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Chapter 5

NUMERTCAL RESULTS

The results of calculations of the dimensionless drag
and single fiber capture efficiency due to the Brownian
diffusion, interception, and electrostatic mechanisms for
rectangular fibers with various aspect ratios are presented
and discussed below in the above-listed order. In addition,
the effects of the solid-volume fraction and other
dimensionless parameters corresponding to each collection

mechanism on the results will be discussed also.

5.1 Results of Dimensionless Viscous Drag Calculations on

Rectangular Fibers

The dimensionless drag, F*, on a rectangular fiber was
shown earlier to be functionally dependent only on a and b/w
if the value of the Reynolds number based on the fiber
hydraulic diameter were below 0.2 . The calculated values of
F* vs. a for several values of b/w have been tabulated in
Table 5.1 and plotted in Figure 5.1. As shown, F' is indeed
a function of both parameters but its dependency on b/w is

rather interesting i.e. for values of b/w > 1, F* is found

to be nearly independent of b/w and a function of a only
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aspect ratios and for Re values below 0.2
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while, for values of b/w £ 1 and moderate values of a, gt

increases rapidly as b/w decreases. Furthermore, for the
sake of comparison, the analytical results of Xuwabara
(equation (4.24)) for the case of cylindrical fibers have
also been plotted in Figure 5.1 and as seen, they appear to
be in very good agreement with the F* values obtained for
the case of rectangular fibers with b/w > 1. Note also that
all the curves corresponding to different b/w values tend to
merge into one curve as the value of o decreases suggesting
that the value of the dimensionless drag on a single,
isclated rectangular fiber (a — 0) situated normal to a
viscous flow with Re £ 0.2 1is constant and independent of

the fiber aspect ratio.

5.2 Single Electret Fiber Capture Efficiency Results Due to

the Brownian Diffusion

The calculation of the diffusion single fiber
efficiency values was carried out assuming point-mass
particles diffusing towards surface of a rectangular fiber.
The single fiber efficiency values were obtained for several
fibers with different aspect ratios, b/w ,ranging in value
from 0.1 to 10 and for values of the Peclet number,

Yo D
Pe = ———— , from 2 to 40,000 and packing density,

«a = 0.02, 0.08, 0.16. The range of values considered for
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each of the above dimensionless parameters should contain
the values normally encountered in the experimental
filtration studies.

Before presenting the results of the fiber efficiency
calculations, let’s consider the variation of the particle
deposition rate, j, as obtained from equation (4.82) around
the perimeter of a typical fiber. It is common, however, to

express j in terms of the dimensionless Sherwood number,

Sh = ——E%YJL- , where Km is the mass transfer coefficient
defined as Km = —ﬁ—- . Figure 5.2 shows a plot of the
o

calculated values of the Sherwood number as a function of
the dimensionless coordinate, S*, for b/w = 1 and Pe = 600 .
The S* parameter ranges in value from 0 to 1 and is defined
as S* = -%— » where s is the coordinate along the boundary
of the fiber, originating from the forward stagnation point,
and p is half the fiber perimeter equal to w+b . It should
be mentioned once again that all the fiber-related
calculations were performed on upper half of the fiber due
to the symmetry considerations and therefore, the rectangle
cdef, shown in Figure 5.2, is actually the upper half of a
whole fiber. As illustrated, the Sherwood number or the
particle flux depositing on the fiber increases with S*
along the left boundary of the fiber reaching at a maximum
value in the vicinity of the left corner (point d) where the

flow velocity increases as it turns around the corner. Such
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Figure 5.2 Distribution of the Sherwood number along the
perimeter of upper half of a rectangular fiber with
b/w=1/1 for Pe=600 and 2=0.08
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flow behavior is in contrast with textbook-type,
end-effect-free flows which fan out from a stagnation point.
For those flows, the highest value of the transfer
coefficient is attained at the stagnation point and
decreases with increasing distance from that point. The
drop-off of the transfer coefficient is a consequence of the
boundary layer growth.

But in the presence of end-effects, as the flow turns
around the corner of the fiber it accelerates rapidly
resulting in a decrease in the diffusion boundary layer
thickness and a consequent increase in the mass transfer
coefficient. These end-effects were also found to reverse
the decreasing trend of Sh number with distance from the
forward stagnation point as is the case in their absence.

On the top boundary of the fiber, the mass transfer
coefficient decreases with increasing distance from the left
corner as a consequence of the boundary layer growth. But in
approaching the right corner of the fiber (point e), the air
velocity increases causing the compression of the boundary
layer and consequent increase in the mass transfer
coefficient. As the flow turns around the corner, it
decelerates allowing the boundary layer to grow once again
causing the mass transfer coefficient to decrease with
increasing distance from the right corner of the fiber

toward the rear stagnation point. Similar characteristics
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were also observed for fibers with different aspect ratios
and the results for b/w = 2/1 and Pe = 600 are illustrated
in Figure 5.3. Again, as shown, the maximum deposition
occurs in the vicinity of the corners of the fiber.

Now let's consider the results of the single fiber
efficiency calculations as described in section (4.8.1). The

values of obtained from equation (4.84) have been

p
tabulated and plotted against Pe in Table 5.2 and Figure
5.4, respectively, for the case of a = 0.08 and b/w = 0.5,
1, 2. As shown by the log-log plot of Figure 5.4, for each
b/w value, the corresponding results as depicted by the data
symbols tend to lie along a straight line suggesting that p
is a power-law function of Pe with the exponent being equal
to the slope of the line. Alsc, as seen, the best-fit lines
through the symbols corresponding to each b/w value tend to

be parallel to each other with the slope being equal to

approximately —-%— . Therefore, the following can be written

273
= A(a,b/w) Pe (5.1)

"D
where A is a proportionality coefficient being a function of
b/w and o. It 1is important to remark that a similar
expression for the case of circular fibers with

proportionality factor being dependent on & only has been
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obtained by many investigators such as Natanson(1957), Pich
(1965), Yeh (1972), Lee (1977) etc. Therefore, one may draw
the conclusion that the above form of dependency between p
and Pe is independent of the shape of fiber cross-section.
In order to determine the functional dependence of p
on b/w and ¢, one should repeat the calculations of Tp for a
fixed value of Pe, while holding one of the above parameters
constant and varying the other. The results should be then
analyzed to ascertain the relationship between ”p and b/w or
2. But prior to carrying out such calculations, it was noted
that expressing the total rate of particle deposition on a
fiber by diffusion, J, in terms of the following new
definition of the fiber effi;iency would result in similar
expression as equation (5.1) except that the proportionality

factor would appear to be independent of b/w and a function

of a only,

(5.2)

where A is the modified diffusion single fiber efficiency
h

based on h which, as mentioned previously, is half the

distance between centers of two successive fibers in the
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staggered array model along the flow direction. Note that
the denominator represents the total number of particles
convected into the calculation domain (Figure (4.4)) and

hence, is the fraction of these particles collected by

7
Dy,

the fiber due to the Brownian diffusion of particles. It
should be noted that 5 is related to 7 by
h

(w/2)

"o h (5.3)

Hence, the values of ”D corresponding to different values
h

of b/w and a = 0.08 were obtained from the Tp values by

—Lﬁégl value. The

multiplying them by the corresponding
results have been tabulated against Pe in Table 5.3 and
presented in graphical form in Figure 5.5. As shown, the

values of 7p. appear to be independent of the fiber aspect

ratio and depend only on ¢ and Pe. Except for b/w = 1/10 and

large values of Pe, the logarithmic values of ”D like those

h
of ”D are found to be a linear function of the logarithmic
values of Pe with a slope of approximately - —%—
Therefore, the relationship between ”D and Pe can be
h
expressed as
_2/3
= B(a) Pe (5.4)

7
Dy
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where B(a) is the proportionality coefficient which is a
function of a only. Notice that this equation is independent
of the fiber aspect ratio and can be completed by
determining the function B.

The diffusion single fiber efficiency calculations were
also made for e = 0.02 and o = 0.16 to verify equation

(5.4). The results expressed in terms of 7p for both values
h

of ¢ have been listed in Tables 5.4 and 5.5 and plotted in

Figures 5.6 and 5.7, respectively. Again, the Tp values
h

except for relatively large values of Pe appear to be
independent of b/w and have a relationship with Pe similar
to that shown by equation 5.4.

As seen in Figures 5.5, 5.6, and 5.7, the data tend to
deviate from the best-fit line at relatively large values of
Pe. The reason for such departure can be explained as
follows : as described in section (4.8.1), the use of
equation (4.82) instead of equation (4.81) for calculation
of the local rate of particle diffusion would be free of
errors if the true concentration profile were linear in the
region very close to the surface of the fiber. This linear
condition existed for small to moderate values of Pe as the
diffusion boundary thickness was sufficiently thick so that
the fine mesh around the fiber happened to be in the linear

portion of the concentration profile. On the other hand, as
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the value of the Peclet number increases, the boundary layer
thickness decreases thus squeezing the linear region of the
concentration profile closer to the fiber. In that case, the
position of the grids adjacent to the fiber may not have
coincided with the linear portion of the concentration
profile and therefore, the use of equation (4.82) produces
inaccurate results which will reflect in the calculated
values of the single fiber efficiency. The magnitude of such
inaccuracies can, of course, be reduced if one employes a
finer mesh than the already exisiting one in the region very
close to the fiber for the larger values of Pe but that will
increase the computation time and cost by a great deal.
Therefore, the departure of the data from the best line at
relatively 1large values of Pe is believed to be a
consequence of the numerical errors in evaluating the
concentration gradient at the surface of the fiber.

The fact that 7p. can be expressed by equation (5.4)
h

independent of the fiber aspect ratio, greatly simplifies
the procedure for obtaining an empirical expression for the
true single fiber efficiency, Tp due to pure diffusion as

and are related by equation (6.3). Combining

" 7
Dh D

equations (5.3) and (5.4) gives
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2/3 h

p ° B(a)Pe w2 (5.5)
where —T;%ET can be expressed in terms of b/w and a
according to

¢z —2 (4.62)
which can be rearranged as follows,

(—wa-z—): (_%,"2 (5.6)
substituting equation (5.6) in equation (5.5) yields

7, = Bla) pe7? (—"—é—”—)v2 (5.7)
which shows explicitly the dependence of ”D on b/w . As

seen, the only unknown parameter in the above equation is
the function B. A great deal of information about the
behavior of this function can be obtained by calculating and

plotting the values of T, Vvs. @ for fixed values of Pe and
h

b/w. Hence, considering b/w =1/1 and Pe = 600, the ”D
h

values were calculated for several values of a and the

results have been tabulated in Table 5.6 and plotted in

Figure 5.8. As shown, the logarithmic values of ”D and a
h
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are found to be linearly related with a slope of

approximately 0.778

Table 5.6 Calkculated values of the modified single fiber efficiency as a function
of the solid-voiume fraction for Pe=600 and b/w=1/1

a "Dh
0.02 0.570
0.04 0.883
0.06 1.185
0.08 1.640
0.12 2.050
0.16 2.880

Hence, one can write the following

£ (Pe) 0,778
] = e) a
Dy

where f is a function of Pe only. By comparing equations

(5.4) and (5.8), the function B is determined as

0.778
B(a) = E «a

(5.9)

where E is a numerical constant. Substituting the above for

B{e) in equation (5.7) yields

0.778 -2/3 b/w )1/2

p = E o Pe (—%

(5.10)
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Figure 5.8 Effect of the solid-volume fraction on the modified
diffusion single fiber efficiency values for fibers
with b/w=1/1 and Pe=600
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or

0,278 273 172
a Pe (b/w) (5.11)

p ~

the value of constant E was found from the intercept of the

best-fit line through the numerical data points obtained

from the plot of p values against values of
0,278 ~-2/73 172

(a Pe (b/w) ) for b/w =1/1 and a = 0.08, as shown

in Figure 5.9. The line has a slope equal to nearly 1 and

intercepts the horizontal axis at a point with the following

coordinates
7p = 0.001 (5.12a)
0.278 273 1/2
a Pe {b/w) = 0.00012 (5.12b)

combining equations (5.11) and (5.12) yields the following

for E,

E = 8.33 (5.13)

Finally, the complete equation for determinig the
single fiber collection efficiency of a rectangular fiber
due to pure diffusion can be written as

0.278 -2/3 172

7 = 8.33 a Pe (b/w) (5.14)

note that the efficiency increases with the square root of
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Figure 5.3 Best-fit line through calculated values of the true
single fiber efficiency of rectangular fibers due to
pure diffusion corresponding to b/w=1/1 and 2=0.08
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the fiber aspect ratio. This equation, as shown in Figure
5.10, tends to give a very good correlation to the
numerically obtained values of p for a wide range of the
parameters considered.

Next, the calculation results of the interception

single fiber efficiency will be presented and discussed.
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equation (5.14)
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Figure 5.10
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Pe

Fit performance of equation (5.14) to the
calculated values of the single fiber
capture efficiency due to pure diffusion
for a wide range of parameters involved



- 217 -

5.3 Single Electret Fiber Capture Efficiency Results Due to

Interception

As mentioned, the interception capture mechanism
becomes important when the size of particles is not
negligible relative to the fiber size. The values of the
single fiber efficiency due to pure interception for several
values of the interception parameter, NR » and fiber aspect
ratio were determined from equation (4.87). The calculations
were made considering 0.1 £ NR < 1; e« = 0.04, 0.08, 0.16;
and several values of b/w and the results have been listed
in Tables 5.7-5.9 and shown in Figures 5.11-5.13 for each

value of e, respectively.

Table 5.7 Calculated single fiber capture efficiency values of rectanguiar
fibers due to the interception mechanism for b/'w=.5, 1, 2 and

a=0.04
NR g R "R
(b/w=1/1) (b/w=2/1) (b/w=1/2)
0.2 0.0560 0.0420 0.0800
0.3 0.1060 0.0790 0.1490
0.4 0.1630 0.1230 0.2320
0.5 0.2300 0.1750 0.3260
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Table 5.9 Cakulated single fiber capture efficiency values of rectangutar
fibers due to the interception mechanism for b/'w=1. 2 and a=0.16

N Mg R
0. 0.0450
0.2 0.1330 0.0980
0.3 0.1850
.4 0.2875
As seen from the figures, for each b/w value, the

logarii..mic values of TR and NR appear to have a lineg:
relationship with a slope which is found to be independent
of b/w and a. In other words, the lines through the data
symbols corresponding to different b/w and & values arew
found to be parallel with a slope of approximately 1.55.
Moreover, as shown in Figure 5.11, the degree of dependency
of Tg ©on b/w decreases as the value of b/w increases in such
a way that for b/w 2 5 , the corresponding values of TR for

a given value of N, were found to be virtually the same.

R

Based on the relationship between\'t]R and NR , a8 illustrated

in the above figures, one can write the following

1,55

= G(a,b/w) NR

ﬂR (5.15)
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Figure 5.11 Effect of the interception parameter on the single
fiber efficiency values for ¢=0.04



- 221 -

{3
---
-
-
-
-2
b
-~
- 15
1 0-2 I : - \lu . . ' * ' ' 0
107 - 10
N

Figure 5.12 Effect of the interception parameter on the single

fiber efficiency values for different fiber aspect
ratios and ¢=0.08
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Figure 5.13 Effect of the interception parameter on the single
fiber efficiency values for a=0.1§
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where G is a function of a and b/w . In order to determine
this function, one should investigate the individual effect
of each of the two parameters on the single fiber
efficiency. To begin, let’s consider the variation of ”R.
with & for given values of b/w and N,. The values of qR wvere

R

calculated for several values of & for each of the followiné

cases : b/w = 1/1 , NR = 0.2; b/w = 1/2 , NR = 0.2; and

b/w = 2/1 , NR = 0.8 . The results have been tabulated in

Table §.10 and plotted in Figure 5.14.

