A=D)*Y/((=H)
1/7(L=l)¢ (At} (AaC)¥y/(D=R)/(D=()

JNt’:J"'Z

LN 1 Ins=telld

ST=SSTR(IR)

Cao 2 Istleln

un 3 Jstegne

IF(ST oGTaPSI (T o) AND ST LELPSI(Ied+1)) GO Tu 4
CaNnTINGE

KS(IReIISSAG(IRIIIIR(I*IIoR(JI42) oeSToPST(1eJ)ePSI(TeJel)sPSI(TeJe2))
(onTINE

CONI INlJF.

WRITE(OeS)( (2 (D)o (RSIIKIYeIKZ1eII)) oIl 0]N)
FARMAT(1LFLloen)

kg TUKRN

END

I SInNVEL

SuMRUUTINE SINVEL(UsZeRoIMeIMeUZ o UR)
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& v

10

12

13

11

2F IN
zx

DIMENSION Z(IM)oR(JIM)oUZ(IFeIM)sUR(IMIJIN)
COMMON/BAT/ZALPHA¢F ¢ ISINK
FUN(XsY)BSURT(X$324Y882)

KEAL M
ALPHARALPHA®3,1415906/180,
CzCUSC(ALPHA)

SsSINCALPHA)

r=(U=S) /74, /¥

IFCISINKGEQ.1) MB(SeU)/2,/F¥%2
wRlTE(6eld) MeFoISINK
tORMAT(UF10,0)
FORMAT(2F10,0014)

Co 1 IsieIM

yeeZ(1)

LN @ JEiegm

Xgk(J)+F

XFEXwF

XfEFSXFaF

IFCISINKGEQG,0) GO TO 13
IFC(ABS(Y)LEee01) GO YO 10
AgsFUN(XeY)

BgFUN(XFoY)

C=FUN(XFF oY)

F=BeXF

tEexFt el

GeXx+A
UuZSOXIZ./AOXF/RoxFF/2./DOALOG(H/G)OALOG(h/E)O
1Y8%2/2,%(2,/H/8e1,/G/A=1,4,/E/0)
UUKSX"?/Z./Y/A-xrtt?/V/BOXFF“?/Z./Y/DOY/Z.'(Z./B'l./A-l.ID)
UUREUUR®A/2,/YeB/YeD/2,7Y
uyzZsuuzsm

ULIRSUURSM

Gn 10 11
IF(XoGboeVoaANDeXLE,(2,%F)) GO TO 12
UyRso0,

UUZSHMEALOUG(XF¥32/X/XFF)

6o, TU 1}

uyls0,

Uykeo,

6o Tu 11

AgFUN(XoY)

UsFUN(XFFeY)

1F(A LE.001) AZ,01
IF(Belboee0l) b=,01
UU2SMS (| /A=) ,/8)
UYRSeME(X/A/Ya (XFF)Y/B/Y)
CONTINUE

UZ(1ed)B=UUR®S

UR(IvJ)suuZ+(

ConTINUE

ConTINUE

RF TURMN

EnD
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C
C

PROGRAM 'TRAJEC'

SESSEBSSAFEBIPEBERRESEREREXL LR EREEEBERERENERESREBERLERESEREREXEEEE RN
A2 23222 R R R R 2 R R 2 R R 2 R R R R R 2R 2R AR RS2 2R 2222 R 2 Y

PO 000 QP00 COPPOPOPPPPOOROP00000000000000000000000000000000000000000000000000¢
NANNANA NN WA ANANN NNV AW RN N RN WA NN NN RN WA WA R W W R AW n W
000EP0RPRNEPBOPLRRPOBOOOOORROOOIPRROPO0RPOLPOPOPPRRPO0000000000000000000000000¢
0000000000000 00000PPRL000000000000000a0R00000000000000000000000000000000000000s
0000000000 8000000000000600000000000000000000P000000000000000000000000000000000s

C
C
¢
C
C
¢
C
c
¢

C

VNI OO OO OO YO OOV Y MY YOOI OO OMTT OOV VI CYOY Y Y

WWW WA NN AN NN AN N WA SN WA WA NN NN WA NN W NN NN W W
TRAJEC SCLVES FUR THE LIMITING TRAJECTORY OF PARTICLES CAPTURED BY
A SAMPLING HEAD [N A PREDETERMINED FOOW FIELD

PAKTICLE TRAJECYORIES ARE OBTAINED BY NUMERICALLY SOLVING THE EGUATION
OF MOTIOM OF PARTICLES wIThH STOKE'S DRAG,

NUMEKICAL METHUD USFDyqa00000ePREDICTOR=CORRECTOR WITH ITERATIVE CONVEKGENCE

Whiwwhhw AR W WA W W W AN RN W RN WA N W W i
PROGRAM THRAJEC VARIABLES DESCRIPTION
ALPHASSSISXORIENTATION ANGLE OF THE SAMPLERKFAD wITH RESPECT TU FREF STKEAN
IN UEGREESC(USEC ONLY WITKH THE OPTINDN NDIMS2) INPUT
30 WwHEN THME FACE PLANE OF THE SAMPLER 1S TANGENTIAL 10
FREE SYREAM

390 WHEN THE FACE PLANE FACES THE STREAM,

ANGo* 22328 TARERING ANGLE OF THE SAMPLER wALLC(USED ONLY WITH THE OPYIONS
NDIM21 OR 0) INPUT

DTIs#ssess8IATTTAL TIME INCREAMENT FUR THE TRAJFCTOKY CALCULATIONC(DURING
THE EXFCUTION OF THE PROGHRAM THIS TIME INCREAMENT IS VARIED AS
REWUIRED FOR CONVERGENCEF CRITERTA, (USUALLYSO0,1) INPUT
DRES*S42222 INCREAMENT IN KADIAL DIRECTION, USED YO CHOOSE A NEw'RI!
BASED ON THME PREVIOUS TRAJECTORY CALCULATIUN (CAN RE 0,1 OR 0,2)

EPPS*S8sxs8pPRESET TOLERKENCE T0 STOP THE ITERATIVE PRUCEDURE AND TRAJECTURY
CALCULATION CINPUT)

FEOg 808522 FRALTION OF DIBMETER OVER wnHICH THE SINK IS DISTRIRUTED,
(USED ONLY WITH QPTION NDIMZ2) USUALLY F30,01 INPUTY

FRES$33233FRUOLDE NUMBER CF THE PARTICLE (OUTPUY)

IBnas®s 838 XNUMBER (OF AXIAL GKID POINTY AT WHICH THE INNER wWALL OF THE
SAMPLER 1S LOCATEC

IhwnsxssasaNUMBER OF AXIAL GRIC POINT AT WHICH THE OUTER wWALL OF THE
SAMPLER IS LOCATEC,
Ibwuslda IF OPTION ADIMZ? 1S USEC,

IDImEs5s288SINK TYFE PARAMETER
80 TwU UIMENSINNAL
8] AXISYMMETRICAL
JE*e*8 38003 ECTROSTATIC PARAMETER
SO0ELECTROSTATIC EFFECT NOT TAKEN INTO ACCOUNTY
=1 z 2 2 TAKEN INTO ACCOUNT

M2 8588 MAX [ MUM NUMBER OF GRID POINTS TN AXTAL DIRECYION INPUT

99
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INT* %8383 INTERVAL FUR TRAJECTORY COORDINATES YO BE PRINYED OUT INPUTY
IS 8823 X8 8SEDIMENTATION PARAMETER