Table 5.10 Calculated single fiber capture efficiency values of rectanguiar
fibers due to the interception mechanism as a function of the filter
solid-volume fraction for different values of the interception

| parameter and b/'w

a MR R Mg
(b/w=1/2,Ng =0.2) (b/w=1/1,Ng =0.2) (b/w=2/1 Ng =0.8)

0.040 0.0800 0.0560 0.3580
0.050 0.0905 0.0635

0.060 0.0695

0.065 0.1050

0.080 0.1240 0.0810 0.5080
0.100 - .0.0925

0.120 0.1060

0.160 0.1330 0.8400

As shown, the logarithmic values of TR and a are found to be

linearly related for each case with the slope being nearly
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Figure 5.14 Effect of the solid-volume fraction on the
interception single fiber efficiency of rectangular
fibers




- 225 -
the same and equal to approximately 0.54. Thus, the
following relationship between TR and a4 can be written

_ 0,54
= H(b/w,NR) @ (5.16)

R
where H is a function of b/w and NR' But the dependencyﬁéff -
”R on NR is already known from equation (5.15). Therefofé.
it remains to find th i i

o fin e relationship between TR and b/w. Qy
combining equations (5.15) and (5.16), one obtains fhe
following A

54 155

o'
g A(b/w) a N

where J is a function of b/w only. Similarly, in order €;§
determine the effect of b/w on TR the values of e ;;;;W
calculated for different values of b/w considering a = 0.08

R

shown in Figure 5.15.

and N_, = 0.2. The results have been listed in Table 5.11 aﬁd

Table 5.11 Values of coefficient of equation (5.17) as a function of byw

b/w )'

0.20 15.50
0.25 11.35
0.50 5.90
1.00 3.85
3.00 2.40
5.00 2.10

10.00 2.10
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Figure 5.15 Variation of the coefficient of
equation (5.17) with the fiber aspect
ratio considering NR=0’2 and 2=0.08
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Notice that the relationship between "R and b/w is not
mathematically so simple as that found between R and NR or
a. Of course, one can try to fit a curve to the results and
obtain an expression for the function 1 but this was not
attempted in the present study. Instead, taking advantage of
the monotonic behavior of the curve 1 vs. & as shown in
Figure 5.15, it was decided to obtain the value of |
corresponding to a given value of b/w from this graph and
use equation (5.17) to determine the single fiber efficiency
due to pure interception.

To examine the accuracy of the above procedure, the
values of Tp were determined for different values of N

R
considering b/w = 1/1 and ¢ = 0.06 and 2 = 0.10. The results

as d;picted by the data symbols are shown in Figure 5.16 in
comparison with those obtained using equation (5.17) and
Figure 5.15. The value of ) corresponding to b/w = 1/1 is
approximately 3.85. As shown, the two sets of results are in
excellent agreement verifying that the use of the
combination of equation (5.17) and Figure 5.15 gives a very
good prediction of the numerical results of the interception

~

single fiber efficiency.
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equation (5.17) and Figure 5.13 to the
calculated values of the interception single
fiber efficiency for b/w=1/1, 04=0.06 and 2=0.10
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5.4 Single Electret Fiber Capture Efficiency Results Due to

Electrostatics

The electrostatic single fiber efficiency values ofA»an_
electret fiber whose surrounding electric field inten$i£&:
was approximated by that of several line charges of both
polarities assumed on the fiber were obtained as a functibni
of dimensionless force parameters NC and NI' The
calculations were performed for several values of o to
investigate the influence of fiber interference on the

single fiber efficiency. It should be mentioned, however,

that in the present work the influence of neighboring fiberéiﬂ

was accounted for only in the flow field calculationsfé@&w'
was not considered in the approximation of the eleétfgéi
field intensity around a single fiber. The values ofvégéw
single fiber efficiency were determined for a rectangluar
fiber with an aspect ratio equal to 1/4 which is a common
value for the manufactured electret fibers (Van
Turnhout (1876)). However, several efficiency values
corresponding to b/w equal to 4/1 were also obtained to
determine the effect of fiber éfientation on the single
fiber efficiency.

All the calculations were carried out assuming

2nC = 100 positive and negative line charges on the fiber

or n, = 50 line charges on half the fiber which
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was considered in the calculations due to symmetry. Emi
et al. (in press) who initiated the theoretical work on
rectangular electret fibers remark that the error in the
calculated electric field is less than 1% for n, = 30

The calculation results of each electrostatic
interaction considered in this work, namely, Coulombic and

induced, are presented and discussed next.
5.4.1 Coulombic Interaction

This type of electrostatic interaction between an
electret fiber and a particle is important when the particle
is charged. The Coulombic force 1is attractive when the
polarity of particle is opposite to the fiber and repulsive
when the polarities are the same.

The calculated values of the single fiber efficiency
due to the Coulombic forces, qg y were plotted and tabulated
as a function of NC as shown in Figures 5.17 through 5.20
and Table 5.12 for values of & equal to 0.005, 0.02, 0.08,
and 0.16, respectively, and b/w = 1/4. The Reynolds number
values of the calculated flow fields were kept below or in
the vicinity of 0.2, a value below which the flow field was
found to be independent of the Reynolds number, as explained
previously. On a logarithmic scale, qg and NC appear to be

linearly related in the range of NC values considered for
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Figure 5.17 Effect of the Coulombic force parameter on the
electrostatic single fiber capture efficiency of
elecret fibers for b/w=1/4 and 4=0.005
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Figure 5.18 Effect of the Coulombic force parameter on the
electrostatic single fiber capture efficiency of
elecret fibers for b/w=1/4 and @=0.02
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Figure 5.19 Effect of the Coulombic force parameter on the
electrostatic single fiber capture efficiency of
elecret fibers for b/w=1/4 and 2=0.08
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Figure 5.20 Effect of the Coulombic force parameter on the
electrostatic single fiber capture efficiency of
elecret fibers for b/w=1/4 and 2=0.16
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the cases of a equal to 0.005, 0.02, and 0.08 while, for the
case of # equal to 0.16, the linear relationship between qg
and NC is preceded by a non-linear region for values of NC
below'approximately 0.2. The cause of such transition is not
known but it is suspected to exist also for the other values
of & except that it occurs at NC values below those
considered in Figures 5.17 through 5.19. In any event, the
slope of the linear region varies from 0.81 for «a = 0.005
to approximately 0.92 for other three values of a, an
increase of nearly 10% as a is increased by a factor of 30.
This difference could be attributed to the calculation error
in the flow field, electric field intensity and particles
critical trajectories. Thus, the electrostatic single fiber
efficiency due to the Coulombic forces can be expressed, in
general, as

92

0.
,,g = 0(a,b/w) N, (5.18)

where (] is a function of a and b/w. In comparison to the
above equation, Emi et al. (in press) found their results to

be correlated well by the following expression

C-9n (5.19)
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for their 1isolated fiber with ® being =a proportionality
coefficient.
In order to investigate the interference effect of

neighboring fibers on the flow field and in turn, on the

calculated single fiber efficiency, the values of yg
corresponding to NC = 1 and b/w = 1/4 were plotted as a

function of & as shown in Figure 5.21. As seen, the results
tend to be well correlated by

c 0,15 _

Tg = x(NC,b/w) a (5.20)
with y being a function of No and b/w. Combining equations
{5.18) and (5.20) gives

0.15 0,92

= R(b/w) a Ne (5.21)

e
where R is a function of the fiber aspect ratio.

Finally, based on the above results, the single fiber
capture efficiency of charged particles by rectangular
electret fibers with an aspect ratio, b/w, equal to 1/4 with
w being the side normal to the flow direction, can be
approximated by

0,15 0,92

,,E = 0.715 a Ne (5.22)
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Figure 5.21 Effect of the solid-volume fraction on the
electrostatic single fiber efficiency of electret
fibers due to Coulombic forces for NC=1.0 and

b/w=1/4
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with the multiplier being calculated from the tabulated
results.

The effect of orientation of the fiber on the
calculated efficiency values was also investigated by
considering a fiber with an aspect ratio equal to 4/1 and
¢ = 0.08 . The results are shown in Figure 5.22. Although,
the power-law relationship between qg and NC for b/w = 4/1
seems to be similar to that for b/w = 1/4 (the line in
Figure 5.22 has a slope equal to approximately 0.96), the
single fiber efficiency values are found to be higher when

the fiber is oriented by 900.

5.4.2 Induced Interaction

Opposite to the Coulombic forces, the induction forces
act on uncharged particles by inducing in them charges
having a polarity opposite to that of the fiber. Therefore,
the induction forces are always attractive in nature and
enable the fiber to collect particles both on the front and
rear surfaces. Hence, a particle which passes over the fiber
may be drawn back toward the rear surface by the strong
induced forces.

The flow field, number of charges on the fiber and
values of a used in the calculation of induction single

fiber efficiency were the same as those used in the case of
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Figure 5.22 Effect of the fiber orientation by 90 degrees
(b/w=4/1) on the calculated values of the
electrostatic single fiber efficiency as a function
of NC for 4=0.08
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the Coulombic 1interaction. The results are plotted in
Figures 5.23 through 5.26 and tabulated in Table 5.13 for
various values of a and b/w = 1/4, As shown, the data
symbols in each figure tend to 1lie on a straight 1line
suggesting that a power-law relationship between yé , the
single fiber efficiency due to the induced forces, and NI
exists with the exponent being equal to the slope of the
line. The slope varies from 0.419 for a = 0.020 to 0.540
for a = 0.16, while those corresponding to a = 0.005 and
0.08 are 0.445 and 0.465, respectively. Although there is
about 30% diffrence between minimum and maximum values of
the calculated slopes and knowing that there exist
calculation errors as mentioned above, One may simply use

the average of slope values in formulating the following

. I
expression for Tg:

0.47
= G(a,b/w) NI (5.23)

g
where G is a function of & and b/w. Similar relationship was
obtained also by Emi et al. (in press) with the exponent
being equal to 0.4. Thus, the agreement between the present
result and that of Japanese is fairly good for this type of
electrostatic interaction. Considering only rectangular

fibers with an aspect ratio of 1/4, equation (5.23) can be
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Figure 5.23 Effect of the induction force parameter on the
electrostatic single fiber efficiency of electret
fibers for b/w=1/4 and =0.005
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Figure 5.24 Effect of the induction force parameter on the
electrostatic single fiber efficiency of electret
fibers for b/w=1/4 and 4=0.02
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Figure 5.25 Effect of the induction force parameter on the

electrostatic single fiber efficiency of electret
fibers for b/w=1/4 and ¢=0.08
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rewritten as

0.47

= N(a) NI

75 (5.24)
where R is a function of & only. In order to determine the
nature of this function, discrete values of N corresponding
to different values of & considered here were obtained from

the calculated values of ué and N The results are plotted

I°
in Figure 5.27. Note that the linear logarithmic
relationship which was found for the case of the Coulombic
forces is not present for the case of the induction forces.
However, one can approximate the electrostatic single fiber
capture efficiency of uncharged particles by rectangular
electret fibers having an aspect ratio, b/w, equal to 1/4,
with w being the side normal to the flow direction, using
equation (5.24) and Figure 5.27 for desired values of & and
NI.

In addition, the calculation results for b/w = 4/1 and
¢ = 0.08 were also obtained and plotted as shown in Figure

5.28. The power-law relationship still holds with the

exponent equal to 0.48 or nearly equal to that of equation

(5.22). But notice that the single fiber efficiency values
corresponding to b/w = 4/1 are smaller than those
corresponding to b/w = 1/4, a finding which is opposite to

that for the case of the Coulombic forces.
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Figure 5.26 Effect of the induction force parameter on the
electrostatic single fiber efficiency of electret
fibers for b/w=1/4 and 0=0.16
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Chapter 6

EXPERIMENTAL RESULTS

6.1 Results of Penetration and Pressure Drop Measurements

The principal experimental results are shown in the
sequence of figures and tables presented below. The results
are discussed in more detail along with the sequence of
figures presented. A total of six filters were tested, each
at three flow rates leading to a total of eighteen data
sets.,

Figures 6.1, 6.2, and 6.3 along with Tables 6.1 and 6.2
show the measured aerosol penetration through a dust and
mist filter (D/M) manufactured by manufacturer A at the flow
rates of 16, 28, and 48 liters per minute. Notice that
Figures 6.1 and 6.2 contain the penetration measurements of
both DOP and NaCl particles while, Figure 6.3 shows the
penetration of DOP particles only. The curves are all
similar in shape, showing first a rising aerosol penetration
with increasing particle size for small particles and then a
decreasing penetration with increasing particle size for
larger particles. In each case, there is a distinct particle
size for which the aerosol penetration through the filter is

a maximum and the corresponding filter efficiency, =a
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per minute for dust/mist respirator of manufacturer A
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minimum. The most penetrating particle size 18 in the
vicinity of 0.2 um. The peak penetration at the most
penetrating particle size varies from approximately 6% at a
flow rate of 16 liters per minute, to 10% at 28 liters per
minute and 20% at the flow rate of 48 liters per minute.

As mentioned above, this respirator as well as others
were challenged with several monodisperse, NaCl aerosols at
the same flow rates as the DOP aerosols to compare the
penetration characteristics of solid and liquid particles.
It should be mentioned that a clean respirator was used for
each complete test which involved measuring penetration of a
sequence of DOP or NaCl particles of desired size. As
illustrated by the figures, the peak penetration and most
penetrating particle size for the NaCl aeroscl seem to
coincide with those for the DOP aerosol. However, the NaCl
particles smaller than the most penetrating particle size
have slightly higher penetration than the corresponding DOP
particles of equal size, while for particles larger than the
most penetrating size, the penetration of two aerosols is
similar. This type of behavior was observed for all the
respirator filters tested. However, the apparent
disagreement between the penetration characteristics of
solid and 1liquid particles below the most penetrating
particle size is ©believed to be the result of the

experimental errors in the particle concentration
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measurements and the size determination of NaCl particles
due to the assumption that they are spherical. But a
photograph of NaCl particles taken by Berglund and
Liu (1973) shows that the NaCl particles are rather cubical
than spherical. Therefore, by diameter of a NaCl particle in
the present penetration-vs.-particle diameter curves, one
means the diameter of a spherical particle having the same
electrical mobility as the NaCl particle, which, in turn,
may be different from the diameter of a true spherical DOP
particle with the same mobility. It should be noted also
that the difference 1in penetration values of so0lid and
liquid particles is not due to the possible bouncing of
solid particles off the fibers since the disagreement seems
to be more significant at the lower flow rate of 16 liters
per minute than at the other two higher flow rates of 28 and
48 liters per minute, a trend which is in contradiction with
the particle-bounce phenomenon.

Another case of interest was the repeatibility of the
penetration measurements, which was examined three months
later by repeating the experiments using clean respirators.
The results are depicted in Figures 6.1 and 6.2 by the solid
circles. As shown, the agreement between the old and new
penetration measurements {open and solid circles,
respectively) is quite good thus, verifying the

repeatibility of the measurements. The solid circles in all
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the subsequent figures designate the repeated measurements.

The pressure drop versus flow characteristics of the
respirator are shown in Figure 6.4. The pressure drop is
seen to increase linearly from zero to approximately 0.2
inch of water over the flow rate range of zero to 50 liters
per minute.

Figures 6.5, 6.6, and 6.7 show the results for the
flat-sheet filter media of the type used in the respirator
air filters produced by manufacturer L. The measurements are
listed also in Tables 6.3 and 6.4. Again, there 1is a
distinct particle size for which the aerosol penetration is
a maximum. The most penetrating particle size varies from
approximately 0.15 at a flow rate of 16 liters per minute
(for a filter area of 41.88 sz) to approximately 0.10 gm at
a flow rate of 28 liters per minute and approximately 0.11
gm at 48 liters per minute. The peak penetration varies from
approximately 10% at the flow rate of 16 liters per minute
to approximately 15% and 17% at the flow rates of 28 and 48
liters per minute, respectively. Again, the repeatibility of
data is excellent as shown by the agreement between open and
solid circles. Note also the comparison between the
penetration measurements made by CNC and the other two
aerosol instruments, namely, APS (Aerodynamic Particle
Sizer), and OPC (Optical Particle Counter) which were to be

evaluated in the present study for their capability to
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measure the filtration efficiency of filters. A detailed
discussion of the comparison between penetration
measurements of the three instruments is given below.
Meanwhile, as shown in Figure 6.8, the pressure drop across
the filter medium of the respirator L increases linearly and
rapidly with the flow rate at the rate of 0.03 inch of water
per liter per minute of the flow.