B0 SEYTLING IS NOT VAKEN INYO ACCOUNY

t B E 2 TAKEN INTO ACCOUNT
ISINKS¥%828SINR STRENGTM DISTRIRUTION PARAMETER,

20 UNIFOKM STRENGTH

2] TRIANGULAR STRENGTH DISTRIBUTION

ISTa**3¥328NUMBER OF SIZE INTERVALS IN PARTICLES DISTRIBUTION INPUY
MAXIMUM OF 10

LIMITR*ss8MAXIMUM NUMBER OF TIMES TO PERFORM THE TRAJECTORY CALCULAYION
FUR ONE PAKRTICLE

THE FLUID IS ASSUMED TO BE FRICTIONLESS AND THE FLOW FIELD IS GOVERNED
bY POTENTIAL FLUW EGUATIONS,THE FLUID FLOW MODEL COVERS THREE DIFFEREMT
SITHATIONS,1) TWO DIMENSIONAL FLOw BETWEEN PARALLEL PLATES
SIAXISYMMETRIC FLOW IN A CIRCUL AR TUBE
3ILINE SINKR wllH ARBITRARY ORIENTAYION TO THE ONCOMING FLOw,
THRE USER CAN CHOOSE ANY OF TKE ABNOVE OPTION WITH PROPER VALUE OF AN
INTEGER PARAMETER INDIM!

NDIM =20 TWO DIMENSYONAL CASE

NDIM =1 AXISY~METRIC CASF

NDIM 22 LINE SINK
PS54 %2482 ¢3PARTICLE RADIUS IN MICRONS (DIMENSION '18T1)
PresssssasaMEASURED FRACTION OF VARIOUS PARTICLE S1Zt$S (DIMENSION 'IST!)
PLEs*%s225 % INEAR DIMENSION CF THE SAMPLING HEAD
UC*ed 58263 F  FCTRUSTATIC CHARGF ON THE SAMPLER WEAD,
RIss**83533 INJTIAL RADJAL POSITION OF THE PARTICLE

HT®g¥ 83232 8RADIUS OF THF TUBE(SAMPLING) OR CHARECTERISTIC DIMENSION OF
THE SAMPLER,

STIKs*s282¥STOKE 'S NUMBER OF THE PARTICLE

RE¥SgSE$43XFRAD]IAL LOORDINATE(DIMENSION VJUMP)

KE#So88B8R4* REYNOLD'S NUMBER BASED ON THE RADIUS

TASg 2228 88RFLAXATION TIME OF THE PARTICLES (DIMENSIOM 1IST)

WES R8BSR g SAMPLER wALL THICKNESSCINPUT)USED ONLY WITH
NUIM OPTION QF 0 DR |

UZ*s*3823sVELOCITY OF FLUID IN AXIAL DIRECTION(ARRAY OF IMXJM)
URSs®$#29sVELOCITY UF FLUID IN TRANSVERSE DIRECTION(ARRAY OF IMXJM)
U s$*338xSAMPLING VELOCTITY RATIO (INPUT)

2%%gsx8xx38AXTAL COORDINAYE (DIMENSION IM)

ZisssersssxINTTIAL AXIAL POSITION OF THE PARTICLE
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VPN N N M A O YO IO MO A O I OO YOI O IO OO CIEY €YY

YOV Y YT YOO OO OO Y I OYOYTYOYYOY OY Y

{LIps%essss 1P DEPTH OF ThE SAMPLER

ZmAxSSEssreMAY MM AX]TAL DISTANCE UPTO wHICH THF TRAJECTORY SHOULD BE
CONTINUEDY (USUALLY EQUAL TO 0,)

NAARANNRARR AN NN WAN NN RANI NN AN N WA AN NN WA WA W W AW W RN W NN WA WR o

TRAJEC DATA INPUT

aoa;60666AAAAAAAAA06A6AAAA6AAAAAQAAAAAAAAAAAAAAAAAA66666600.056060550065651
AAA‘AOAAAAAAAAAAAAAAAAAAAAAAAAbbAAOAAAAAAAAAAAAA‘AAAAA04‘6‘6006‘050‘6‘6‘466
Canwp 18 INT FORMAT(14)

PRINTING INTERVAL

CARD 23! Te+ImwelS FORMAT(3T4)
l1tk=0/1  BELECTROSTAYIC EFFECT NOT INCLUDED/ZINCLUDED
Inzsti/=1 UPPER/LOWFER WALl
18s0/1 SEDIMENTATIGN EFFECT NOY INCLUDED/ZINCLUDED

LARD 33 UsmweANG FORMAY(3F10U,4)
Ueave LOCTITY RATIOCSAMPLING VEL/FREE STREAM VEL
weewALlL TRICKAESS OF THE SAMPLER
ANG==TAPERING ANGLE TN CEGREES OF SAMPLER wWALL

CAkD4: NEIM FORMAT(14)
FLUw FIELD UPTINN
S0 Twl DIMENSIDONAY FLUW BETWEEN PARALLFL PLATES
21 AxISYMMETRICAL FLOw FDR CIRCULAR TURE
22 PLOUr FIELD wITh | INE SIMK

UPTTONS 081 REGUIRE THE FiOw FIELD T0 PE DETERMINER RY THE PRUGRAM
TRLOWET?

CaRnS: l1iIM FURMAT(]4) OMIT IF NDIME0O OR §
=0 Twl DIMENSIONAL | INE SINR
AX]SYMMETRICAL LIMNE SINK

CARD 6% JiLkoeJGKU! FORMAT (214)
JoReeNUMBER (F GRID PUOINTS PER UNIT
Rap1aL DISTANCE, =1,/GRID SPACINGIN RAD,DIR¢1
JGR(Oe=RAD]IAL GRID PUINT AT WHICH QUTER EDGE OF THR wALL IS LOCATED
JGRC3JGR 1+ NDIM22 QR w2U, FOR NDIMZ0s] JGRBJIGRU AKE CALCULATED
BY THE PROGRAM FLOWF]

LARD 7% IBmelIHnD FORMAT(214)

I8me==Ax]AL GRID POINT AT wHICH INNER EDGE OF SAMPLER wALL IS LOCATEWL
IBwC==aXTAL GRIC POINT AT WHICH DUTER EDGE OF SAMPLER WALL IS
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CARD

CARD

CARD

CARD

LOCaTED, IHwWOBIEw IF MDIM=2 OR wW=0 OR ANGS90, FOR NDIMSO OR 1,
Ibw AND JtwQ ARE CALCULATED BY 'FLOWFI!