In the case of the dust/mist respirator manufactured by
manufacturer M, which also recommendes the respirator for
use for lead and asbestos protection, the results are shown
in Figures 6.9, 6.10, and 6.11 and listed in Tables 6.5 and
6.6 for aerosol penetration and in Figure 6.12 for filter
pressure drop. The peak aerosol penetration varies from 30
to 50% at a size of approximately 0.4 gm. Such large
most-penetrating particle size and high filter penetration
are suggestive of the use of relatively coarse fibers in the
respirator. Also, as gathered from a private communication
with the respirator manufacturer, the respirator filter is
composed of wuncharged fibers which have lower collection
efficiency than comparable charged fibers used in the high
efficiency respirators. Furthermore, as shown 1in Figure
6.12, the pressure drop across the respirator filter and the
air flow rate through the filter are linearly related with
the slope being equal to approximately 0.0045 inch water per

liter per minute of the flow.
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The remaining figures show the experimental results for
the three respirators manufactured by manufacturer T.
Figures 6.13-6.16 and Tables 6.7 and 6.8 show the results
for dust/mist respirator 1 (D/M-1), Figures 6.17-6.20 and
Tables 6.9 and 6.10 for dust/mist respirator 2 (D/M-2),
while Figures 6.21-6.24 and Tables 6.11 and 6.12 for a
dust/mist/fume respirator (D/M/F). For D/M-1 respirator, the
peak aerosol penetration varies from approximately 8% at a
flow rate of 16 liters per minute to approximately 20% at 48
liters per minute. The shape of the
penetration-versus-particle size curves 1is also different
from that for the other respirators reported earlier. The
curves are flatter in shape, suggestive of a more constant
and uniform performance for particles in the most
penetrating size range. Like for other respirators, the
pressure drop across the D/M-1 respirator is strictly
proportional to the flow rate with the proportionality
constant being approximately equal to 0.002 inch water per
liter per minute, a value which is nearly half that for the
respirator M whose filtration efficiency is also
considerably lower. In the case of respirator D/M-2, the
penetration-versus-particle size curves are more like those
of other respirators reported earlier for other
manufacturers, but the penetration is considerably lower,

varying from approximately 2.5% at a flow rate of 16 liters
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Figure 6.21 Aerosol penetration through respirator at 16 liters
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manufacturer T
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per minute, to 4% at 28 liters per minute and 10% at 48
liters per minute. The most penetrating particle size for
this respirator varies in the vicinity of 0.08 pgm for the
three flow rates considered. The slope of the linear
relationship between the pressure drop and flow rate as
shown in Figure 6.20 is about 0.0036 inch of water per liter
per minute of the flow. For D/M/F respirator which had an
exhaust valve, the aerosol penetration is still lower than
that for all the respirators considered, so far. The peak
penetration ranges from about 1.2% at 16 liters per minute
to 3.5% and 6% at flow rates of 28 and 48 liters per minute,
respectively. The most penetrating particle size is in the
vicinity of 0.1 am. Also, as shown in Figure 6.24, the
pressure drop across the respirator increases linearly at
the rate of approximately 0.0041 inch of water per liter per
minute over the range of the flow rate shown.

It should be noted that the test results for various
respirators described above apply only to the case of a
clean respirator without substantial particle loading on the
filter. The tests were conducted purely for the purpose of
understanding the fractional aerosol penetration
characteristic of clean, wunloaded filters. With heavy
particle loading on the filter, such as that encountered in
the traditional NIOSH certification tests, the filtration

characteristics would vary. In the present work, the loading
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characteristics of the flat-sheet filter medium were
investigated briefly and the results are presented and

discussed later in the chapter.

6.2 Figure of Merit

The filtration performance of any filter should not be
based upon the total collection efficiency or resistance to
air flow alone, but rather, upon a combination of both.
Therefore, several investigators including Cadle and Thuman
(1960) and Pich (1966) have suggested using a filter quality

parameter or figure of merit, fm, defined as
log Pf
f = - (6.1)
m ip

or a slight variation thereof. In this equation, Pf is the
penetration value through the filter for a given particle
size and Ap is the pressure drop across the filter at a
known flow rate. The figure of merit increases with
increasing efficiency or decreasing pressure drop. Thus, it
can be wused for quantitative filter comparisons. This
parameter is especially useful for comparing the performance
of respirator filters whose efficiency and resistance to air

flow are both very important in their acceptance for use.

Therefore, the figure of merit values were determined
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for each respirator filter tested in the present study using
the DOP penetration values corresponding to 0.1 zm particle
diameter and the pressure drop corresponding to each of the
flow rates considered. Notice that the above particle
diameter is equal to or near the most penetrating particle
diameter as shown 1in the penetration figures presented
earlier. Thus, the calculated values of the figure of merit
correspond to nearly the worst-case condition. The results

are presented in tabular form in Table 6.13.

Table 6.13 Values of Figure of Merit of respirator filters corresponding to
penetration values at 0.1 um particle diameter at 16, 28, and 48

Lpm

Respirator fm fm fm
(16 Lpm) (28 Lpm) (48 Lpm)

A 40.58 16.87 8.85

L 2.23 1.02 0.53

M 15.45 6.59 2.81

T, D/M-1 36.27 156.52 7.21
T, D/M-2 28.11 14.20 6.19
T, D/M/F 29.10 12.66 6.13

As seen, the figure of merit for respirator A is highest at

each of the flow rates followd by slightly lower values of
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D/M-1 respirator of manufacturer T. Respirators D/M-2 and
D/M/F of manufacturer T also show relatively high values of
fm while, the respirator M shows significantly lower values,
The lowest values in the table correspond to the flat-sheet
media of manufacturer L, which are 10 to 20 times lower than
those for respirator A.

It should be noted that the calculated values of the
figure of merit provide a means for comparing the filtration
performance of the respirator filters only and by no means
represent the overall performance of the respirators which
includes also the amount of leakage through the face seal
and inhalation and exhalation valves if they exist, as well

as general wearing comfort.
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6.3 Loading Test and Results

The penetration characteristics of respirator filters
when loaded with liquid and/or solid aerosol particles are
of interest since most of such filters are electrostatically
charged and their capture efficiency may decrease as a
result of neutralization of fiber charges by those on
particles or shielding of electric field around a fiber by
the deposited particles, in particular the liquid particles
which may coalesce and form a liquid film around the fiber.
Of course, the degradation of the electrostatic efficiency
will be eventually compensated for by the increase in the
mechanical efficiency which 1is also accompanied by an
increasing pressure drop as a result of particle loading.

But the particle loading test in the present work was
conducted on the flat-sheet filter media L which is composed
of uncharged fibers according to its manufacturer. The
filter mat was placed in the test chamber as described
previously and was then exposed to 28 liters per minute of
polydisperse NaCl aerosol which was generated from a 0.1
gram of NaCl per cm of distilled water solution by a
collison atomizer. The aerosol was used for the purpose of
loading the filter only and had a geometric mean diameter of
approximately 0.07 um and a geometric standard deviation of

about 2. The loading was continued until the pressure drop
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across the filter was increased to twice the value
corresponding to the clean filter at the same flow rate. At
that time, the loading was terminated and the penetration
measurements of monodisperse DOP particles were performed as
for the case of clean filters. The filter was further loaded
to 3 and 4 times the clean filter pressure drop and the
penetration of monodisperse DOP particles was measured at
each loading step. The results are presented in Figure 6.25.
As shown, the penetration-versus-particle size curves
corresponding to different loading conditions are similar
with the most penetrating particle size appearing to be
independent of the amount of particle loading on the filter.
But the peak penetration decreases from 14% for a clean
filter to 2.7% ) 0.64% and 0.4% for loading steps
corresponding to 2, 3 and 4 times the pressure drop of the
clean filter at 28 liters ©per minute, respectively.
Meanwhile, the pressure drop across the filter for each
loading step was measured as a function of the flow rate and
the results are shown in Figure 6.26. The linear
relationship between the pressure drop and the flow rate
appear to be unaffected over the amount of particle loading

considered in the present work.
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6.4 Comparison of Penetration Measurements Made by

Different Instruments

The use of optical particle counters in the filtration
studies has recently received great attention mainly because
of their capability of in-situ measurement of size
distribution of particles in an aerosol and their particle
size sensitivity of 0.1-0.3 gm which coincides with the
range of most penetrating particle size of most fibrous
filters.

In the present study, the ASAS-300x optical prticle
counter was used to determine the penetration of
monodisperse DOP particles of known size through some of the
respirator filters considered at the flow rates of 16 and 28
liters per minute. In addition, the aerodynamic particle
sizer was used also for comparison. This instrument is not
commonly wused in the filtration studies because of its
relatively large particle size sensitivity of approximately
0.5 pm which 1is beyond the range of most penetrating
particle size range of moderate to high efficiency filters.
A detail description of these instruments and their
operation was given in Chapter 3.

Most of penetration measurements made by the above two
instruments were for particles below 1 gm in diameter, while

a few measurements for particles equal or larger than 1lam in
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diameter were also obtained.

Let’s first investigate the response of these
instruments to a highly monodisperse DOP aerosol produced by
the electrostatic classifier as explained previously. The
aerosol contained particles having a geometric mean diameter
and standard deviation of 0.6 gm and 1.02, respectively, and
was maintained at a flow rate of 28 1liters per minute.
Figure 6.27 shows the size distribution of the aerosol
particles as measured by the Optical Particle Counter (OPC).
Assuming log-normal size distribution, the geometric mean
and standard deviation of the measured size distribution
were determined as 0.53 gm and 1.07, respectively. Note that
the monodispersity of the measured size distribution is less
than that of the actual size distribution but such response
is typical of laser particle counters since the intensity of
the laser beam is not uniform and has a guassian
distribution with the intensity being maximum at the center
of the beam. Therefore, it is very unlikely for particles of
even a monodisperse aerosol to be all counted in one channel
since not all particles pass through the laser beam at the
same spot.

Figure 6.28 illustrates the particle size distribution
of the same aerosol as determined by the Aerodynamic
Particle Sizer (APS). The mean and Ug of this aerosol were

calculated to be 0.55 pgm and 1.04, respectively. Comparing
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Figure 6.27 Size distribution of monodisperse 0.6um DOP
particles as measured by PMS ASAS-300X laser optical
particle counter
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the results obtained by the APS and OPC, one finds that the
OPC gives a slightly wider size distribution than the APS
for the same aerosol. In addition, the geometric mean
diameter values determined from the APS and OPC measurements
are found to be different from the nominal value by
approximately 8% and 12%, respectively. But as mentioned
before, the sizing capability of these instruments was not
utilized in the present study and therefore, the above
inaccuracies in the particle diameter measurements should
have no effect on the present results.

In order to determine the amount of penetration of a
monodisperse aerosol using the OPC or APS, the total
upstream and downstream concentration values were obtained
by adding the counts in two or three channels, as necessary,
containing the most counts. Although, the absolute values of
the particle concentration at the upstream and downstream of
a given filter as measured by the APS and OPC vwere
significantly different from each other, or even from the
CNC measurements, but the penetration values obtained from
the ratio of the concentration values were in considerably
better agreement.

Reviewing among Figures 6.1 through 6.24 those showing
the penetration measurements of all three instruments, one
finds a reasonably good agreement between the results

considering the great difference in the measurement
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technique of these instruments, losses in the connecting
tubes, difference 1in the sampling flow rates and etc.
Unfortunately, since the most-penetrating particle diameter
through most of the respirator filters tested was
approximately 0.1 gzm which is below the lower sensing limit
of the available OPC and APS, no direct comparison of the
results could be made in the proximity of the most
penetrating particle size. But for particles in the range of
0.2 and 0.5 pm in diameter, the agreement between CNC and
OPC results is quite good, while for larger particles, the
results of the OPC and APS are in satisfactory agreement.
Figure 6.29 shows the penetration values of monodisperse DOP
particles passing through the respirator M at the rate of 28
liters per minute as measured by the CNC and OPC. This was
the only respirator among those tested for which the most
penetrating particle size at the above flow rate was within
the operating range of the OPC. In addition, since the
response of any OPC is strongly dependent upon the index of
refraction and shape of particles among other factors, the
penetration of the atmospheric aerosol which contains
particles of various material, shape, and size was obtained
to determine the effect of the above parameters on the
penetration measurements. The atmospheric aerosol was drawn
through the respirator filter at the rate of 28 liters per

minute and the penetration values were determined from the
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measured upstream and downstream particle size
distributions. The results are presented also in Figure
6.29. First, notice the excellent agreement between the CX\C
and OPC measurement results over their overlapping particle
size range for the DOP particles. Both instruments predict
nearly the same value of approximately 39% for the maximum
penetration occuring at a particle diameter of 0.33 gm.
Secondly, notice also the excellent agreement between the
penetration values of the room aerosol particles and those
of the DOP as measured by the OPC, which suggests that the
index of refraction and/or shape of particles in the room
aerosol had no significant effect on the measured
penetration values.

Therefore, based on foregoing, the wuse of optical
particle counters in the filtration studies is recommended
if the instruments are well calibrated and have particle
size sensitivity of 0.1 to 0.3 gm in diameter. The same can
be stated also for the APS but as mentioned earlier, its use
in the filtration studies 1is 1limited except for low
efficiency filters which may have appreciable penetration

values for particles above 0.5 gm in diameter.
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Chapter 7

CONCLUSTIONS

An experimental study of filtration performance of
respirator filter composed of charged and uncharged fibers
was conducted in conjunction with a numerical study of
filtration characterisitcs of charged rectangular fibers.
The studies were carried out independent of one ancther
mainly because of unknown surface charge density of real
electret fibers, random orientation, size and space
distribution of fibers within a filter, and unknown and very
complicated electric field within a real electret filter
which limit the accuracy of the numerical model in
approximating the filtration performance of an eletret
filter. Thus, no attempt was made to compare or correlate
the experimental measurements with the numerical results
obtained in the present work.

The following are the major conclusions of this study:

1. The most penetrating particle diameter through considered
respirator filters was found to lie in the vicinity of 0.1
um for filters containing charged fibers and around 0.3 to

0.4 gm for mechanical filters.
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2. The peak penetration of both solid NaCl particles and
liquid DOP particles through respirator filters was found to
range from approximately 1.2% to 30% at 16 Lpm, 3.5% to 37%

at 28 Lpm, and 6% to 45% at 48 lpm.

3. No significant difference in penetration characterisitc

of NaCl and DOP particles was found.

4. The test method developed in the present study for
evaluation of filtration performance of respirator filters
does not cause loading of the filters and yields very

repeatable results as opposed to the NIOSH’s test method.

n

5. The most penetrating particle diameter through one of the
selected filters was found to be unaffected by the loading
conditions of the filter as it was loaded with NaCl
particles to 2, 3, and 1 times the pressure drop

corresponding to the clean filter at 28 Lpm.

6. The peak penetration decreased from 14% for a clean
respirator filter of manufacturer L to 2.7%, 0.64%, and
0.340% for loading steps corresponding to 2, 3, and 1 times
the pressure drop of the ~clean filter at 28 Lpnm,

respectively.
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7. The penetration measurements obtained by different
aerosol instruments such as condensation nucleus counter,
laser optical particle counter, and aerodynamic particle

sizer tend to be in reasonable agreement in the overlapping

region of the particle size range of the instruments.

8. The optical particle counters can be used in the
filtration studies to predict the penetration
characteristics of moderate to high efficiency filters if
the instruments are well calibrated and have a particle size

sensitivity of 0.1 to 0.3 gm in diameter.

9. The viscous flow field in a staggered array of
rectangular or cvlindrical fibers was found to be

independent of the Reynolds number for Ref0.2.

10. The dimensionless viscous drag on rectangular fibers
with aspect ratios §greater +than 1 was found to be
independent of the fiber aspect ratio and a function of the
filter solid-volume fraction, which correlated well with the

Kuwabara analytical results for cylindrical fibers.

11. For fiber aspect ratios below or equal to 1, the
dimensionless drag was a function of both the aspect ratio

and solid-volume fraction.
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12. Collection efficiency of a single electret fiber was
proportional to -2/3, 1.55, 0.92, and 0.47 powers of Peclet
number, Interception parameter, Coulombic, and induced force
parameters, respectively, when individual collection

mechanism prevailed.

13. The single <electret fiber efficiency due to pure
diffusion was proportional to the square root of the fiber

aspect ratio.

14. The single electret fiber efficiency was proportional to
0.278, 0.54, and 0.15 powers of the solid-volume fraction,
respectively, for pure diffusion, interception, and
Coulombic force interaction when each mechanism prevailed

individually.
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APPENDIX A

NIOSH’s Respirator Test Procedures and

Approval Requirements

The following is a copy of the sub-part K of Part 11 in
Title 30, code of federal regulations, which contains the
procedures and requirements considered by NIOSH for testing
and approving respirators and their filters. The copy was

obtained from Pritchard (1976€).