B JmeJM FORMAT(214)

IMeaMAX IMUM NUMBER OF PCINTS IN AXIAL DIRECTION <101
JMeeMAX IMUM NUMHER OF PCINTS IN RADIAL OIRECTION,<H1
FOR NDIMEZ IMeJM ARE INPUT BY THE USER,

FOR NUIM20¢] IMeJM ARE QUTPUY BY FLONWFI,

93 1SINK FORMAT(14) OMIT IF NDIM,NE,2
80 UNIFOKM SINK STRENGTH DISTRIBUTION,
Bl THRIANGULAR SINK STRENGTYH DISTRIBUTION,

108 FeALPHA FORMAT(2F10,4) OMIT IF NDIM NE,2
FeeoFRACTIUON UF DIAMETER OVER WHICH THE LINE SINK IS DISTRIBUTELD
ALPHA==ORIENTATION ANGLE OF SAMPLER

11tee=fleM/R () FORMAT(8F10,4)

AXJTAL CUURDINATES OF GRID POINTS, FOR NDIMBOosl Z(I) IS CALCULATED
BY 'FLOWF]l', FOR NDIM=2 INPUT BY USER, THERE WILL BE

IM/8 UAYA CARDS, _

CARDS 114IM/Bu=]1+IM/B8eJM/BEN(SAY) R(1) FORMAT(BF10,4)

Cakn

RADIAL COURDINATES OF GRID POINTS,FOR NDIM=091 R(I) IS CALCULATEC
BY 'FLOWFI', FOR NDIM=2 INPUT BY USER, THERE wILL BE
JM/8 UATA CARDS,

N'-NOIM‘JF/B SM(SaY) LZ(1eJ) FORMAT(BF10,4) OMIT IF NDIM3Z
UZe=~AXTAL COMPONENT OF VELOCITY, FOR NCIM20 OR | CALCULATED BY
TFLUWF I

CARDSMe=rMeIMEJM/BBMM(SAY) UR(IeJ) FORMAT(BF10,4) OMIT [F NDIMZ?

Carn

URee RADIAL COMPONENTY OF VELOCITY, FOR NDIMEOol CALCULATED BY FLOwWH]

(Frey) LIMeDTIeZIeR]IeCR FORMAT(ISeUF15.6)
LIMe=s UF TIMES TREJECTORY CALCULATION HWAS 10O BE OONE
UTleeTIME INCREAMENT FOR EACH STEP (0,1)

Zl==INITIAL AXIAL POSITION OF THE PARTICLE,
RI==INITIAL RADIAL PCSITION OF PARTICLE=SGRT(U)

DRe= RADIAL INCREAMENT (0,2)

CARD(MM+2) UINF IRt FORMAT(2F15,6)

UINFeoFktE STREAM VELOCITY USER INPUT
Kte= REYNULD'S NUMBER BASED ON TUBE wIDTH

CARD(MM+3): ZLIP FORMAT(F1S,6)

ILIP==_ P DEPTKH OF SAMPLER,

CARD(MMed)s OPeQCIPL FORMAT(3F10,4) OMIT IF 1E=0

WUPe=tLECTROSTATIC CHARGE ON THE PARTICLE
GCe=ELECTRUSTATIC CHARGE ON TrE SAMPLER,
PLeelL INEAKR DIMENSION OF THE SAMPLER,

CARD(MMeY )T IST FORMAT(14)

8 OF SIZt INTERVALS IN THE SJZ2E DISTRIBUTION <10

CARDS (MM ep)ea (MMIbeIST) PeTAPF FORMAT(3F15,.8)
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PeePARTICLF RACIUS IN MICRONS

TAe=RELAXAT]ON TIME OF THE PARTICLE IN SEC

Pte=MEASURED FRACTION OF PARTJICLES

THERE WILL BE 'IST' DATA CARDS.
(080000000000000000000000000000000000000400000000000000000000000000000000000000
C000000a00000000000AA0040000000000000000000000000000000800000400000000000000000000

[aNaNaNel

OO OO

PRUGKAM INER
CIMENSION STU10)eTA(10)sPF(IN)eP(10)
COMMUN/ZAAA/STKoFR
COMMUN/ZABA/R(B1)02(101)
COMMUNZABR/UZ(101e61)0UR(101001)
COMMON/Z/ABC/IMeJMeJGR e JGRO I hne IBNO
COMMUN/ZACB/TeICeINToILPeZLIP
COMMUN/BAT/NDIPeISTNReF ¢ ALPHASUGID]IM
COMMUON/SAR/ISIIE«GPoRCoINIPLIESPLITS
1180
RFAL(YSe1) INT,
KFAD(Ss1) JeoelwelS
READ(Se2) UeasANG
READ(S91) nIM
IFINDIPM LR ,2) READ(Se1)ILTN
REAL(Se1)J6ReJGRO
READ(Set) THwelhmu
READ(Se1)INredm
WRITE(be19)
19 FNRMAT (1M1 e30Xe 'SAMPLING BIAS DETERMINATION'////
1 1IN " TRJAFCTCRY CALCULLATION')
1 FOKMAT(314)
2 FARMAT (8F 10U, 4)
3 FORMAT( )
WRITE(6¢22) UsWeArG
22 FORMAT(//SX o' VELKRATIOZ ' oF10,60/5X e ' WALL THCIKNESSE ',
1F10.00/5Xe'TAPERING ANGZV9F 30,00 DEG!)
IF(NCIVM,ELe2) READ(Se1) ISINK
IF(NDIMEN,P?) READ(Se?) FoALPHA
P1e3,141590¢2
IF(NULIV NEL2) ALPHASPLI/?,
IFINLIPEWe2) GO Tt P9
29 RFAD(Se2)(Z2(1)elz10IM)
READ(S42)(F(})ela)edM)
IFI(NDIM,EN,2) GO T0 2A
READIS2) ((UZ(Ted)eTzleIM)edlolM)
READ(Se2)((UN(Ted)eIstelINM)odzloJM)
2h ZmAXs0,
rus=1{,
RFAD(Sed)L IMeTIeZ]9RIeDR
RisU
1F(NCIM NELN) RISSOKT (V)
READ(SeS) UINF eRE
KFAD(Se2) ZLIP
FILP2(Z2LIP=Z(1))/(2(2)e2(1))
ILPEFILPeY,
ImAxz /7y P
IF(It ot 0el) READ(Se2) UPGCoPL
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4 FORMAT(]ID¢UF15,6)
S FORMAT(2F15,06)
READ(Se1) IST
CALL BIASCISTeSYoPoTAsPFoICAIUINFRE)
ALPHZALPHA/P1%*180,
wRITE(6+30)
30 FORMAT(/7/725xe'FLOW FIELD BOUNDARY!///)
IF(NDIM,EQ,0) WRITF(6¢31)
IFINDIM,EG,1) WRITE(6932)
IFINDIM,EQe2) WRITE(69¢33) ALPHIISINKeFoJOIM

31 FOKMAT(1Hy 10X 'FLOW FIELD FOR TWO PARALLEL PLATES'e//010X0
19yw0 DEMENSIONAL CASE'//)

32 FORMAT(1Ms10Xe'FLOW FIELD FOR CIRCULAR TUBE'9//910X,
1YAXIALLY SYMMETRIC CASE'//)

33 FORMAT(1HoUXg VFLOW FIELD WITH A LINF SINR'e//410X0
{1 VORIENTATION ANGLE ALPHAS'+F10,60¢'DEGREES TO ThE FLONY s/ /0
210Xe'SINK DISTRIBTUION PARAMETER ISINKE']Ue/ /0
$10Xe'SINK LISTRIBUTED OVEK'eF10,69'0F THE PRURE DIAMETERY e/ /0
410Xe 1 I0IMS Y eIde//)

34 FORMAT(//91He2SX e ' wALL PARAMETER Iwsteldrsy/)

wRITEL(6¢39) ZLIP

39 FARMAT( tHoelOXe1ZLIPZ 4F1%,6//)

WRITE(6935) ISeIE]ITS

35 FORMAT(1re9Xe !SEDIMENTATION PARAMETERE'9eIlo//»
110Xe'ELECTROSTATIC FIELD PARAMETERE!9]4e//y
110Xe'SEOIMENTATION TRAJECTCRY PARA 11S3te140//)

wRITE (69 30)

36 FORMAT(4He tRADIUS!' o3X e 1FRACTION! o/ 9 1He 'MICRON?)
Do 37 1s31.1S87Y

37 wWRITE(6+2) P(1)PFLI])
LimiT=s20
Cal=},08
EpPS=1t=3
EpPPT10,8EPPS
210=21
oTi=DT1
D12E5,.#DV1
DY3=BTI/10,
DY3=0T11/5.
Draspli3/e,
IF(LIMIT .1 T7,1)8T0P
IwP=1
IFINDIMEU,2  ANDALPHA,LLT,1,57) IwPs?2
FuwPsInP
vjPs0,
Y 030,
Go 24 11314187
IF(1]oNEel) DRZ0.1
STK=ST(11)
TAUSTA(LIT)
PpaP(]1])
Estl.‘uP*HCIU./PI/?P‘*S/UINF'tZtI0."12
62981,
IF(1S,LTel) GO T0 ®
vS3TAUXG
Gp 10 17

6 VSE0,

17 RYERE®,1467/UINF
FREUINF$%2/RT/6G
KRTPP210%S$(wd) /RY
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ta

42

VS'VSIUINF

218210

WRITE(002)Z1oPPokE ZUINF¢STK9FRIRY
Do 38 liwsieIwp

Iwsl

IFCIIm,Fu,2) Inze
SLIRE]

WRITE(6e3d) 1w

Kz

IF(I*.tQ-l.AND.Il.EU.l) RO=R}
IFUIneEQel o AND T T oNF 1) ROEYUP
IFCLImeEu a2 ANL,II,EQel) ROSYIIP=],S
JFCIIw FLa2,AND, 1] ,NEL1) ROSYLO
kCcAz0,
KES3U,
Filso,
Dn 20 I=tl.L 1M
Icso
Koptitso
J=s0
InaL=s0
Inlv=ao
DrsuT3}
Crsvie
DYsD1}
IF(STR LT ,,05) DT=NT3
IF(R,EG.,2) k1121,
XF(K.E(..l) Fllz‘lo
I‘(lofb.“) ’Il:AHS(Fll)/EQ
IF(notod) FliseAhS(FI1)/2.
RNSNVSDREFII$F I w
IF(NDIMoNE 2o ANLGRD L1 T,04) STOP
ROUSRE
Tzu,
Ical=o
21210
2118218SIN(ALPHA)=ROSCUS(ALPHA)
RNSZISCOS(ALPHA)SROSSIN(ALPHA)
218211
CaLL OUTP(ZIeROWKODE)
Icsl
CALL INTERF(KUOZTIoUXollYeDUXSNUY)
Vzsux
VRSUY
CatL FCTIRUWZI oL VZeDVReUXeLYIVZoVReDUXSDUY)
Duxvuzpux
*uyuspuy
bvZuszpv?
DvROEDVYR
IFCIVIV,EQ.t)DY2DTY
IFCILIVENR,2)DT=UTY
IFCIDIV,EG,3)PT2DTY
IF(SY“aLYQQSOo‘NU.ZIon.ICb) DY=0T14
M
PREDICTY NEw PUSTITION
IF(STRLT,.01) GO 10 4?2
VZPEVZeDVv2eDT
VRPEVReDVRADY
6n TU 43
VIPIUX/(1,+STx®yXx)
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43

10

1

13

12

15

et

4t

VRPRUY/ (1 ,¢STK*DUY)

2psZlevZIPaDT

RpskQeVKPEDT

RATSRP/RU

IF(ICAT EQ,1) GO TO 10
IF(RAT Gl .CAYV)ILTRDY /2,

IF(UT LEs1E=3) ICATSY

IF(RAY ,GT,CATIGO YO 9

CARRECT THE PREDICYED POSITION

CatLtL FCI(RPOZPOCVZoCVRvUXCoUYCoVZPcVRPOCU!oCUV)
V20EV24(UVLeCV2)/2.%DT

VR(BVR+ (DVReCVR)/2.,8DT
JF(STR oL V0ol )VICBUX/247 (3 o¢STKEDUX)CUXC/24/(1,¢STKECUX)
TE(STK LY oo 1)VRCEBUY/2./(1,¢STKSDUY)GUYC/247(1,¢8TKECUY)
2c3ZlevILaD

KC3ROUSVRCEDY

ITERATE FOR LONVERGENCE

IF(Metted) GU TO 11

Ir(ABbtzrl elC) oLt EPPS,ANDJARS(RCI=RC) Lt LEPPS)GO TO 12
MgMe ] .

IF(M.GTLIMIT) IDIvVEID]IVe]

IF(IHAL JNE,OJAND M LELLIMIT) GO TO 7
IF(IDIV,6T,8) GO TO 13
IF(MGT,LIMIT) GO YO 14

Zp=lC

RpERC

5123724

VRPSVRC

Rc12RC

Zcisic

6o Tu 10

DYsDT1/2,

IHALS]IFALG]
IF(IHAL.GE.S)nRIIE(bo5)IIvFOvZCoZPoRPcRCoCVZoCVR
1FCIMAL qUE ,5)STUP

DvZsDVZO

DVR8DVRY

DUXENUXD

Suyysbuyo

6o TV 8

Kobtso

TsleDY

CalL OUTP(ZCeRCoxUDE)

I (RUDELNDel) WRITE(O1S)
FORMAY(//SXe'CAPTURED!Y)
IF(RKUDENELI) GO T0 21

kCASROO

Is(RetlU,V) ns?