Subpanrt K-—=Dust, Fume, ond Mist
Respiraton

$ 11.130 Dus (amae, snd mist respirs-
tore; description.

Dust. fume, and mist respirstors, in-
cluding all completely assembled respi-
Talors designed for use as respirstory
protection; during entry into and escape
fiom hazardous particulate atmospheres
which contain adequate oxygesn o sup-
port life. are described sa follows:

() Respirators. either with replace-
able or reusable filters, designed az res-
piratory protection egainst dusus (1)
having an air contamination level not
leas than 0.05 miligram per cubjc meter
of sir, iocluding but not limited to coal,
arsenic. cadmium. chromium, lesd, and
manganese: or (2) dusts having an alr
contamination level hot jeas than 2 mii-
Lon particles per cublc font of alr, In-
cluding bt not lmited to aluminum.
flour, iron ore. and free silica. resulting
principally from the disintegration of &
solid. 2.g.. dust clouas produced in min-
ing. quarTying. and tunneling. and in
dusts produced during industrial opers-
tions. such as grinding, crushing, and
the genera! processing of minerals and
other matenals.

(b) Resvirators. with replacesble fll-
ters. desighed as Tespiratory protection
aguinst fumes of various metals having
an air contamivation level not less than
0.05 milligram per cubic meter, includ-
ing but not Umited to alumisum, ant-
mony, arsenic, cadmium. chromium, eop-
per. iron, lead. magnesiuT. MAnganese.
mercury {(except mercury vapor), and
oane, whick result from the sublmation
or condensstion of their respectve
vapors. or from the chemical reacuon
between their respective vapors and
gnses.

(c) Respirstors, with repiaceable fil-
ters. designed a5 respiratory protecuon
sgainst mists of materials having an alr
coptaminaton level not less than 0.05
tilligram per cubic meter or 2 millon
particies per cubic foot, e.g.. mists pro-
duced by spray coating with vitreous
enamels, chromic acld mist produced
durtng chromium plating. and other
mists of matertals whose liquid vehicie
does not produce harmiul gsses or
Yapors.

{d) Respirators, with replaceable fil-
ters, designed as respiratory prowcHon
against dusts, fumes. and mists having
an air contamination level less than 0.05
milligram per cubic meter, Including but
pot limited o Uthium hydride and Beryi-
lum, and aga:ns. radionuciides

{e) Respirstors with repiacesbie fll-
ters, driurnec &3 respirsiory protection
against rmadun dsughters. and radon
daughters atlached to dusts, fumes. and
nists,

(I) Respirators., with replaceable fil-
ters. designec as respiratory protection
ARRINST Asbestos-contaming dusts and
msts.

(g) Respirators, with replaceshle fil-
ters. designed aAs protecLon against var-
fous combinauons of particuiate matter.

(h) Single-use dus: respirators de-
signed as respiratory protection agminst

NeUMOCOoniosis- and Sbresis-procucing
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dusts, or dusts and mists, including but
Dot Umited W aluminum, asbestos, ooal
fiour, troo ore, and free mlics.

(1) The types of dust fume, and mist
respirators in paragraphs (a) through
(g) of this section may lac be claasified
sceording o their design as follows:

(1) Air-purifying respiraiors: and

(2) Powered alr-purifying respirators

$11.131 Dust. fume end mist respirs-
tors ; required componenta.

(a) Each dust. fume, snd ous respl-
rator described Iin § 11.13C shail where
i design requires, contaln the following
component par:

(1) Facepiece, mouthpiece w.th nose-
clip, hood. or heimet:

(2) Pilter st

(3) Hearpess:

{(4) Attached blower: and

(8) Breatung tube.

(b) The components of ecach dust.
fume, and musi respirator shal meet the
minimwm construction reqguirements set
forth in 8ubpenrt G of this part
§ 11132 Breathing tubes: minimum re.

Quirementa.

{a) Fiexible breathing tubes used in
conjunctian with respiraters srall te de-
signed and constructed W prevent:

(1} Restrniction of free head move-

ment:
¢2) Disturbance of the 8t of face-
pieces, mouthpieces. hooas. or helmets,

(3 .Interference w1k the wearer's ac-
tivities: and

{(4) Bhutof of airfiow due Lo kinking,
ot from chin or srm pressure

§11.133 Hernesses:  notallation
comstruction;  minimum
ments.

(a) Each respirator shall. where nec-
essary, be equpped with uitabie hare
ness designed and constructed to hoid
the components of the respirator in po-
gition agains: the wearers body

(b) Harnesses shall be des:;;T.ed and
constructed Lo perul easy removal and
repiacement Of Trespirstor paris, anc.
where applicsbie. provide fer hoiding »
full {acepiece in the ready position when
not in use.

and
requure-

§11.134 Respirsior contsinems: mini-

mum requirements.

ia) Excepnt as prowvided in paragraph
{d) of this section each respiraior shsil
be equipped with a substantiai. durable
cnntainer beanng mark whach show
the applicant’s name. the tvpe of respirs-
tor is contains. and sl! approphale si-
proval labess.

(b) Containers for stngle-use respira-
tors may provide for stcrsge of more
than one respirator, however. such con-
tainers shall be uesigned anc construct-
ed to prevent contamination of respirs-
tors which are fot removed. anc to pre-
vent damage L0 respirstors during trans-
It

§11.135 Hall-mack f(acepicees,  full
facepieces. hnode,  heimrie,  and
mouthpirees: (1L munimim requsrs.
ments.

ta\ Half-mask facepieces and full

facepleces shal be aesignec ard ccne
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structed to fit persons with various faciy)
ahapes and sizes either: (1) By providng
more than one {scedicce slze. or (2) by
providing ane f{sceplece fize which wi)
8t varying facial shapes and sizes.

(b} Pull facepieces shall provide for
opuonal use of corrvective spectacles cr
lenses. which shail not reduce the resp..
ratory protectve cualities of the mespira-
tor.

(¢) Hoods and helmets shall be de-
signed and consirucied to . persons wi'p
vanous head sizes. provnide for the op-
llonal use of correcuve spectacies or
lenses. and insure against ary restnction
of movement by the wearer

idy Mouthpieces shall be eqwppec
w1th noseclips which are securely at.
tached Lo the moulhpiece or respiraicr
and provide an sirught sea

te} Facepiaces. hoods. and heimews
shall be designed 1o prevent evepiece
fognng.

(1) Half-mask ‘acenieces shail not 1n-
terfere with the At of commodn indusinal
Safely corrective spectac:es. 83 ceter-
muined by the Bureau's facepiece tests in
§§11.140-1 and 17.140-2

$11.136 Foacepiecen, houde, end hel.
Mmets; eyepIsved. Minimum requsre.
menls.

Facepieces hoods and he:mets s=ai. he
designed and consirucied tC Srovide sae-
GUALZ VI310n Rhuch 1S not diroriec by tne
eyepieces.

§11.137 [Inhaletian  and  erhalanion
velves: minimum requirements.

(a) Inkalation and exha.ation vaives
shall be protecled agmnst Lort'on

by Inhalation valves sha.: be des;gnec
Ana constructed and provice< where nec.
eSSATY LD prevens.excess:ve exha.ec a:r
{rom adversely aZeciing ZNliers. excer:
where filters ase specificalls designecd @2
resist  moisture a8 prescribed in
§11.140-5.

(c) Exhalation valves shall be: (1
Provided where necessary: (2} protected
agaist damage and external influence
and :3) designes and construcled 0
preven: INWArd ieskags ol CONIRMLINALLC
air.

§11.138 Head hamesses; minimum re-
quirements.

‘a) All facepieres shali be equpped
with hesd harmesses designed anc con-
structed o provide adecuiwe lenmsion
dumng use wncd an even Iisinbulon of
pressure over the enlure area In conuac:
I e face

b Facepiece head harmesscs. exceo:
those employec on single-use respiraisrs,
srali be adjustable and repiscesvle

¢!} Mouthpieces shali be equpped.
where applizable. sith ac ustable and
repiscesbie harnesses, designed and con-
structed to hold the mouthc:ece 1n place
§11.139  Air relocity und nuie levels:

hoode snd helmeis, minimum re-
Quirmenis.

Noise levels ganerated by *he resdirs-
tor w.i. be measured inside ‘he hooc or
helrret at maximwn orfiox obtainaz.e
anc shall not cxceed 80 cBA

15, 1972

Reproduced from
best available copy.




$11.140 Duse, fume. and mist respira-
tors: performance requirements:
general.

Dust, fume, and mist respirators and
the individual components of esch such
device shall, &s appronriste, meet the

-JeQuirementws for performance and pro-
tecton specified tn the tests described In
$4 11.140-1 through 11140-12 and pre-
3cribed Ln Tables $ and 10.

§ 11.140-1 lecamyl acerste tigbiness
test: dusy, fume, and mist respirniors
designed for respiretory protecuon
sgainai fumes of various metals hav.
g an air contaminstion leve! not leas
than 0.05 milligram per cubic meter;
minimum requirements.

(8) The respirator will be modified tn
Such & manner that all of the air that
normally wowd be inhaled through the
inhalation port(s' s drazn through an
efcient activated charcoal-filled can-
ister, or cartndges), wathout interfer-
ence with the {ace-contacung portion of
the facepiece.

() The modified respirator will be
worn by persons for at least 2 munutes
esch In a test chamber containlng 100
Parts (by volume) of isoamyi-aceiate
Yapor per million parus of air

() The odor of isoamyi-acetate shall
not be detected by the wearers of Lhe

modifed respiralor while in the test
atmosphere,
3 10.140-2 Jewamyl  acetate tightness

test: respiraiors designed (or respura-
101y proteciion sgainst dusis, fumes,
and mists beving an air contamina-
ten lesel leaa then 0.05 miiligram
per cobic meter, or agsinst redio-
nuclides: minimum requireroenta.

() The applicant shall provide a
charcoai-fllled cantster or cartridge of
& size and resustance similar o the flter
urut with connectors which can be at-
tached W the facepleze 1n the same man-
ner a5 the fiter unst.

(b) (1) The canister or cartndge will
be used in place of the flter urut aid
persors wul each wear » mod:fed hai?f-
mask faceplece for 5 minutes in a test
chamber contauning 100 pwru (by
volume) of isoamyl-acelste vapor per
mullion parts of alr.

12) The followilng work schedule will
be performed by each wearer In the test
chamber:

(4) Two minutes walking, nodding,
and shaking head In normal movements,
and

t11) Three minutes
running in place.

13) The facepiece shall be capable of
ad)ustment, pecording to the applicant's
instructiors. ¢ each wearer's face. and
the odor of isoamyi-acetate shall not be
detectable by any wearer auning the test.

ic} Where the respirstor is equ.pped
with & full facepiece, hood. heimet, or
mouthpiece. the canister or cartndge w1l
be used 1n place of the filter unit, and
persons wl each wear the modified res-
piratory-inlet covening for 5 munutes in
8 lest chamber contairung | 700 parts (by
volume: of lsuamyl-acetate vapor per
million peris of alr. performing the work

exercising and
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aschedule specified in paragraph (b)(2)
of thus section.

$11.140-3  Air—purifying filter testa;
performance requirements: general.
Dust, fume. and must respirators will
be tested in accordance with the scnedule
set forth tn Table 10 to determine thewr
effectiveness a3 protection against the
particulste hazards specified theremn

§11.140~4 Silica dust test; single-use or
reuscable filiers; minimum require-
menw.

(a) Three respirators with single-use
filters will be tested for periods of 90
minutes esch st a continuous airfow
Tate of 12 liters per munute for sir-puri-
fying respirators, and for periods of 4
bours each at a flowTate not icss than
115 liters per minute to tight-fitting face-
pleces, and not less than 170 Uters per
mibute o loose-fiting hoods and hel-
mets {or powered ar-purifying respira-
tors.

(b) The relative hurmdity 1n the test
chamber will be 20-80 percent. and the
room temperstiure approximateiy 25° C.

{c) The test suspension in the chamber
will not be less than 50 nor more than
60 mulligrams of fint (994 percent free
silica) per cublc meter of alr.

(d) The Aint In suspension will be
ground W pass 99~ percent through
270-mesh steve.

fe! The parucle-size distnbution of
the test suspension will have s geometric
mean of 04 W 06 micrometer. wnd the

standard geometnc deviation wall not
exceed 2.
{1) The total amount o unretained

test suspension in samples aken durning
tesiing shall not exceed 1.5 muliigrams
for sn air-punfying respirator. 14.4 mil-
ligrams for & powered sir-punifying res-
pirator with tight-Ntiing facepiece. and
21.3 muligrams for & powered jir-purify-
tng respirator with loose-fAtting hood or
heimet

(g) Three respuators with reusable fil-
ters will be tested and shall meet the
requirements specified Ln paragrapns (e
through 'f) of this section: each filter
shall be tested three Limes: Once as re-
celved; once after cleanung. and once
after recleaning. The applicant s instruc-
tions shall be followed for each: cleaning.

8§ 11.140-5  Silica-dust test: single.use
duet respirainm: minimum require-
ments.

(a) Three respirators wul be tested.
(b) As described \n § 11,1404, airfiow
will be cycied through the respirstor by

s breathing macrune st the rate of 24

respirations per minute with & munute

volume of 40 Liters: & breathing machune
cam with & work rate of 622 kg -m ''mun-
ule shall be used

(e) Air exhsied through the respirator
will be 35° =2' C. 195 =3 P) with

94 =3 percent relative hwmiuily

(J) Air inhaled through the resplira-
tor wili be sampled and ans!yzed for
respirstor jeakage.

(e. The total amount of unretatned
test suspension, after drywng. 1h samples
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taxen dumng testing. shall not exceed ! 8
pulligTams for any singie test.

§11.140—5 Lead fume test: nunimum
requirementa.

(a) Three respirators wil be tested
for & period of 312 m:nutes esch &t a
continuous airflow rate of 32 .llers per
minute {OF 817-purifying respirators. and
for periods of 4 hours each &t & 20w rate
not less then 115 Uters per munute w0
tight-Ating facepieces. and not less than
170 liters per munute w loase-fttung
hoods and heimets for powered a.r-
purifying respirstors

‘D) The relative hunudity tn the test
chamber will be 20-80 percent. and tre
Toom temperature approx:mately 25° C

(c) The tast suspension in the test
chamber wul not be !ess than !5 nor
more than 20 nulilgrams of fresfiy gen-
erated lesd-oxide (ume. calcwatead as
lesd (Ph). per cubic meter of air

‘d) The lume w1l be generated by
ImpINEINg an  oxygen-gas fAame on
moeiten lesd

(e Sampies of the test suspension will
be taker during esach test period for
analysis,

‘1) The total amount of unretained
test suspension in the samples taxen dur-
ing testing. which 's aralyzed and calcu-
lsted s lead (Pb). thal not exceez !'S
mulligrams of lead for an sir-punifying
respirstor. 4.2 muligrams of iead for s
powered air-puri{ying respirstor with
tight-Atiing facepiece. and 82 muli-
grams o! 'ead for a powered air-purify-
ing respirstor w:ith ioose-Nting hood or
heimet.

§11.140-7  Silire nAuat

requirements.

(a) Three respiraicrs will be tested
for & penod of 312 munutes each at a
continuous airflow rate of 32 !iters per
minute for mir-purifying respiraters. and
for periods of 4 hours esch at 8 fow
rate not iess than 115 ifters per munule
o tight-"ting facepieces. and not less
than 170 liters per minute 1o icase-fitung
hoods and heimets lor powered air-
purilylng respirators.

(b) The room temperziure in the test
chamber wil be spprox:mately 25° C.

fe} The tist suspension in the test
chamber w1l not be 'ess than 20 nor
more than 25 muligrams of slica must,
weighed as silicd dust. per cubic meter
of air.

fd) Must will be produced by spra;ing
AN aqueous suspension of flint (99— per-
cent free sifica). and the fiint shall be
fround W pass 894+ percent through a
270-mesh smieve.

i¢) Samples of the test suspension
Wil be tsken dunng esch test period for
analysis

() The total amount of silica mist un-
retained in the sampies taken dunng
tesung, weighed as silica dust. shali not
exceed 25 miiligrams for an a7 -punfy-
{ng respirstor. 6.9 milligrams for & pow-
ered air-punfying respirator with tght-
fitung facepiece, and 10.2 mulligrams for
& powered fir-puniying respirstor with
loose-fiting hood or he!met.

lest: minimum
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$11.140-8 Teu for resplrators de-
signed for respirsory protaction
against more than sne type of dis

id: mini 4

requir

Respirstors designed a8 respiratory
protection sguinst mors thad ans partic-
ulste hazard (dust, Jume, or mist) aball
comply with all the requirernents of this
part, with respect to each of the specifie
hazards involved.

$11.140-9 Airflow resistance tests; all
dust, fume, and mist respirstors:
minimum requirements.

{s) Resistance to airflow will be mess-
ured in the facepiece, mouthpiece, hood.
or helmet of & Just, fume, or mist res-
Dirator mounted on a test fixturs with
Alr flowing at & coolnuous rate of 85
ltery per minute, both before and after
each test copducted {n accordance with
§§ 11.1404 through 11.140-7.

(b} The maximum allowable resistance
requirementa for dust. fume, and mist
Tespirstors are as foliows:

Muxorox Remsrince
(WD welerooiums balght)

Iastial 7iaal  Rihsis

Trpe of rmptrator Lhus Inhala Sou
uce

oo
12 1" 11
t © »
k] © n
ugdier... . . 18 ' 13
AsDes ot Sus and muat .. 1 ¥ i

¢ Mansnred alter milas dust st described e § 11.160-4.

§ 11.140-10 Exhaisdon vaive leakage
tes(: mirumuso requirements.

(a) Dry exhalstion valves and valve
seats will be subjected to & suction of 25
mm. water-column beight whils in &
normal opersting positon.

(b) Leakage between the valve and
vaive seat shall not exceed 30 milllliters
per minute.
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§ 11.140=11 DOP HRlier 1eat) respirators
daaigned &5 respirsiory protection
againet dusta, fumes, and mists hav.
Ing an air coslamination level lese
then 0.05 milligram cubic meter
and sguirst radionuclides; minimum
requircments.

(8) All single air-puritying respirstor
fliter units will be tested ln an atmos-
Phere concentration of 100 micrograms
of DOP per liter of air at continuous flow
rates of 32 and 85 lters per minute for
s pertod of 5 to 10 seconds.

(b) Where fliters are o be used in
pairs, the flow rales will be 16 and 425
liters per minute. respectively, through
each fliter.

(¢) The filter will be mounted on a
connector in the same manner as used
ofa the respirator, and the total leakage
for the connector and fii“er aball not ex-
ceed 0.03 percent of the ambient DOP
concentration at either flow rate

$11.140-12 Silica dust loading test:
respirsiors designed as  protection
ageinet duets, furnes. and mists have
ing an sir conuaminsuon level less
than 0.05 milligram per cubic meter
and agsinst radionuchides: minimum
requiremenu,

Three respirators will be Llested tin
accordance with the provisions of
111.1404 and shall meet the mintmum
requirements of §§ 11.140—4 and 11.1409.

Tasr § —Pacxrrzce TR# REQTMIEMENTY
MOCYR Part 1), Budpart K 1 11.140-), ot aeq )

Premury lM0ARYI ecotate
Rasparator types o™ -
w0 16T

Duosu Alr Contamunation
Level not lem 10an 0.08

meM o7 2 mpper....... X
Pamme Alr Conam:ns.
Top Leve: ool e tban
008 meM.... ... ..... X X

ume esd "y

Leve jnm (bar 0 06 my/
M or 2 mpoc!. sad

eadiopuciices. . X

00 deughian .. X
Aabusicn co0 R Ng dusls

wdmbu.......ooee. X

! Test ¥ requ-rad o)y ®hare sppeadia

TaBls 10—ATR-PUairTING 4xp POWERZID ALM-PORTTING REAMBL0L FarEa TEsn REGCAZD POS APFROTAL
(O CYR Part 11, Jubpart K, }11.160-4, al aaq.)

Laad Mlies joled 4
Raspiraior types Biles dust vu fume mist -t
——— e . et D
1L 1604 111604 1L )60-12 IL 1404 1L 160~7 1L Je&0-11
Dusts AU Conamioston Leve asl less Was 0.04 mg/
M or 3 mppel
Fuse. Au Cooltamunslisn Lave) oot lem thas 0.0 mg/ X =
M
Mists' Alr CoptamiceUsn Leval nox jam than 0 08 g/ X ot
M’ o 7 mpocl.
Duwu, Fumm asd M Air Cent Levei b 4 . X
lem 108D 0.08 me/M' of 7 mPEe!. and radamecides
ReQOR AMULRMIY. .. ettinan. oo veameemnn. I X
ASheslos <ooLALDIOE doWU &0d B _ ... NI N = X
BIDgie ude dust asd must e pur IS (— X
* Vot resitanre enly
t For peneiration on)y
? Taal required orug whers appbradin
120
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Subport L—Chemicai Cartridge
Respirators

§11.150 Chemical cartridge respiraton,
description. '

Chemical cartridge respirators inclyg.
ing all completely aasembied respiraicry,
which are desighned for use as respiraiory
protection during eniry inNto or escape
from aunospherts not immeZ ite y
dangerous w0 Ufe and health. are de.
acribed according o the specific gases or
YApOrs against which they are designeg
to provide respiralory protection. ae
follows:

Maonmum use
COMCENITAIION. parfy

per mullion

Type of chermioal
caradge respirator

300
10
Brarcgen chionde )
Methyl amine_. - 100
yanic vapor ‘1. 000
Jullur ciox:de. 0

TNOt for use wrMINSt GrERRIC YADOTE wuh
POOr WArNIDG Properties or thace wWRICE ger.
erate high hetta of resction wilh soroen:
mAWTiAl ID Lhs caruridge

‘MAXiDITD UMt CONCANLIBLIONS Are iower
for orgaruc vapors whick produce ALT e
sheres Unmedisiely bhazarcous 10 Ufe or
Bemith at concentrations equal “Lo or lower
thar this concenration

Norz: Chemieal cartridge resplraiorr c:
TESDITAtOry Protaction sgeingt gakas O VADOM
®nich are not JIpeciAcally llsted with thes
TATMWE UM CONCANUIRLIOD €XCEPR peati.
€i0es. May D¢ approved U the spplcant sud-
ML & request Or such spproval (o wn
te the Bureau. The Bursmu and the lna:
abail consider sach such spplicaliod an
oDl O Teixct Whe sppUcaiion afler a “efiew
Of the afects 08 the wearars heaith ari
sfoy and i the Ught of any field exponence
18 Use of chamical cartridge reapIfion as
OITLOIOL ALWINST sUCh NAIArGY

§11.151  Chemical carmidge respirators
required components.

(a} Each chemical cariridge respirta-
tor described 1o § 11.150 shall. where s
detign recuires. contain the following
component parts:

(1) Paceplece. mouthpiece. and nose-
clp. hood. or helmer:

(2) Cartndge:

(3} Cartriige wath filter:

(4) Hammess:

{5) Breathing tube: and

(8) Atiached blower

tb} The components of each chemucal
cartridge respirator ahall meet the guri-
mum construction requirementa  set
forth in Bubpart G of thus part.
§11.152 Cartridges in parallel; resisie

SNCe requirements.

Where two or more cartrnidges are usec
o paralie!. their resistance to alrflow
shali be essentially equal.

§'1.1S3  Cartridges: color and mark.
ingy: requirernents.

The color and markings of all car-
tndges or labels shall conform with the
requiremsnts of the American Natota
Srandard for ldentification of Ous Mask

25, 1972
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APPENDIX B

Numerical Solution of Flow Eguations

The momentum equations (4.26) and (4.27) and
convective-diffusion equation (4.76) presented earlier are
particular cases of a general differential equation

expressed in the cartesian-tensor form as follows,

q _ 40 A9
-~ (pujo) el Te (I UX.) + S {B.1)
J J J

where ¢ is the dependent variable representing a variety of
different quantities such as enthalpy, velocity components,
mass concentration, etc., I is called the diffusion
coefficient which stands for material properties such as
thermal conductivity, viscosity, diffusivity, etc., u\j
represents the Jjth component of velocity vector and S 1is
called the source term. The above equation basically
represents the principle of conservation of quantity ¢ over
an infinitesimal control volume in terms of the net tranport
rate of ¢ out of the volume by the fluid flow being equal to
the net rate of diffusion of ¢ into the volume plus the net
generation rate of ¢ within the control volume.

In general, there is no analytical solution to equation
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(B.1) and one must resort to the numerical means to obtain
any information about the distribution of ¢ in the domain of
interest based on given set of boundary conditions. A
numerical solution of equation (B.1) is basically a set of
numbers representing values of ¢ in the domain, from which
the distribution of ¢ can be deduced. In other words, one
replaces the continuous distribution of ¢ as the analytical
solution of equation (B.1) by its discrete values obtained
from the numerical solution. Such action is, in essence,
discretizing the governing differential equation in the form
of finite number of algebraic equations containing values of
¢ at finite number of locations in the calculation domain,
commonly referred to as grids. These algebraic equations are
called discretization equations which can be obtained from
the differential equation under consideration in several
ways.

The technique considered here for discretizing equation
(B.1) is based on the control volume formulation described
in detail by Patankar (1980} in his book. Below, a detail
discussion of the technique 1is presented, which closely

follows that given by Patankar (1980).

B.1 One Dimensional Diffusion Problem

For better illustration of the discretization
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technique, it is best to consider a one dimensional, steady
state diffusion problem without the influence of fluid flow.
Thus, equation (B.1) can be simplified as

d do _

whose numerical solution is being seeked. A control volume
formulation of +this problem first involves dividing the
calculation domain into a finite number of controcl volumes,
each enclosing a grid at 1its center. Figure (B.1) shows
three of such control volumes which have infinite dimensions
in the y- and =z- directions due to one dimensional
consideration of the problem. The grids are denoted by W, P,
and E with W and E denoting West and East neighbors of grid

point P.

L
)

=
£
-

- G GME GWS G GED, G S Gk G S @SS =

i

M ma s e e s an|es - e o= -

i
i

Figure B.1 Schematic diagram of one-dimensional
control volumes, each enclosing a
grid point
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Once the control volumes are laid out, the differential
equation (B.2) will be integrated over each control volume
to obtain the corresponding algebraic or discretization
equation. To illustrate this, let’'s consider the one

dimensional control volume around grid P as shown in Figure

{B.1). Integrating equation (B.2) over this volume yields
d dg : N
Je I~ (T In ydx + IeSdm =0 (B.3)
W w

where w and e denote the location of the west and east
control volume faces, respectively. Equation (B.3) can be

carried one step forward as

do do¢ R
(T’ e - (" )t Esa:\ = 0 (B.1)

To evaluate the terms in the above equation, one must
assume a mathematical profile for variation of the dependent
variable and source term in the calculation domain, in
particular between adjacent grids. At this point, the view
adopted by Patankar (1980) on these profiles is that their
assumed form is of no consequence on the ultimate values of
¢ as, once the final grid point values of ¢ are obtained,
one does not care how the dependent variable was assumed to

vary in the course of reaching the final solution. Although,
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it is true that different profile assumptions give rise to
different discretization equations but, the final solution
must be identical independent of the form of the assumed
profiles. However, the derived discretization equations must
satisfy certain rules which will be given below to assure
that the results are physically realistic and satisfy the
overall balance of the dependent variable over each control
volume as well as the entire calculation domain.

Thus, based on the above view point, one may assume a
linear profile for variation of ¢ along the x- direction
between adjacent grids. As a result, the first and second

terms in equation (B.4) can be evaluated as follows,

. e, - .
LS o L ® (B.5)
dx 'w W x
W
. - @
do _ E P
(F d~ )e = Fe T (B.6)

where fK and Fe are values of the diffusion coefficient at
the west and east loaction of the control volume faces,
respectively, and éxw and Jxe are dimensions shown in Figure
(B.1).

As for the source term which is often a function of o,
one can not allow a dependency other than linear between S

and ¢ in the present calculations since the discretization
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equations will be solved by techniques for linear algebraic
equations. Therefore, any non-linear relationship between S

and ¢ must be linearized in the following form

where SC and Sp represent, respectively, the constant part
and slope of the linearized relationship between S and .
For more information on linearizing techniques, reference is
made to Patankar (1980). Thus, the third term of equation

(B.4) based on the above expression for the source term can

be expressed as

[ﬁde = Ji(sc + Spw)dx (B.8)

YW

To evaluate the right-hand side of the 1integral, one may
assume ¢ to be constant equal to its wvalue at grid P, i.e.

¢

P’ for the whole control volume. Notice that this profile
assumption is different from that considered for evaluation
of the first and second terms of equation (B.4) due to the

freedom of choice of profiles as explained above. Therefore,

the integral of the source term can be expressed as

fide = SCAx + Spéplx (B.9)
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where Ax is the width of the control volume around grid P as
shown in Figure (B.1). Finally, substituting for the terms

)

w

of equation (B.4) expressions given by equations (B.

(B.6), and (B.9), one obtains the following,

¢ @

E P P "w o
Fe . - Pw ——Tﬁrf——-+ SCAA + Spopﬂx = 0 (B.10)
e W
Rearranging terms yields
Fe r" re rw
“~ _ R “’ - ; . )
(o * F T SpAN) dp T g Op t g fy oS
e W e W
(B.11)
Let’s now introduce the following coefficients
re
= 2]
aE = 7Te {(B.12a)
rw

By © EW (B.12b)

ap T Aap + &, - Spix (B.12c)
and

b = SCAX (B.12d)
Therefore, equation (B.11) can be written as

a_d_ = a_é_. + a.o,. + b {B.13)
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This 1is the standard form of a discretized equation
containing the value of ¢ at the central grid at the left
side of the equation and its values at the neighboring grids
at the right side of the equation in addition to the
constant &b. Such equation is obtained for each control
volume considered in the calculation domain with the
coefficients being determined from equations
(B.12a)-(B.12d). The result 1is then a finite number of
algebraic equations containing unknown values of ¢ at grid
points, which can be determined by solving the equations
simultaneously or iteratively until a converged solution is
attained.

To ensure that the resulting numerical solution is
physically realistic and obeys the overall balance
requirements, Patankar (1980) has outlined four basic rules
which, when obeyed by the discretization equations, should
give rise to acceptable results. For detail discussion of
these rules which are only listed below, one should refer to
the Patankar’s book. The rules are:

1. Flux expressions across a face common to two control
volumes should be the same in the formulation of
discretization equations of both control volumes.

and a.. must

B.E, W

2. The discretization coefficients 8p)

always be positive.



- 332 -
3. The coefficient Sp introduced in the linearized
expression of the source term must always be less than or
equal to zero to ensure stability of the solution.

4, The central grid discretization coefficient, a must

p’
equal the sum of neighboring coefficients for situations in

which ¢ and ¢ + C (C being a constant) both satisfy the

differential equation under consideration.,

B.2 One Dimensicnal Convective-Diffusion Problem

After describing a technique for discretizing a one
dimensional diffusion equation as above, the next step is to
include the fluid flow effects by considering a one
dimensional convective-diffusion problem governed by the

following equation

(puo) = — ([ ) (B.14)

d
dx

where u is the fluid velocity component in the x- direction
and p is the fluid density. As often is the case, howvever,
the flow field in the calculation domain under consideration
is not known and one must solve the momentum and continuity
equations to obtain any information about the flow field. At
this point, however, it is assumed that u is known and has

physically realistic values which satisfy the continuity
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equation expressed as following for a steady state, one
dimensional problem under consideration

d _ -
pe (pu) = 0 (B.12)

which means

(pu) = constant (B.16)

In addition, as will be explained later, the numerical
technique employed here determines the velocity components
at the intersection of the grid lines and control volume
faces instead of grid points which store values of other
dependent variables involved. Figure B.2 shows u and u
denoting, respectively, the u values at the west and east
faces of the control volume around grid point P. It should
be mentioned that the velocity is assumed to be constant

along the control volume faces.

o = o == o
W

-4

T
m

Figure B.2 Location of the u- velocity component at
the control volume faces
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As explained in the previous section, the
discretization equations corresponding to a differential
equation are the result of integration of the equatiocn over
each control volume considered in the calculation domain.
Thus, integrating equation (B.14) over the control volume

shown in Figure (B.2) yields

d . d d¢ . -
J‘e:—a-;-—(pudf)dx = Je pe (T ) dx (B.17)
w W
or
_ de _ do
(pue) - (pue) = (I . (T v (B.18)

which, again, requires assuming a profile for variation of o
in order to evaluate the terms. Patankar (1980) evaluated
several schemes (profiles) for ¢ and obtained the
corresponding discretization equation. The advantages and
disadvantages of each scheme were discussed and their

results were compared with the analytical solution of

equation (B.14). The scheme which gave the best comparison
was the power-law scheme described in detail by
Patankar (1979a). Below, only the results of application of

the power-law scheme to the terms of equation (B.18) are
presented and for more information, one should refer to the
discussion given by Patankar (1880). Thus, the coefficients

of the general discretization equation (equation (B.13))
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based on the power-law scheme for the one dimensicnal,
steady state convection-diffusion differential equation are

expressed as follows,

3 5
- e
ap = D_ [(0 (1-0.1|De[) 11 + ([0, -F_1] (B.19a)
Ful 5
a, =D, [[0, (1-0.1] p_I) 11+ 10, +F.1]  (B.19D)
ap = ag toa, t (Fe - FK) (B.19c)
where
Fe
e
r,
D = T (B.19%¢)
w ).w
Fe = pug {B.18f)
Fw = pu, (B.19g)

and the symbol [I ]] stands for the largest of the two
quantities within it. Note also that the constant b in the
present case is not included since there is no source term

in the original differential eqguation.
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B.3 Two Dimensional Convective-Diffusion Problem

Having taken into account the convective and diffusion
mechanisms in the y- direction, the 2D, steady state

convective-diffusion equation, in general, can be expressed

by

(B.20)

where v is the velocity component in the y- direction. Once
again, it is assumed that both u and v are known.