l‘ U\.EU.I.ORQKQFQoB) K‘“

6n 10 23

ConYINUE

1182C

RnosrC

vzsvle

VREVKR(

18 (NDIV NE 2o AND,RO,LT,0,) s$T0P
InALSD

JF(ALPHAGEWs s ANU,ROLGE41,) GO TO 41
IF(21.LTe2ZMAX)Y £ 10 14

WRITE(6e27) ToZ..RD 106



wRITE(BelB)
18 FPORMAT(//5X¢'ESCAPED!)
el FORMAT(1he3(F1S5,6010X))
I (RatG,0) K=}
JF(rqb L2 UR K ER,4) K=3
RESSRUU
23 ROsSkO(:
IF(ABS(RCA=KES) LTL,EPP ) GC 10 2%
20 CONTINUE ~
eS IF(lIn,Eud,1) YUPBRCA/2.¢+RES/2,
IFClIngatl,2) YLUZRCA/2,¢RES/2,
WRPITE(6e40) CATICATY )
40 FNRMAT(//79o1HelUXy'MAX, POSITION RATIOE'oF15,60//010X0
1'vALUE QOF JCAT ISsteluer/)
38 CONTINLE
Esb((YUPaYLU)/FWP)Ss2/Y
TFINDINM (NE Q1 oANDGIDIMER,0) BFFS((YUP=YLO)/FwP)/U
EFFSEFF+VSSCOS(ALPHAY /U
WRITE(0e20) UEFFeSTKyYUPeYLD
26 FNRMAT(//8SXe ' VAL, RATIOS'oF10,60/SXs'CONC, RATIOZV4F 10,060
$/768X e 'STORES NUMRERZ ' gF 10,60 /5X 0 'CRIVICAL GRD,2'9sF10,005%XeF10,6)
PECII)3PF(IT)/EFF
24 CONTINLF
Call BIASCISTeSTePoelAsFFeICAWLINF oKE)
STOP
EnD
BFORel FCT
SUBKUUTINE FUT(RUOeZ0eDVZ oeDVRIUXoUYeVXeVYoDUXeNUY)
COMMUN/AAA/STKFR
COMMUN/BAT/NDIMe ISINKsFoALPHASLIOIDTV
COMMUN/SAR/ZISsIEeNPsQUeTwePl oESPHITS
FIws]ln
CALL INTERP(RO9ZOoUX oY oDUXIDUY)
IF(S‘K.L,ool) Gy 1L 2
Dvi3(uxeVvX)/STK
DvR2(UYevVY)/STK
IFL1IS.t0.0) GO TU 1
DVZSOVZ+CNS(ALPHA)/FR3F1In
OVREBUVHeSIN(ALPRA)/FR%F Iw
1 IF(ItoEGe0) GO TO 2
FUNBSOGRT((RO=1,)%%2¢20%%2)
Sz(RU=} ) /7 HIN
L2207k N '
FUNSSRRT( (=1 )8%2¢ (P eZD)882)
SSs(Klimt g)/FUN
Cese(PL=Z0) /PN
FySESP/(KUel,)8(S=55)
FYSESF/(RQe] )% ((C»()
OvZsUvZeFux
CvksDVReFY
é RETURA
ENL
2Rl INTERP ‘
SUBROUTINE INTERP(RUZUWUXeUYsDUXIDUY)
CaMMUN7ABA/R{AT)2(101)
COMMON/BAT/NDIMeISINKoFoALFHACUSINIM
COMMON/ABB/UZ(103+01)eUR(101001)
COMMON/ZABL/ZIFeIMeJGReJGKD e IBW I IBNO
IF(NUIM,EQ,2) CALL SINVEL(RO#ZOWUXoUYeDUXDUY)
JE(NDIm EQe2) WETURN
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Col IzieIM
1F(Z20.GEeZ(1) LAND,Z0,LT,2(141))GO YO 2
1 CoNTINUE
2 IF(J.EC.iBn) [xle}
0n 3 JsiegmM
1F(ROGEK(J) o ANDROLTR(J+1)IGD YO 4
CONTINUE
4 CONTINUE
UXLE(UZ(1+41ed)oUZ(1ed))/7(2(T¢1)eZ(1))* (20-2(1))
UYLE(UR(T*10d)=UR(T0J)IIZ(Z(T41)=2(1))8% (Z20~Z(1))
UxUS(UZ(T4+1ede1)aUZ(1eJ41))/(2(1¢1)e2(1))*(20«2(1))
UYUSCUR(L+10Jd¢1)mUR(T9J41))/(Z(1¢1)e2(1))*(20-2(1))
UYLBUYL+UR(10J)
UxUSUXUSUZ(TeJdet)
UYUSUYL+UR(TeJe1)
UXLSUXL®UZ(T9J)
UX3 (UXLieUXL)/(R(J*+1)eR(J))IS(RO=R(J))
Uy2(UYU=UYL)/(R(J*1)=R(J))*(RO=R(J))
buvys(UYiiesUYL)/(R(J¢1)eR(J))
DUX=U£(I¢1oJ)vUZ(IvJ)O(UZ(I#lvJ+1)-UZ(101-J)-UZ(IoJOI)OUZ(IoJ))
1#(RO=R{J))I/Z(H(J+1)=R(J))
DuxsbLUX/7(Z(1¢1)e2(1))
LysuXeuxL
UysuYeLYL
HETUKN
EnND
2FORe1 SINVEL
SUBKOUTINE SINVEL(RU9ZOsUXeUYsOUXDUY)
COMMON/BAT/NDIMeISINKeFoALFHAWUSIDIM
COMMON/SAR/ISeJENPsUC o IWePLESPITS
COMMON/ZACH/ToICeINTOILPOZLIP
FUN(XoY)SSURT(XS¥24Y852)
THILI(XeY)ZS(X32=Y882)/(XE22¢YE%2)
ARA(X Y eZ)BALUG((X®22¢Y%82)/(28824Y%%2))
ACHIXoY)Z1 ,/(X¥%24Y822)
RFAL M
CeCUS(ALPHA)
SeSIN(ALPHA)
V=(UeS) /74, /F
IF(ISINKEULY) ME(SwU)/2.,/F %52
P123,14d1596
THETASP =2 ¥ ATAN(ZLIP)
MgMEPl/THETA
XskU+F
Yz=20
XfFsXxef
XFFSXFeF
Ir(lUIM,EQA,0) GU TO 1
IF(ISINKFNH,0) GO TO 13
IF(ABS(Y) LELo01) GO TO 10
AzFPUN(XsY)
B=FUN(XFeY)
D=FUN{XFFoY)
Hebe XF '
taXFF+(
GeXxed
UUZS-X/2./A¢xF/B-XFF/?./D*lLOG(H/G)OALOG(P/E)O
1Ye82/2.%(2,/M/8e] ,/G/Ael,/E/D)
Uukzxttela./V/A-xrttzlv/BoxFF'¢2/2./Y/D-Y/2.t(2.18-1./A-I./D)
GURBUURYA/2,/Y=B/Y4D/2e/Y

W
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19

12

14

011782./"’1./A-l./0
LUuX3ex$82/A¢2 ,%XF*82 /B XFFE8$2/D
Dux2pUxsM/YES2

LiyyYspuyysm

LuZsuyzem

UuHBUUR®m

Gn TO 11

TR (X oGl Uy s AND X LE,(2,%F)) GO 10 12
UyYrso,
UNZSMBALUG(XF*$2/X/xF})

Go TU 11

111230,

LUk,

6n 10 11

AzskFUN(x4Y)

st UN(XFF oY)

IF(A,LE,e01) A=, U}
IF‘“.Ltoooi) HS,01
UUIsMs (1 ./ ,/H)
UlREeME (X /A/Y=(XFF)/B/Y)
DHVzmt(-x/attsoxFP/Htt3)
CUX=-"‘('X/l“S-X/A/Y‘*?0XFF/ﬂ“j‘XFF/8/V‘¢2)
G TO 14

MU, (Sel)/2,/F¥22/pP]
IFCISINKSEU,L,0) M= (U=S)/P1/F
M=MSPI/THETA

IFCISINKGFLaU) GO TN 2
AzTH]IL(xey)

bThIL (xbqyy)

LeTHIL(xFFoY)

E=ARA(XoYoxF)
C=ARA(XF oY o XFF)

HeACH(XoY)

Pe2ACH(XbF oY)

WsACH(XFF oY)

AASATAN(Y/X)

ARSATAN(Y/XF)
ACSATAN(Y/XFF)

ULIZEX/2 o ¥ A=Y SAR@XFRRG2  BYSARGXFF /2, 8DaYSACHX /2 HEwXFF /2, 8G4Y88)

13x3(HeP)oY2828XFFa(Pall)

LUNEY /2 ®AeXSAA=YRHE2  $XFSAKIY /2 ¥ XFFRACY /2, #E¢Y /2 ,$Go Yo XS

1(Xx*HeXF$P)oYSXFF S (XFOPaXFF3()
DUYSE /2, =G/2,
Cuxsetseeecrse,
IF(ABS(KU) JLELt) wUZED, '
IF (ABS(RU) (Lt oF) UURS=F282/2,/Y
UnzZseulizsm
UlikzUUKk ™
Ciyspyyer
DoxsDUXsM™
Gno U t1
AzANA(XoeYoXFF)
BzATAN(Y/X)
D=ATAN(Y/XF})
GzACH({(X,Y)
haACH(XFFov)
Litdserea
UlINEMS (HeD) _
DuYseMe (XSGexFFap)
Cuxsre(x¢GexFtan)
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CONTINLE
UxseUUK+S
uysUUZ¢C
RETURN
Enb