Following the above discretization procedure, equation
(B.20) can be integrated over a typical two dimansional
control volume such as that shown in Figure (B.3}). Using the
power-law scheme for variation of ¢ in the calculation
domain, the following general discretization equation is

obtained

aP¢P aEéE + aw¢w + aS¢S + aN¢N + b (B.21)

where S and N subscripts denote, respectively, the South and

North neighbors of grid point P as shown in Figure (B.3).
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rigure B.2 Schematic dizgram of a two dimensional contrel
volume around a grii point wi=h i-s imnsfiaze
ne:zhboring grid

n un

The coefficients 8 and . in equation (B.21) are determined
from equations (B.1%a) and (B.19b) while, the other
coefficients can be determined from the following

expressions

F 5
- - .__n -
a, =D [[0, (1 0.1] Dnl) 11 + (10, -F )] (B.21a)
Fo. s
ag= D_ [0, (1 - 0.1 DS|> J1 + (L0, F_1] (B.21b)
ap = Bp * & + Ay + ag - SPAxAy ({B.21c)

and



- 338 -

b = SCAxAy (B.214d)
where
re Av
De = ——T?\_)e (B.22a)
Fw Ay
Dw - : x)w ({B.22b)
rn A
Dn = -‘-‘W (B.22C)
' Ax
D = -—;——S (B.22d)
s (’y)s Ay
and
F, = (pu)ejy (B.22e)
F = (pu) Ay (B.22f)
W W
F, = (pv)nAx (B.22g)
F o= <pv)SAx (B.22h)

The presentation of the two dimensional discretization
equation as above facilitates the derivation of the momentum

discretization equations as explained below.

B.4 Discretization of the Flow Eguations

As emphasized, the above discretization equations were
obtained assuming the velocity components were known. But
most often, the velocity field is not known and must be

determined by simultaneously solving the continuity and
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momentum equations (4.25), (4.33), and (4.34)
Jdu av , .
VES -+ o 0 | ) (4.25)
p(u g: + v z;’ ) :ﬁ——g§—+ﬂ’~u (4.33)
Iv . 2
p(u g; + v g?,; ) =-—§§—+#V v (4.34)
for the problem under consideration. The discretization

procedure for the above differential equations is similar to
that shown earlier for the one and +two dimensional
convective-diffusion problems with the exception that the
control volumes considered for discretization of the flow
equations are staggered with respect to those surrounding
main grid points simply because the velocity components are
chosen to be determined at the faces of the main control
volumes. The reasons for such choice as discussed by
Patankar (1980) are

1. Physically non-realistic velocity fields could
satisfy the flow equations if the velocity
components are specified at the main grids.

2. By specifying the velocity components at the control
volume faces, one does not need to interpolate their
values in order to determine the convection rate of
conserved quantities such as enthalpy, mass
concentration, etc. into or out of the main control

volumes.
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3. The concept of driving a velocity component at a
control volume face by the difference in pressure
values specified at two main grids immediate to that

face is more comprehensible and natural.

The control volumes for the two typical velocity components
ug and v, are shown, respectively, in Figures B.4 and B.5.
Notice that since the velocity control volumes are staggered
with respect to the main control volumes, they will be
referred to as staggered control volumes from hereinafter.
Integrating equations (4.33) and (4.34) over corresponding
staggered control volumes shown, respectively, in Figures
(B.4) and (B.5) yields the following general discretization

equations for the two velocity components,

- % _ 3
au, = Zoau, 4 (PP PE)Ae + Ay (B.23)
=% . - )
a vy 2 vVnb (Pp PN)An (B.24)
where subscript nb denotes neighbor, a’s are the

discretization coefficients given by equations (B.18a),
(B.19b), and (B.21la)-(B.21c), P is pressure, Ae and An are
the areas of the control volume faces normal to u, and Vo

respectively. Had the pressure field been known, the above
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equations could have been solved iteratively starting with a
gussed velocity field until a converged solution would have
been obtained. But, of course, in most cases the pressure
field is not known and must be determined prior to or in
conjunction with solution of equations (B.23) and (B.21).
There is, however, another important flow equation, namely,
the continuity equation which must be satisfied by the
velocity components resulting from solution of
equations (B.23) and (B.24). In other words, except for the
correct pressure field, the continuity equation will noct be
satisfied by the solution of the discretized momentum
equations.

But in the absence of the correct pressure field, one
may start with a guessed pressure field, P*, for solution of
the momentum equations. In that case, the velocity
components resulting from this pressure field must satisfy

the following equations

¥ _ e t ¥ % o -
a_u, Loauot (PP PE)Ae + fAx {B.23)
b 3 X X X
R , _
au T ha v, + (Pp PN)An (B.26)

where the starred veocity components constitute the

imperfect velocity field obtained as a result of the guessed
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pressure field, P*. Note that equations (B.23) and (B.23)
give rise to the correct velocity field when the correct
pressure field, P, is used. Hence, the guessed pressure
field must be modified by a correction pressure field, P’,

to yield the perfect or correct pressure field as follows,
P=P + P’ {(B.27)

Similarly, the imperfect velocity components will alsc be
corrected to the right values by corresponding correction

terms as follows

u=-u + u' {B.28)

vz v+ V! (B.29)

where u’ and v’ are the resulting corrections to the starred

x
velocity components when P 1s corrected by P’. In other

! ' must satisfy the following equations

words, u and v
obtained by subtracting equations (B.25) and (B.26) from

equations (B.23) and (B.24), respectively,

A} ’ r H
~oauly o+ (P PL)A (B.30)
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At this point, the summation terms in the above equations
will be dropped following the Patankar’s approach based on
the following reasons: 1- that equations (B.30) and (B.31)
are only auxiliary means to obtaining a solution to the
continuity equation and therefore, if a satisfactory
solution can still be obtained from use of a simplified
version of these equation, one should not be concerned about
details of the simplifications; 2- that if the summation
terms are kept, they will bring the effect of the pressure
correction values at all the grid points in the calculation
domain into the pressure correction equation, as will be
derived below, thus making the problem unmanageable.

In any event, equations (B.30) and {B.31) are

simplified as

aeu = (PP - P2)A (B.32)

fo
-
H
J
|
o
7 -
>
o
jos)
W
w

Solving for ué and vé yields

(B.34)

c

"
J
-

1
U
o

<
"
o
!
o
] -
Q
o]
os}
w
3]



where
Ae
de = = (B.36)
e
An
dn = 3 (B.37)
n

Thus, the correct values of ue and vn are then given bw

- * ' _ ’
u, T oug + (PP PE)de (B.38}
= v¥ 4+ (P - P4 B.39)
Yn' T Vn P N'"n (B.

Notice that similar expressions can also be written for u

~

the u-component at the west face, and VLo the v-component at

the south face, as follows,

* ’ ’
u, = u. + (PW - Pp)dw {B.410)
v ‘v* + (P -~ Pl)d (B.411)
s s P'Ts ‘
where
AK
d = (B.412)
w a
W
As
d = (B.43)
s a
s

Meanwhile, the expressions for the velocity components at

four faces of a main control volume must satisfy the mass
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conservation or continuity equation expressed by the
following equation for the finite control volume shown in

Figure (B.2),

I(pU)e - (pU)w] + [(p'v‘)n - (pV)S] =0 {B.44)
Notice that the above equation results from integration of
equation (4.25) over the finite control volume. Substituting
the expressions for the +velocity components given by
equations (B.38)-(B.41) into equation (B.44), one obtains

the following after rearrangement,

’ - T ] y 4 -

apPp = aEPE + a Pro+ aNPN + aSPS + b {(B.43)
where

ap = pedeiy (B.46a)

a, = pwdey (B.16b)

ay = pndnAx (B.16c)

ag = deSAx (B.16d)

ap = ag +oa t ay + ag (B.16e)
and

X % o+ *
b = (pu. - pu ) + (p v pn\n) {B.46f)

Note that the fluid density 1in the above equations is

expressed at the control volume faces, which can be
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interpolated from its grid point values if the density is
not constant. Equation (B.45) is the discretized equation
for the pressure correction field P’, which can be solved
numerically since its coefficients are based on the guessed
{starred) velocity components. The resulting pressure
correction field is then used to update values of pressure
and velocity components according to equations (B.27},
(B.38), and (B.39). The freshly calculated pressure field is
then treated as a new guessed pressure field and the above
steps and calculations are repeated until a converged
sclution is obtained. Note that the parameter b expressed by
equation (B.46f) 1is a measure of satisfaction of the
continuity equation by the starred velocity components. In
other words, its value will be zero or more realistically
close to zero (of the order of 10_7) for each control volume
in the calculation domain only when a converged flow field
is obtained. Therefore, the change in maximum value of b
within the calculation domain from one iteration to another
is a measure of the convergance rate of the solution while,
the absolute value of the maximum b value at the end of each
iteration can be used as a convergance criteria.

In conclusion, the above procedure for calculating the
flow field has been given the name SIMPLE, which stands for
Semi-Implicit Method for Presuure-Linked Equations and

consists of the following steps:
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1. Start with a guessed pressure distribution.
2. Solve the momentum equations (B.25) and (B.26) to obtain
u* and v*.
3. Solve the pressure correction equation (B.45) with the

obtained u* and v* values.
4. Update the pressure and velocity values using equations
(B.27), (B.38), and (B.39).
5. Treat the new pressure as a new guessed pressure and
return to step 2 and repeat the whole procedure until a

converged solution is obtained.

B.4.1 Calculation Procedure

As described in Chapter 4, the flow equations were
subjected to periodic boundary conditions given by equations
(4.29a) and (4.29b). Expressing these conditions in
discretized form for the general variable ¢ results in the

following equations,

Po, 5 © ¢m~1,j (B.17a)
.= (B.47b)
éljJ ém,J {
¢2,J. Pnel, ; (B.1%7¢c)
where ¢i . denotes value of ¢ at a grid point whose x- and

?

y- coordinates in the calculation domain are signified by
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integers i and j, and 1 = 1 and 1 = m refer to grid points
located at the inflow and outflow boundaries, respectively.
The point to be noticed in the above expressions is that the
¢ values at grid lines i = 0 and i = m+l, which are outside
the calculation domain, are, respectively, equal to those at
grid lines 1 = m-1 and i = 2, which are inside the
calculation domain, based on the assumption that the flow
field in each periodic module is identical. Thus, when the
discretization equations are written for the inflow and

outflow boundary grid points, the ¢O j and Om quantities
7

+1,J

in those equations are replaced, respectively, by ¢ 1 j and
R}

¢2,j to ensure that the discretized equations do not contain
unknowns from region ocutside the calculation domain and the
number of unknowns will be equal to the number of equations.

The resulting equations were solved by the Cyeclic
Tridiagonal Matrix Algorithm which is a special case of
Guassian elimination technique. This method is especially
well suited for solving algebraic equations subject to
periodic conditions such as those considered in the present

study. A detaile explanation of the algorithm is given by

Ahlberg et al. (1967).

B.4.2 Calculation Program

The general computer program developed by
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Patankar (1980) for numerical solution of the differential
equations which are similar to or a form of the general
differential equation given by equation (B.1), can be
basically divided into two major parts referred to as Main
and User.

The Main part of the program, in general, deals with
calculation of the coefficients of discretized equations for
all the dependent variables under consideration and contains
also a numerical algorithm for solving the equations. This
part of the program is written in a general form meaning
that it can be applied to all the problems whose unknown
dependent variables satisfy equation (B.1) or a form of it.

On the other hand, the User part of the program 1is
problem-dependent and designed to convey the necessary
information specific to a given problem to the Main part. A
copy of the user’s program developed for the present study
of fluid flow in a staggered array of cylinders or
rectangles is 1included at the end of the appendix. It
basically consists of six subroutines containing specific
type of information about the problem under consideration.
The subroutine names in the order by which thex are called
by the Main program are GRID, START, DENSE, BOUND, OUTPUT,
and GAMSOR. A brief description of the type of information

being supplied to each subroutine is as follows:
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GRID : This 1is the first subroutine called by the Main
program. As the name implies, 1t must contain information
about the grid layout in the calculation domain, such as
number and location of grid points and their surrounding
control volume faces as well as dimensions of the domain and
type of coordinate system considered appropriate for the
problem wunder consideration. The latter 1is specified by

choosing one of the following values for the variable MODE,

MODE = 1 Cartesian Coordinate System
MODE = 2 Axisymmetric Coordinate System
MODE = 3 Polar Coordinate System

1

Except for MODE 1, the radius associated with the bottom
boundary of the domain must also be specified in this
subroutine. The Main program 1is capable of calculating the

coefficients of discretized equations in each of the above

coordinate systems.

START : The initial or guess values for all unknown
dependent variables as well as boundary conditions
associated with the problem under consideration are given in

this subroutine.

DENSE : When dealing with problems involving fluid flow,
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this subroutine calculates the fluid density if it happens
to be a function of one of the dependent variables of the
problem and thus, its values in the domain must be updated
from one iteration to the next. But if the density is
constant, its value can be given in the subroutine START and

leave this subroutine empty.

BOUND : Any work related to the boundary conditions such as
calculating heat or mass flux through bondaries is performed

in this subroutine.

OUTPLUT : This subroutine can be used to display value of any
of the dependent variables at the end of each iteartion to
check the convergance behavior of the solution. Also, a full
two dimensional display of values of each variable can be
obtained by calling subroutine PRINT which is part of the

MAIN program.

GAMSOR : This subroutine supplies to the MAIN program the

values of T, SC , and SP for each dependent +variable

considered. The [ values are specified at all grid points
including those at the boundaries while, the SC and Sp

values are specified only for the internal grids.

For a specified number of iterations, the subroutines GRID



- 353 -
and START are called only once while, the subroutines DENSE,
BOUND, and OUTPUT are called once per iteration by the MAIN
program. The subroutine GAMSOR, however, is called at least
once per iteration depending on the dependent variable. A
list of major variables employed in the USER program along

with their definition precedes the program listing.
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List of Fortran Variables in the Flow

Field USER program

ALPHA Solid-volume fraction

AMU Fluid viscosity

AMWALL Viscosity of fiber (Very large number)

AN Step angle

CON(I,J) The constant term b 1in the discretization
equation; also stands for SC in GAMSOR

DH Hydraulic diameter

DPDX Stands for 9 in the flow equations

GAM(I,J) Denotes fluid or fiber viscosity in the
calculation domain

1 Index denoting the position in x

ITER A counter for iterations

J Index denoting position in Y

LAST Maximum number of iterations allowed by the
user

LBLEK When .TRUE., activates the block correction
subprogram in the MAIN program

LINPUT When .TRUE., Values of the desired variable
are inputted to the program

LPRINT When .TRUE., prints the desired variable

LSOLVE when .TRUE. solves for the desired variable

LSTOP when .TRUE., Computation stops

L1 Value of I for the last grid location in

the x direction




L2
L3
MODE

M1

M2

M3

NF

RE
RELAX
RHO(1,J)

RHOCON

RNR
RP

SMAX

SSUM

TITLE
U(I,J)
UBAR
V(I,J)
WIDTH
X(1)

XCV(I)

L1 -1
L2 -1
Index for the coordinate system

Value of J for the last grid location in
the y direction

M1 -1

Index denoting a particular variable
Reynolds number

Relaxation factor

Density p

Value of p for a constant-density
problem

Value of interception parameter
Particle Radius

The largest absclute value of the "mass
source” in the p’ equation

Algebraic sum of all "mass sources” in the
p’' equation

Alphanumeric title of the desired variable
x~-direction velocity u

Average u velocity at the domain entrance
y-direction velocity v

Half width of rectangular fiber

Value of x at grid points

x-direction widths of main control
volumes



XDIF(TI)
XL

XL1

XLENGTH

XU(I)

Y(J)
YCV(J)
YDIF(J)
YL

YV(J)
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Difference X(1) - X(I-1)

x-direction length of the calculation domain
Distance between entrance of the domain and
center of the rectangular fiber in the

domain

Length of the rectangular fiber in the
calculation domain

Locations of the control volume faces in the
x-direction

Values of y at grid points

y-direction widths of main control volumes
Difference Y(J) - Y(J-1)

y-direction length of the calculation domain

Locations of the control volume faces
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OGP RLRENPOOC PPN RPN EPACE TSRO NIRERIRRIRISIROIGUCRINRIGIPEEREDS

IMPLICIT DOUBLE PRECISION (A-M), (0-2)

CHARACTER®48 INPUTF, SAVEF LISFIL, DUMMY GIVEFIL

PARAMETER (IDwS5S5, JDmS5, [MXm64 )

PARAMETER (L]ves)

PARAMETER (LVallV+3)

COMMON/FILE/INPUTF  SAVEF, LISFIL

LOGICAL LSOLVE.LPRINT, LBLX,LSTOP, LINPUT LSAVE, LCHECK

COMMON F(I1D,JC.LY).CON(1D,JD),

1 AIP(I10.JD) AIM(ID.JD) AJP(ID,JD) . AJM(ID.JD), AP(1D,uD).
2 xiln).xu(log,xmr(mg.xcv(lu).xcv5(lo).
3 ¥(JD),YV(JD).YDIF(JD).YCV(JD),YCVS(JD),
4 YCVR(JD),YCVRS{JD),ARX(JD) ,ARXJ(4D),ARXJP(JD),
S R{JD) ,RMN(JD),SX(JD),SXMN(JD) ,XCVI(ID),XCVIP(ID)
COMMON DOU(ID,JD),0V(10,J4D), FV(JD),FVP(JD).

1 FX(ID) ,FXM(ID),FY(J0) . FYM(JD) ,PT{IMX),QT(IMX)

COMMON/ INDX/NF ,NFMAX ,NP ,NRHO ,NGAM, L1,L2, L3, M1 M2, M3,

+ XP,YP,LP MP.Z,DZ,LL,LR,M,LC,

1 IST,JST,ITER,LAST, TITLE(LV) .RELAX(LV),TIME OT XL YL,

2 IPREF,JPREF, LSOLVE(LV),LPRINT(LV) MODE,NTIMES(LV},GVAR,

3 RHOCON, LINPUT(LV), LSAVE(LV),LBLK{LV)

COMMON/CNTL/LSTOP, LCHECK

COMMON/SORC /SMAX , SSUM

COMMON/COEF /FLOW D1FF , ACOF

DIMENSION U(1D.JD),V(ID,JD),PC(ID,JD)

DIMENSION P(lD.JD).RHO(ID‘JD).GmélD.JD)

EQUIVALENCE(F (1,1, LIV41),P(1,1)), {F(1.1,LIV+2),RHO(1.1)),

1 (FO1,Y,LIV43) GAM(1,1)
EQUIVALENCE(F(t,1,1),0(1, 1)), (F(1,1,2).Vv(1,1)).(F(1,1,3),PC(1,1))
OIMENSION TH(ID).THU(ID),THDIF(ID),THCY(ID),THCVS(1D)
EQUIVALENCE(X . TH), (XU, THU), (XDIF,TRDIF), (XCV,THCV)

1, (XCVS.THCVS), (XL, THL)
c.‘.'....I....l.'.'.lll..lll.Ol..l-.l.l‘.'l...lll.l...‘......"'...
C
[« FILTER FLOW FIELD CALCULATION
C _ RECTANGULAR GEOMETRY
Ceornesesennietrsnncncricenstitesttocnoossentasssensenssssnsnsse

DATA TITLE(1).TITLE(2).TITLE(3) . TITLE(LIV+1)

1 /7H VEL U,7H VEL V,7H STR FN,BHPRESSURE/
DATA LSAVE(1),LSAVE(2),LSAVE(LIV+1)/3s TRUE./
DATA LINPUT(1),LINPUT(2),LINPUT{LIV+1)/3e TRUE./
DATA (LSOLVE(1), l=1,3),LSOLVE(S)/4s TRUE./

OATA LBLK(1),LBLK(2),LBLK(3)/3s.TRUE./

DATA LAST/1@/

DATA RHOCON/1.208/

CeessaSTART OF SUBROUTINE 'GRID® FOR SPECIFYING LOCATION OF CONTROL
CessveVOLUME FACES AND GRID POINTS
c

ENTRY GRID

THIS PROGRAM SOLVES A NUMBER OF DIFFERENT CASES AS LONG AS
THEIR CORRESPONDING FILE NAMES ARE GIVEN IN 'FILNAME.DAT' BELOW,
EACH FILE CONSISTS OF NAMES OF THE INPUT,SAVE,AND OQUTPUT
FILES.AND THE VALUES OF THE DIFFERENT PARAMETERS AS REQUIRED
BELOW,

OOO00000

OPEN (UNIT=7, FILE=’FILNAME .DAT', STATUS='OLD")
READ(7.64@, END=598)GIVEFIL
648 FORMAT(A40)
GO 10 597
$97 OPEN (UNITm8 FILE=GIVEFIL,STATUS= 'OLD")
READ(8,618) INPUTF
610 FORMAT(A42
READ(8,618)SAVEF
READ(8,610)LISFIL
ENTER LENGTH OF CALCULATION DOMAIN, XL
READ(8, ¢)XL
ENTER WIDTH OF CALCULATION DOMAIN, YL :
READ(8,+)YL
ENTER HALF OF WIDTH OF WHOLE RECTANGLE :
READ(8, ¢ )WIDTH
ENTER LENGTH OF WHOLE RECTANGLE :
READ(S, ¢ )XLENGTH
ENTER INTERCEPTION PARAMETER :
READ (8.s) RNR

O o0 0O o0 o0
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DOMAIN AND CENTER OF RECTANGLE)

READ(8,e)XL1

ENTER VALUE OF DPDX :

READ(8, » )DPDX

RELAXATION FACTOR TO CONTROL CONVERGANCE RATE
READ(8, ¢ )RELAX( 1) ,RELAX(2) ,RELAX(LIV+1)

ENTER THE NUMBER OF [TERATIONS :
READ(8,)LAST

START FROWM STORED FILE ? YESat °*
READ(S, )1 INPUT

WISH TO PRINT U,V,SF,P DISTRIBUTIONS ? YESat °
READ(8, ¢} IPRINT

LCULATE HYDRAULIC DIAMETER OF RECTANGLE AND INTERCEPTION
WIDTH ACCORDING TO VALUE OF RNR

OOQO (2] (2] (2] (2] [e] (e}

DH=(4.0eWIDTHoXLENGTH) /(2. oWIDTH+XLENGTH)
RH=OH/2 .

RP=RNRsWIDTH

PIm3. 1415926

RAD=P]/180 .8

AN=11.25eRAD

RAWXLENGTH/2.

XU(2)=.0
MULX=3
XX=RR4RP
XR=XL1-XX~8 . 850
18=7
DO 18 [=3,18
19 XU(1)=xXu(I-1)+XR/(1B-2)
DXmd. 01
IF (MULX.NE.@) THEN
DO 1000 l=1,MULX
1080 XU(IB+I JmXLi=XX—(MULX—141)eDX
ENDIF
1PPw [ BHAILX+1
XU(IPP)mXL1~XX

IF (RP.EQ.@.0) THEN
GO 70 13

ENDIF
IBEG [ BHILX+1

T1CON=2+ | BEG—1
1P=d

DO 1801 I=I1BEG,IBEG+3
11m2¢-]CON
IPmIP+1
IF (1.£Q.1BEG) IPwI+)
XU(IP)={XL1—RR)—RP+COS(11sAN)
1081 CONTINUE
[PP= [P+
XU(IPP)=aXL1-RR
13 CONTINUE
DO 12 I=wIPP+1,1PP+6
XU(1)=XU(l1=1)4RR/7.0
1P=]
12 CONTINVE
DO 14 Jm1,IP-2
1PP=l+IP
XU{IPP )eXL1-XU{ IP+1=1)+XL1
14  CONTINUE
Li=iPP+1
XU(LT)mXL
DX isXL1=RR
DX2=XL1+RR

THIS LOOP DETERMINES THE '1' VALUE CORRESPONDING TO
BEGINNING AND END LOCATIONS OF THE

SOLID RECTANGLE FOR LATER USE IN GAMSOR WHERE A LARGE GAMMA
IS ASSIGNED TO THE SOLID DOMAIN.

00 22 I=iB, L1

IF iéxuglg—oxt).LE.o.eeeaeeew) IBGAM [
IF ((xu{I}=Dx2).LE.@.00000001) [ECAM=I-1
22 CONTINUE

QOO0 0

SPECIFY C.V. FACES IN THE Y- DIRECTION

YV(2)=2.0

JE=7

DO 15 J=3,JE
YW(J)mYV(J=1)+WIDTH/S5. &
CONTINUE

000

MULY=D
DY=Q. @1
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IF (MULY.NE.®) THEN
D0 16 J=i MULY

16 YV(JE+J)wWIDTH+JoDY
ENDIF
JOD=JEHULY+1
YV(JOD)=wIOTH+8 . 850
GO TO 2%
ENDIF

JPud
DO 1203 J=1.4
c DO 1023 J=1,3
JP=JP+1
IF (J.EQ.1) JP=JE+1
YV(JP)=WIDTH+RP*SIN(20 J2AN)
18283 CONTINUE
28 CONTINUE
1F (MULY.NE.®) THEN
DO 1802 J=JP+1. JPHMULY
YV(J)=YV(J-1)+0Y
18e2 CONTINUE
ENOIF
JODmJPHMULY+1
YV{JOD)=YV(JP)+2.050
25 CONTINUE

OYYm(YL/2.)~YV(JDO)
00 17 J=JDD+1,JD0+3
YV(J)wYV{J-1}40YY/3.
JPP=y
17 CONTINUE
YHAF=YL/2.
DO 18 Jat,JPP-3
JPwJPP+J
YV(JP)a( YHAF-YV (JPP=J) )+ YHAF
18 CONTINUE
MiwJP+1
YV{M1)=YL
765 CONTINUE

IF(IPRINT.EQ.1) THEN
LPRINT(1)=. TRUE.
wmmgz . TRUE.
LPRINT(3)=. TRUE.
LPRINT(S )= TRUE.
ENDIF

RETURN

STARY OF SUBROUTINE ‘START' FOR INITIALIZING VARIABLES

o000

ENTRY START

IF(1INPUT.EQ.1) CALL INPUT
120 AMU=18.308

AMWALL=1.@D+15

ALPHA=WIDTHs XLENGTH/ (XL YL)

RETURN

SUBROUTINE 'DENSE" DEALS WITH VARIABLE DENSITY PROBLEMS

o000

ENTRY DENSE
RETURN

[
[+ SUBROUTINE 'BOUND' DEALS WITH BOUNDARY CONDITIONS
C

ENTRY BOUND
USU=g . 0
CALCULATE MEAN VELOCITY AT THE DOMAIN ENTRANCE
[+
D0 200 Ja2 M2
200 USUMSUSUMAI(2.J) e YCV(J)
UBAR=USUM/YL
CALCULATE REYNOLDS NUMBER
c
RE=RHOCON s UBAR ¢ OH/AMU
RETURN
[of
c SUBROUTINE ‘OUTPUT' LISTS THE RESULTS OF CALCULATIONS
c

ENTRY OUTPUT
IF(ITER.NE.®) GO TO 400
WRITE(1,421)
¢ PRINT 421
WRITE(1,488) INPUTF, SAVEF LISFIL
PRINT 408, INPUTF,SAVEF, LISFIL
WRITE(1,489) (1, RELAX(1), I=1,3)
¢ PRINT 409, (]1.RELAX(1),Im1,3)
WRITE(1,410)DPOX
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WRITE(Y,422)XL, YL ALPHA

c PRINT 422.XL.YL,ALPHA
WRITE(1,423)WIOTH . XLENGTH
c PRINT 423 ,WIDTH,XLENGTH
c PRINT 401
WRITE(1,482) RP
WRITE(1,401

400 WRITE(1,483), ITER, SMAX,SSUM, U(14,7),V(14,7).RE
PRINT 483, ITER.SMAX,SSUM,U(14,7),V(14.7} .RE
400 WRITE(?,463)1TER.T(2.3).7(4.5).7(10,18),7(6.8).7(12.12)
453 FORMAT(1S,1PSE15.3)
401 FORMAT(//,° TTER',7X, SMAX’,11X, SSUM’ 18X, ‘U(14.7)".
1 8x,°'v(14,7)" ,5X,* RE§’)
¢ 421 FORMAT(//.' 1TER®,7X,’'T(2,3)'.10X,’T(4,5)",8X. T(10.10)"
+ L6X,'T(8,8)",5X, T(12,12)")
403 FORMAT(1S,1PSE?5.3)
498 FORMAT(//,2X, " INPUT DATA FILE :' A48,/,2X, QUTPUT
+OATA FILE :',A48./,2X,'L1ST FILE :’, A48)
409 FORMAT(/, (2%, "RELAX(',12.") :'F5.2})
418 FORMAT(/.2X,'OPDX :°f18.2,/)
421 FORMAT(/,38X, 'RECTANGULAR GEOMETRY')
422 FORMAT(/.2X, 'XL=" F6.2,5X, Yl=' F6.2,5X, ALPHA=" FB.4)
482 FORMAT(/.2X, "PARTICLE RADIUS : '.E1@.5)
423 FORMAT(/.2X. 'MALF OF WIDTH OF RECTANGLE :',F18.5./.2X,
+ *LENGTH OF RECTANGLE :'F10.5)
IF(ITER.EQ.LAST) THEN
CALL PRINT
CALL SAVE
ENDIF
RETURN

[eX 2N 2]

SUBROUTINE 'GAMSOR' PROVIDES INFORMATION ABOUT THE DIFFUSION
COEFFICIENT DISTRIBUTION FUNCTION IN THE CALCULATION DOMAIN

ENTRY GAMSOR

NFm1 DENOTES U, NF=2 DENOTES V AND NF=3 DENOTES PRESSURE
CORRECTION FUNCTION

OO0 OO0

IF(NF.EQ.3) RETURN
00 509 Jai MY
DO %@d le=i, L1
GAM{ 1, J)mA)

500 CONTINUVE
IF(NF.EQ. 1) THEN

THE FLOW IS SYMMETRIC WITH RESPECT TO U COMPONENT OF THE
VELOCITY AT THE TOP AND THE BOTTOM BOUNDARIES.

leXzXsXsl

DO 586 l=1, LY
CAM(1,1)=d.
GAM(T M1 )=d .
DO 506 Jmi, M1
CON(1,J)=DPDX

506 CONTINUE
ENDIF

THE SOLID REGION GAMMA VALUES ARE ASSIGNED HERE.

OO0

DO 6@ Jei,JE~1

DG 60 1=1BGAM, 1ECAM
60 GAM(1,J)=AMWALL
788 CONTINUE

RETURN

ENO
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APPENDIX C

Numerical Solution of the

Convective-Diffusion Equation

The differential equation expressing the balance.
between the convection and diffusion rate of particles into
and out of an infinitesimal control volume as given by
eguation (4.76) 1is a particular form of the general two
dimensional convective-diffusion equation (equation (B.20))
with the general variable ¢ being equal to the particle
concentration, N, and the source term, S, being equal to
zero.