#FORe] RIAS

S
3s

]

SUBROUTINE BIASCISTeSTePoTAGPFoICAWUINFIRE)
CI™ENS]ION STCIST)eP(IST)eTA(CIST)oPF(IST)
TPEEV,

IF(ICAL,EU,}Y) GO 10 1

On 2 1314151

READ(Se3) P(I)eTACI)PF(I)

ST(I) SUINFS228TA(1)/RE/ 1467

CoNTINULE

51(1)e,00H

§1(2)2,040

S1(3)=2,105

Stlu)s,u0d

ST1(5)81,744

St(6)e5,224

FOKMAT(3FP15,8)

Icasl

RETURN

Do 4 131¢]ST

TPF2TPFePF(])

CONTINUE

bn S 131181

PF(I)SPFL])/ZTPF

CoNTINUE

wrlTt(6e30)

FARMAT (1Mo 3SXe "ACTUAL DISTRIRUTION' ¢/ /e

1S% s "RACIUS! 911X o 'FRACTION o /75X "MICRON'/)

bn o Ia1e]18T
wRITE(O6e38) PLI)PFI(])
CANTINUE

RE TURN

tND

2FORe 1 NUTP

& o N

oV

SIIBRUUTINE OUTP(ZP+RPeXODE)
CoMMON/ABA/R(61)02(101)
COMMUN/ZABC/IMeIMeJGReIGRU IBWe TBWO
CAMMUONZACB/TelCeKelLPeZLIP
CnMFUNIRAYINDIMoISINKvFoALPHAoUoIDIh
IF(IC.EQe0) WRITECOe7) TeZPoRP

PP AbS(RV)

NgNe i

IF(NGF G KIWRITE(G0T7) Te2PekP
IF(NoEU,K) NZU
PARMAT(LHeS(F15,06010X))
1F(NDIM,EQR.2) GO TO 8

o 1 IsteIM

15 (2P oGEeZ(T) o AND,ZP,LT,2(141)) 60 TO 2
CoNTINUE

1 (l=ILP)3odod

1F(ZPeZLIP) 30d0d

NS JstedM

IF (PP GEeR(J) dAND PP, LT R(J+1)) GO TO 6
CONTINUE
lF(J.GEQJGH.‘ND.JQLE.JGRO)Kooetz

1 (JelL14JGK) KODESI 110
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TE(ROCE NELO)WRITF (607)T2PyRP
3 RfeTURN
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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 1ine 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
- S1it 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 Parallel plate inlet
NDIM =1 Circular tube
NDIM = 2  Arbitrary orientation - slit

For options O 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.

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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nrwrwhcﬂrwﬂcﬁrwﬁ'ﬁr\ncﬂrﬁntﬁr\ﬁtﬁf\htﬁr\nfﬁrﬂr\hfﬂ(’h(ﬂtﬂ(\ﬁtﬁF1ﬁ(ﬂf)ﬂfﬁr)ﬁfﬂr\ﬁf“r\ﬁfﬁr\ﬁfﬁrﬁﬁfﬁr\n

CARD 1t

CARD ¢3

CaRrRp $:

CAKD 43

CARD 51

TFLCWFI!' DATA INPUT
SXFSSESRBEREERSSS
NOIMo [PUNCH FORMAT( )

NDIMoooaooFLON FIELD OPTION PARAMETER
0 TWO DIMENSIONAI CASE
S1 AXISYMMEIRIC CASE
32 LINE SINK

IPUNLH. oo CUNTROL PARAMETER FOR GETTING PUNCHED OUTPUT UF
PSToUZeUKeZeRIERC
S0 NO PUNCKED OQUTPUT DESIRED,
=1 PUNCHED OUTPUT DESIRED,

ISINKoALPHAGF FURMAT(]Se2F10,4) OMIT IF NODJIMNE,2

ISINReeeooeSINK LISTRIBUTIUN PARAMETER
=0 LINMNE SINR OF UNIFOURM STRENGTH,
£ LINE SINK OF TRIANGULAK STRENGTH DISTKJBUTION,

ALPMHA,e0e o ANGULAR GRIENTATION OF THE FACE PLANE OF SamMPLEK hEAC,
290 DEGREES WHEN SAMPLEK FACES THE STREAM
S0 DEGREES wHEN STREAM IS TANGENTIAL TO ThE HEAD,
FeoeoooneseF RACTIUN UF THE PROBE DIAMETER OVER wHICH
THE SINK 1S ASSUMED TO B8t DISTRIBUTED,
RECOMMENCED VALUE IS 0,01,

1TEwMARELAX FORMAT(ISeF10,4)

JTERMA, , MAXIMUM ALLUWABLE TTERATIUNS FOUK FLOW FIELD
TO CONVEROLE

KELAXogoooeRFLAXATICN PARAMETER USED IN THE PROCEDURE OF
SUCCESSIVE OVER RELAXATION(SOR)
VALUES BETWEEN 1.0 AND 2,0,
(Mo IMAWRUIUewe ANG FOURMAT(6F10,4)
IMgeoeoea s UPSTREAM FLOW FLlELD HBOUNDARY, LE.=5S,
lM‘oooooo.DU“NS‘Rt‘M FLOW FIELD BUUNDARY

ROeeoseeosFlLUN FIELD ROUNDARY IN THE RADIAL UR TRANSVEKSE
DIRECTION, RULGE,S,

Usseooooeos ANISUKINETIC VELUCITY RATIO,

WeeoovoseoeeSAMPLER WwALL THICKNESS
WHEN NDIVM ,EG,2 w20,

ANGesooooo TAPERING ANGLE UF SAMPLER waLL
20 IF w30, OR NDIM,EW,2

IuZ+JGKR FORMAT (£15)

IGlesesoseGRID POINTS PER UNIT LINGIM IN AXIAL DIRECTION
= 1./GRIC SIZE +1 Recommended value 6 or greater
JGKossoseo e GRID PUINTS PER UNIT LINGTH IN RADIAL DIRECTION
F1./RAUIAL GRID SIZt +1 Recommended value 6 or greater
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CAxD o Il FORMAY( )
ITveeeeseNUMBER OF STREAM FUNCTION CONTOURS NEEDED,LE«10
CARD 78 STR FORMAT( )

STReoeoeee STREAM FUNCTION VALUES FOR THE COUNTOURL,THIS AKRRAY
WILL CONTAIN 111" VALUES

EEEEFEREELELRESERREXSERFEEBXD SRR ERAEXSEBEERENFRXRENBXTREFEBEFARFESSS4 852D

NOOOOOOOOOOOOAOO
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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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Caky

Cakp

TRAJEC DATA INFuUl

IBRBERREREEEERERRRRRER R R R R R R R R R R R R R R R PR R R R R R R R R R R R R R R R R R R R R R R R R R RERE ]
BB R RRERREERRERRER R R R R R R R R R R R R R E R R R R R R R R R R R R R R R R R PR R R R R R R R R R RE D RN
13 INY FURMAT(]WQ)

PRIMTING INTERVAL

et Tbelnels FURMAT(S8]14)

It=0/1 ELECIwROSTATIC EFFECT wNUT INCLUDERZINCLUDEL

Inzi/=1 UPPER/LUWER wALL

15=u/1 SEUIMENTATIUN EFFECT NUT INCLULED/ZINCLUDEL

33 Uenoe NG FORMAT(3F10,4)

LUeoVELICITY WRATTUOSANMPLING VEL/FKEE STREAM vEL
weeabll THICKWNESS OF YHE SAMPLER

ANG==TAPERING ANGLE IN DEGKEES OF SAMPLER walL

CARDUS: ALV FORMAT(14)

FLOWw FIELD OPTIDN

SO Tw( DIMEANSIONAL FLUW RETWEEN FARALLEL PLATES

=1 Ax[SYMMUTRICAL FLUW FUR CIRCULAK Tukt

¢ FLCw FIELD wITn LINE SINK

OPTIUNS ORY] WEWUIRF ThE FLUa FLIELD 10 st OBETERMINEC BY THE PRUGKAN
TFLOWF 1Y

CARDS: 101I»  FOwMAT(]4) OMIT IF NLIMSO Ok ]

CARD

LakD

CakL

Caky

CARD

SU Tal DIMENSIONAL LINE SINK
AXISYMMEIRICAL LINE SINn

6! JLkeJGRU FOrmAT(214)

JhkeeAUMbEN UF GKID PUINTS PER UNID

AL JAL DISTANCE, 314/GRID SPACINGIN kKAD,UIR+1

JLPUeen AUTAL GRID PUINT AT whllr QUTEN ELGE OF THk wALL IS LUCAltU
JGROSJLK T# NUIME2 Uk n=0, FOR NUIMSO0e] JGruaJLkU aRE CALCULATEL

Y 1rt PRUGKRAM FLUWF]

7¢ IBnelbwu FORMAT(2]14)

IRBweepx AL GRID PUINT AT whiICH JINAEK EDGE UF SAMPLER waLL 15 tLCATEL
Irwleeax AL GRID POINT AT whlCr OUTLR EDGE UF SAMPLER wALL IS
LOCATHEL, IBwUS]dw IF NDIMSZ2 OK a0 OK ANGSY9Q. FUR NLIM=U Ck 1o

JHa ANC IRA(G Axk CALCULATED BY YFLUnE]?

B Iredm FORMAT(214)

[MeeraxItym NUMBEKR (OF POINTS IN AXIAL DIRECTION <101
JMeerAX ML NUMBER OF PUINTS IN RAD]JAL DIKECTICN,<8]
FUR AL IMS? ImoeJM ARE INPUT BY THE USER,

Frk NLI®30el IMeJ™ ARE QUTPUT BY FLUWF],

9: ISIAK FORMAT(]4) OMIT JF NDIVM NE L2
20 UNIFURYM SIANK STRENGTH CISTRIRUTIUN,
1 ThIANGULAR SINK STRENGTH DISTRIBUTION,

10t FoeALPHA FORMAT(2FJ0.4) OMIT IF NDIMNE,2

teeFKACTION OF DIAMETER OVER wWHICH Thet LINE SINK IS DISIKIBUIEL
USUALLYF=0,01

ALPHA==QOKIENTATION ANGLE OF SAMPLER
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CAKD Jlema]le]m/u (1) FURMAT (BF1U,4)
AXTAL COURDINATES OF GRID FUINTS, PUK NDIMsU ZU1) 1S CLALCLuLAlItEL
BY 'PLUWE]I', FOR NDIMZ2 INFUT HY USEn, THERE w]lLL W8t
Iv/6 LATE (ARDS,

CakLS 11elM/bemi M /ReIM/USN(SAY) k(1) FURMAT(8F10,4)
KAITAL COORDINATES OF GRIU FUINTS Uk NDIMSOel R(1) IS CALLULATED
nY TFLUwWET', FOR NDIME2 INPUT kY USEK, THERE w]liL @&t
JM7B LATA CaRDS,

CAKE NeeN¢IMIm/R ZM(SAY) Uz{led) FURMAT(BF10.4) UMIT IF NUJMS?
Ul==8X]AL CCMPUNENY GF VELOCITY, FGR NDIMZ0 Uk | CALCULATEL ©Y
PLGAR ,

CARDSMeoMy Ve Ju/RSMM (SAY) Uk(1¢Jd) FURMAT(BF J0.,4) OrMI1 I+ NDIms?
URew WA(:IAL COMPUNENT OF VELULITY, FOR NDIM20O9l CALCULATEL HY FLOUnE ]

CAki)y (MmMeq) LIMaDTIeZTek] oDk FURMAT (ISeuf 15,0)
LIVees b TIMES ThEJECTURY CALCULATIUN RnAS TU EE DOGAE
OlJeeT vt INCREAMENT FUR EALM STEP (U,1)

{I==IN1TJAL AxTaL POSITION OUF Tt PARTICLE,
I=<INITIAL waDIAL PLSITION OF PAKTICLE=ZSURT(U)
BNRee RAPMTAL INCREAMENT (0,2)

CAKD(MMeC) LINFORE FORMAT(2F15,0)
UlhbeobrEr STREAM VELUCITY USEw INPUT
Rbee KEYNOLT'S NUMBEK HASED ON TUBE w]DTh

CARD(™Med)s 2L IP FURMAT(F1S,0)
LIPe= I+ DEPTH DF SAMPLEK,

Canp(MMed) s Pl oPL FURMAT (3FLUueu) UMIT T1F JE=0
GPe=f LECTROSTATIC CHARGE OGN Tmg PARTICLE
AC==ft t CYRHOSTATIC CHARGE (N THg SAMPLER,
Ple=pLINt AR DIMENSION OF THE SAMPLER,

Cakp(mMey)s 1ST FORMAT (W)
&8 OF S1Zt INTERVALS IN TwE SIZt UISTKRIBUTION <1y

LARDS (MNP eg)me (MM ]ST) PeTaoePf FORMAT(3F1S5,8)

PeePsrTICLF KANIUS IN MICKGNS

TAewhE  AXATION TIME UF THE FPARTICLLE IN SHC
PheeME ASUKED FRACTIUN OF PARTILLES

THERE wILL WE 'IST' CATA CakDS,

?HIJ)}Illl)lill)ll!Jl!l)lll]llll]]lll)
Hsyn

1131111
FIIIINRNIN NI N0 00000000 030033)00)

St Nt

11311000000030003130030000 000 )y
R R R RN R RN R R NIRRT
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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

IBH='TZZ'1+1

- Ro
JM AR +1

1
JGR=A—R+1

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

Z(I) = ZM + AZ « (J-1) for I =1,IM
R(J) = AR * (9-1) for 3 = 1,M

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 PROBLEM
LEY U3 aSSuME & CIRCULAK TURF OF 0,93 CF RALIUS AND A WALL THICKANESS
LE Ge09 L1 IS SAMPLING PO A STREAM AT A VELOCITY OF 300CHM/SEC, THE w»INL
SPEFDL IS PUNCM/SEC,THE SAMPLER FACES THE STREAM, THE MEASUNED PARTICLE
StT2t UISINIRUTION IS GIVEAN BFLOw,

KADIUS(MICROS) FRACT NN

3.5 A 0.1

145 (.28
12.5 0,23
2neS Ved2
Ste0 0,06

CatCuLaTe 14t Twut PAFTICLE SIZE DISTRIRKUTION,
FUR Trt AROVE PWOFLEM ThE 'wEIMY OPTIUN OF | HAS 10 HE uStrC,
Thb VELNCITY WATIC us300/2u021,5
ThHE wALL THILRLESS mES 0,06/70,9230,.1
STHLE Nt CrARFER ANGLE IS GIVEN THE TAPERING ANGLE ! ANG! =90,
Fom TeE BOTA GPYION OF 1 THE KESULTS FROM PROGHAM YFLOWF LY AWE WhILINLL
Peo KUt PetiaRAa VTRAJECY, TRE INPUT UATA FLR PROGKAM "PLOWF L' 1S AS PuLLORS

(WEFEW Tu (ATA TWPLTY PESCRIPTIION FOR FXPLANATIUN AND FuUkerat)

caspl g | 1

flawg @ at 1.5

Cavi. 3 5. Se Se 15 Dol 9c,

favly 4 .} 6

Cavw) § 1

Cakn ¢ 14 (STREAY FUNCTION VALIE #hik LOCUS)

TRE OUTPrUY FRUY PRIGRAY TFLQOwWF ]! FOLLOwWS,
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Tt PUNCRHE L UUTPUT RESULTING PROM THE PROGRAM TEFLOWF]Y' 1S A PAKT OF
Twt IMPal pATA TU THE PHRUOGKAM 'TRAJEC'!', THE INPUT DATA IS AS FULLUwS,

tnektk Ty DATA TRPUT DESCRIPTION FUR EXPLANATION AND FORMATY)

CARD S0
CARDL ¢ U 1t 0
Canls § PUNCHEL DUTPUT FROY FLORE]

\

\

\

\

\
Carl N LAST CARL CF THME PUNCHED GUTPUT,
CAakl Nzt v N, -5, 1,004 Vel
'C;\kL Ne2 200, 1266,

(AwL, N¢§ O,

Carvl Ned 9

CaRkl: Ne¢S §.5 3.7 F=05 0.1
CaRl, Neb 76 1 H5F=(0u 0,28
Caki Ne7 12+5 UoHh F=04 0,23
CARL A+B 26,5 20147 t=03 0,32

Cakl Ney Si.0 8.(], E=03 0.,Nb
ot YC Tee LENGYR OF Trb COMPLETE OUTPUT LISTIANGY Tt TRAJECTUKI]IES

Fnor OANE PARTICLE AND ThE CUKRECTED DISTRIBUTIOCN ARE PRUVIRER,
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SAMPLING BIAS DETERMINATION

TRJAECTOKY CALCULATION

VEL «RATIO= 1,500000
wALL THCIKNESS= »100000
FAPERING ANGE 90,0000000EG

FLOW FIELD BOUNDARY

FLOw FIELD FOR CIRCULAK TUBE

AxTALLY SYMMETRIC CASE

L 1Ps= «000000

SECIMENTATIUN PARAMETERE O
ELECTRUSTATIC FIELD PAKAMETERZ 0

SEODIMENTATION TRAJECTOKY PARA [TSs 0

RAHIUS(MICRONS) FRACTION
4.5 0.1

75 0,28

12.5 Vel

ened 0,32

5140 000

WALL PARAMETER Ins 1

T 4 R
+000000 ©3,999968 1.224754
«980000 ©4,019999 1.224754

1.980000 «3,019830 1,224403
24979999 ©2,017794 1.,220267
3,979998 »{,008228 1.198568
4,489997 *,489925 1.163534
4,989997 »,016487 1.103450
%.009997 «001048 1.101434
9,009997 »001048 1,101434

LESCAPED
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«000000

e 940000
16940000
2e9399v9
3939998
4,U4b69997
U,689997

LAPTUKED

« 000000

e 140000
1140000
2.140009
3.,139999
4,06999y
4569997
4,929997

CApTUREC

e000000

«260000
16200000
20259999
3,2599vy
4e129994
Ua,029997
Ue9a99YY?

CAPTUKED

P UVEEVEVEY]

e 3400ULO
1.3400v0
24339999
3,3399984
4,169994
4,669997
4989947
44989997

eScartL

«00000V0

«340Qu00
1340000
24339994
3.33999y
4,169993
4,669997
4,969997
4,969997

ESCAPEL

« 000000

§,999994
*4,059999
.30059878
2,057465
o] ,043345
-, 491433

«000842

el 999998
i ,R59998
«3,859999
e2,859684
] 850431
»,913105

'.39879"

«013838

wld,999698
wli,7399948
«3,7396%9
©2,739573
w},735%5871)
®,853690
w,3U4pbd
2001965

»ld,999G99
vl 659994
«3§,6594995
*2,659484
®],65%u3%
»,813638
v,3079°29

«007781

007781

ol ,9999G4
*4,059998
.30659995
'2.659075
=],655329
*,813385
'.3067““

0068064

0068064

=l ,999GGAH
125

1,024754
1,024754
1,024%08
1,020901
,999490
0956268
0844296

1.124754
1.124754
1.124753%
1.124218
1.118748
1.093251
1,045445%

2909770

1,17475%4
1.174754
1174747
1,173651
1.1671062
1,14049}
1.,092050
« 991580

1,199754
1.199/754
14199737
1,198730
1.190942
1.,163512
1.114391
1.052651
1.05265%

1.1872%4
1.1872%4
1,187238
1,186239
1.,178451
1150797
1,100462
1,0216094
1.021694

1,181004



+ 380000
1,360000
2379999
3379995
4,189993
4,689997
44959997
4,959997

ESCAPED

MAX, POSITION RAT]IO=

VALUE OF JCAT 1IS= 0

VAL. RATIO® 1,500000
CUNC. RATIOE  ,924918
STOKES NUMBERE  ,008000
CRITICAL URL,2 1,177870

COKRECTEL SIZE DISTRIRUTION

RalIUS(#TCRUNS)

3.5
7.5
12.5
2645

S1.0

*l4,619998
«3,0619992
v2,619412
o] ,614629
®,7926177

..28667‘

«005292

« 005292

1500000

0000000

FRACTION
0.093
0.261
0,223

0,340

0,070
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1,181004
1.180984
1,179879
1.1715%48
l.lallaq
1,090367
1.,006424
1,006424
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el
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GLOSSARY

Aspiration coefficient due to inertia
Non-dimensional function (Equation 8)
Measured concentration (#/cm®)

Actual concentration (#/cm?®)

Length of line sink (cm)

Diameter of particle

Efficiency of capture

Fraction of diameter with line sink
rate of suction of sample (cm®/sec)
External force (gmecm/sec?)

Froude number (Vgt/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 (Urt/L)

Characteristic length (cm)
Sink/Source strength

Number of particle groups

Peclet number (UjL/E)

Electrostatic charge on particle (statcoulums)
Electrostatic charge on collector (statcoulums)

Radius of the tube

Radial boundary of flow field
Cylindrical coordinate
Schmidt number

Time scale
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Suction velocity of sample
Free stream velocity
Flow velocity vector
Ux, Uy Flow velocity along x + y direction
Uy, Uz Flow velocity along y + z direction
Particle velocity vector
s Terminal settling velocity of particle
W Width of sampler wall

X,Y,2 Cartesian coordinates

Ay, Az, Ay Grid size intervals in y, z, vy directions

[ el [ oY ¢
P

< <

v Stream- function
Ve Stream function at center line

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

n Efficiency of sampling

*USGPO: 1981 — 757-074/1075
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