The procedure for numerical solution of equation {(4.76)
as described in detail in Appendix B, 1is summerized as
follows: a calculation domain with known boundary conditions
is first chosen around the fiber toward which the diffusion
rate of particles is to be determined. The domain is then
divided into a finite number of control volumes, each
enclosing a grid point at its center. Equation (4.76) is
then integrated over each control volume, assuming a profile
for variation of N between adjacent grid points, to vield a
finite number of algebraic equations containing unknown
values of N at grid points. Subsequently, these equations

are solved to obtain the distribution of particle
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concentration in the domain for the specified boundary
conditions and thus, determine the diffusion rate of
particles towards the fiber.

Similar to the case of momentum equations, the
calculation program for determining coefficients of the
algebraic equations and their subsequent solution is
composed of two major parts, MAIN and USER, as explained
previously in Appendix B.

The formulation of <coefficients and the solution
algorithm in the MAIN program corresponding to the present
calculations are slightly different from those in the MAIN
program corresponding to the calculation of the flow
equations since the periodicity conditions were not applied
toc the particle concentration values at the inflow and
outflow boundaries of the domain.

The USER program developed for providing information
about the boundary conditions and other necessary known
parameters to the MAIN program basically consists of six
subroutines called GRID, START, DEANSE, BOUND, OUTPUT, and
GAMSOR, each explained previously in Appendix B. A printout
of the USER program for calculation of particle
concentration along with a list of its major variables in
addition to those listed in Appendix B is enclosed at the
end.

It should be mentioned that since, the previoussly
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calculated velocity components must be used in achieving =a
numerical solution to eqaution (4.76), the domain considered
for calculation of the particle concentration for a given
fiber aspect ratio and solid-volume fraction must be
identical to that used for the flow calculations
corresponding to the same parameters. Therefore, the
infomation about the size of the domain around a given
rectangular fiber and number and location of control volumes
within the domain as specified in the subroutine GRID is the
same as that provided to the flow calculation program for
similar fiber aspect ratio and solid-volume fraction values.

The previously calculated velocity components are read
into the program in the subroutine START where the particle
concentration variable CCON(I,J) 1is initialized to zero
everywhere in the domain except at the entrance where a
value of 1 is assumed for the incoming particle
concentration. The values of other relevant parameters are
specified alsce in this subroutine.

The subroutine DENSE which deals with variation of the
fluid density is left empty since it does not play a role in
the present calculations.

The next two subroutines, BOUND and OUTPUT, deal with
boundary conditions and printing out of the results,
respectively.

Finally, in the last subroutine, GAMSOR, the value of
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the diffusion coefficient of particles, DIFCOF, is assigned
to the grid points. Note that the diffusion coefficient at
the outflow boundary (I = Ll1) 1is set equal to =zerc in
response to the absence of information about the particle
concentration at that boundary. Such action, in effect,
eliminates the influence of wunknown conditions at the
outflow boundary on the rest of the domain if the boundary
does not cross any flow-recirculation region. This,
according to Patankar (1880), is the price that one has to
pay in order to obtain a solution despite of unknown outflow
boundary conditions. Such consideration is perhaps a good
approximation to the real case when dealing with large
Peclet numbers, but in the case of relatively small values
of the Pectlet number, the above consideration will generate
some error in the calculated values of particle
concentration. It is assumed here, however, that the effect
of such error on the calculated values of the single fiber
efficiency is minimal as one deals with the concentration

gradients and fraction of number of particles captured.
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List of Major Variables in the Particle

Concentration USER program

ANO Particle concentration value at the domain
entrance

RHOAIR Air viscosity

CCON(T,J) Particle concentration variable

DIFCOF Diffusion coefficient of particles

PE Peclet number

WALDIF Diffusion coefficient within fiber (very

large)
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SUBROUTINE USER

Coo0ncencersrrssenseneessstrincorreeoseretesnisdostorsssnscssonneses

THIS PROGRAM CALCULATES THE DIFFUSION RATE OF POINT-LIKE
PARTICLES TOWARD SURFACE OF A RECTANGULAR FIBER.

THE FLOW FIELD (U AND V COMP. OF VELOCITY) HAS

BEEN DETERMINED ALREADY AND 1S INPUTTED TO THIS PROGRAM.

— et s et et

c
c
c
c
c
c
c
c
c
c
[~
c
c
c
c
c

COSBPENNSOIOROVORIPSRINI TSN ROVINCOSRENAOGISINROGRINITRINRENSENIECRIIS
IMPLICIT DOUBLE PRECISION (A—H},(0-2)
CHARACTER#4@ INPUTF, SAVEF.LISFIL,DUMMY GIVEFIL
PARAMETER (1Dw55,JDmS5, IMX=64)
PARAMETER §va.4)
PARAMETER (LYm{]V+3)
COMMON/FILE/INPUTF  SAVEF  LISFIL
LOGICAL LSOLVE,LPRINT,{BLK,LSTOP, LINPUT, LSAVE, LCHECK
COMMON F(1D,4D,LV),CON(1D,JD),
1 AIP(ID,JD),AIM(1D.JD) ,AJP(ID.JD) ,AJM(10,JD) AP(ID,JD).
2 X(I10),XU(ID),XDIF(ID),XCV(1D),XCVS(10),
3 ¥(JD),YV(JD),YDIF(JD),YCV(JD),YCVS(JD),
4 YCVR(JD),YCVRS(JD},ARX(JD),ARXJ(JD),ARXJIP(JD),
5 R{JD),RMN(JD),SX{JD), SXMN(JD),XCVI(ID),XCYIP(ID)
COMMON DU(ID.JD).DY(1D.4D), FV(JD),FVP(JD),
1 FX(ID),FXM{ID),FY(JD) ,FYM(JD) , PT{IMX),QT{1MX)
COMMON/ INDX/NF ,NFMAX NP NRHO ,NGAM,L1,L2, L3 M1 M2, M3,
1 IST,JST,ITER,LAST TITLE{LV) RELAX(LY), TIME,DT XL, YL,
2 IPREF,JUPREF,LSOLVE(LIV),LFRINT(LV),LBLX(LIV) MODE,NTIMES(LIV),
3 RHOCON, LINPUT(LV), LSAVE{LV)
COMMON/CNTL/LSTOP , LCHECK
COMMON/SORC /SMAX , SSUM
COMMON/COEF /FLOW, DIFF  ACOF
OIMENSION U(ID,yD),V(ID,JD).PC(ID.JD)
DIMENSION P(ID,JD) ,RHO(1D,JD),CAM(10.JD)
EOUIVALENCE(F(\,1.LlV+1;.P(1.1)).(F(1.1.L1V¢2).RHO(1.1)).
1 (F(1, 1, LIVH3) ,GAM(1,1)
EQUIVALENCE(F(1,1,1),U(1, 1)), (F(1,1,2),V(1,1}),(F(1,1,3),PC(1.1))
DIMENSION TH{ID),THU(ID),THDIF(ID).THCV(1D}.THCVS(1D)
EQUIVALENCE(X,TH), (XU, THU), (XD LF,THDIF), (XCY, THCY)
1, (XCVS,THCVS), (XL.THL)

C 0000000000100 eta00rrericsrssierseiieetntetorsecaincscessssnessvcece

C——————————— DIFFUSION FLUX CALCULATION
€ RECTANGULAR GEOMETRY ___
c.-.na.....-.:..-.'....'ﬂ.t"‘.‘00""0‘...‘.....0‘.00."‘..."
DIMENSION CCON(1D.JD)
EQUIVALENCE (F{1,1,4),CCON(1,1))
DATA TITLE(1),TITLE(2),TITLE(4)
1 /7H VEL U,7H VEL V,7H CONCN./

¢
c START OF SUBROUTINE °‘GRID® FOR SPECIFYING LOCATION OF
c CONTROL VOLUMES AND GRID POINTS
¢
ENTRY GRID
c
c LINPUT(1) AND LINPUT(2) CORRESPOND TO U AND V VELOCITIES
¢
umﬁx)-,muz.
LINPUT(2)=. TRUE.
c
¢ LSOLVE(4) CORRESPONDS TO PARTICLE CONCENTRATION
¢
LSOLVE(4)=. TRUE.
LBLK(4)=. TRUE.
LPRINT(4)= . TRUE.
c
597 OPEN (UNIT=8,FILE='RECDIF.D',STATUSs'OLD")
ENTER LENGTH OF CALCULATION DOMAIN, XL
READ(8.s)XL
ENTER WIDTH OF CALCULATION DOMAIN, YL :°
READ(8,e)YL

ENTER HALF OF WIDTH OF WHOLE RECTANGLE :°*
READ(8,«)WIDTH

ENTER LENGTH OF WHOLE RECTANGLE :°
READ(8, ¢ )XLENGTH

ENTER VALUE OF XL1 (DISTANCE BETWEEN DOMAIN ENTRY AND
CENTER OF RECTANGLE) :°*

READ(8,#)XL1

o0 O O O 00
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READ(8,¢) DIFCOF

c ENTER THE NUMBER OF ITERATIONS :°
READ(B. ¢ )LAST

¢ WISH TO PRINT U,v DISTRIBUTIONS ? YES=t *
READ(8, +) IPRINT

SALWLATE HYDRUALIC DIAMETER

OM=(4.@eWIDTHe XLENGTH) /(2. 8o WIDTH+XLENGTH)
RR=XLENGTH/2.
RPw0 . 8

XU(2)=0.8
WJLX=3
XX=RR+RP
XRmXi1-XX8. 050
1B=7
DO 18 I=3,]B
18 XU(l)exu(l=1)+xR/(1B~2)
DX=d. 81

IF (MULX.NE.®) THEN

DO 1900 et MULX

XU(IB+]1 JmXLtXX=(MULX~1+1)eDX
1000 CONTINUVE

ENDIF

1PP= | BHMULX+?

XU(IPP }mXL1-XX

13 CONTINUE
DO 12 ImIPP+1, IPP+8
XU(1)eXU(1~=1)4RR/7.0
1Pe]

12 CONTINUE
DO 14 l=t IP-2
1PPwl+]P
XU(IPP)mXL1-XU(IP+1=] )+XL1
14 CONTINUE
LiwlPP4+1
XU(L1)mxL
OX1mxXL1~(RR+RP)
DX2wXL14(RR4RP}

THIS LOOP DETERMINES THE 'I* BEGIN AND END LOCATIONS OF THE
SOLID RECTANGLE FOR LATER USE IN GAMSOR WHERE A LARGE GAMMA
1S ASSIGNED TO THE SOLID DOMAIN.

DO 22 l=]B, LY

1F gixu(lg-on).L:.o.oeeaoam) 1BGAM=]
IF ((xu(1)-0X2).LE.0.00000001) [ECAMmI
CONTINUE

OOOO0O0

000

SPECIFY C.V. FACES IN THE Y- DIRECTION

YW(2)=0.0

JEu7

DO 18 J=3,JE

YW(J)=YV(J=-1)+WIDTH/S. 0
15 CONTINVE

MULY=3
DY=0.01
IF (MULY.NE.®) THEN
00 18 Jemi MULY

18 YV(JE+J)=WIDTH+JoDY
ENOIF

JOO=J EHMULY+1
YV{JOD)=WIDTH+8 . 050
GO T0 28

ENDIF

25 CONTIMSE
DYY=(TL/2. )~YV(JDD)
DO 17 JmJOD+1,J00+3
YV(JYeYV(J=1)4DYY/3.
JPPm=y

17 CONTINUE

YHAFaYL/2.

DO 18 Jmi,JPP-3

JPmJPP4y

YV(JP)=( YHAF=YV(JPP=J) )+ THAF
18 CONTINVE

MimJPe1

YV(M1)aYL

IF(IPRINT.EQ.1) THEN
LPR]NT?lg-.TRUE.
LPRINT(2)=. TRUE .
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RETURN
SUBROUTINE °*START® FOR INITIALIZING VARIABLES

ENTRY START
CALL INPUT
c ANO IS THE INCOMING PARTICLE CONCENTRATION

ANO=1 .

Niy=18. 38

RMOAIRw1 . 208

WALDIF=1.0E30

ALPHASWIDTHe XLENGTH/ (XLoYL)
USUM=@ . 0

DO 74 Ju=2,M2
74 USUMSUSUMHU(2.J) e ARX(J)
UAVG=USUM/YL

o000

c
gALCULATE REYNOLDS AND PECLET NUMBERS

RE=RHOAIReUAVG o DH/AMU
PE=OHeUAVG/ (DIFCOF+1.08E-15)
DO 180 Jm1 M1
CCON(1,J)=ANO
DO 99 I=2, Lt
CCON(1,4)=0.0

99 CONTINUE

100 CONTINUE
RETURN

SUBROUTINE °‘DENSE' DEALS WITH VARIABLE DENSITY PROBLEMS
ENTRY DENSE
RETURN

000

SUBROUTINE °*BOUND*® DEALS WITH MODIFICATIONS OF OR CALCULATION
AT THE BOUNDARIES OF DOMAIN

ENTRY BOUND
RETURN

SUBROUTINE "OUTPUT® LIST THE RESULTS

o000

[:XsX+]

ENTRY OUTPUT
IF(ITER.NE.8) GO TO 4e@
WRITE(1,421)
PRINT 421
WRITE(1,408) INPUTF, SAVEF, LISFIL
PRINT 408, INPUTF,SAVEF,LISFIL
WRITE(1,422)XL,YL,ALPHA
PRINT 422, XL,YL, ALPHA
WRITE(1,423)WIDTH, XLENGTH
PRINT 423,WIDTH, XLENGTH
WRITE (1,482)RP
PRINT 482,RP
WRITE (1,424) RE,PE
PRINT 424 RE.PE
PRINT 401
ﬂ!'IEél.dﬂ
408 WRITE(1,403),1TER,CCON(4,5) ,CCON(18,108),CCON(14.7)
PRINT 493, ITER,CCON(4,5),CCON{10.18),CCON(14.7)
401 FORMAT(//,* ITER®.8X,'C(4,5)',7X,'C(10,12)",8%, C(14,7)")
403 rmrsls.wsms.a)
408 FORMAT(//,2X, ' INPUT DATA FILE :',A48,/,2X,'OUTPUT
4OATA FILE :',A40,/,2X, LIST FILE :',A40)
421 FORMAT(/, 39X, 'RECTANGULAR GEOMETRY')
422 FORMAT(/,2X, XL=' ,F8.2,8%, 'Yi=' F8.2,5X, "ALPHA=" FB8.4)
482 FWATE/.ZX.'PARTICLE RADIUS : ',E10.8)
423 FORMAT(/.2X, ‘HALF OF WIDTH OF RECTANGLE :°',F10.5./,2X,
*LENGTH OF RECTANGLE :‘F1@.5

+ )
424 FORMAT(//,* RE §# ='.E10.5,/.' PE § =',£10.5)
IF(ITER.EQ.LAST) THEN
CALL PRINT
CALL SAVE
ENDIF
RETURN

o0 0 0O 0 O O

(2]

(2]

SUBROUTINE *GAMSOR‘ DEALS WITH SPECIFICATION OF DIFFUSION
COEFFICIENT AND SOURCE TERM AT GRID POINTS

ENTRY GAMSOR

DO 500 Jei M1

DC 500 le1,L9

GAM(1,J)=O1FCOF
500 CONTINUE

DUE TO SYMMETRY CONDITIONS AT THE TOP AND BOTTOM

o000

o0
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DO 586 [=1,L1

GAM(],1)=d.

GAM( I .MT)=d,
508 CONTINUE

DUE TO ABSENCE OF INFORMATION AT THE DOMAIN OUTFLOW
BOUNDARY :

0O000

DO 502 Jw2 M2
502 GAM(LY,J)=R.@

THE SOLID REGION GAMMA VALUES ARE ASSIGNED KERE.

IF (RP.£Q.0.8) THEN

DO 60 J=i,JE-1

DO 60 ImiBGAM,]EGAM-1
€0 GAM(1,J)sWALDIF

RETURN

ENOIF

o000

IF (LCHOCE.EQ.®) THEN
DO 1006 I=IBGAM, JEGAM-1
DO 1086 J=1,JEND-1
GAM(1,J)=WALDIF

1086 CONTINUE
RETURN
ENOLF

00 820 I=IBGAM, | EGAM-1
DO 808 Jei,JE

820 GAM(1,J)=WALDIF
ISTRT=]BCAM
1F INSH= [ EGAM-1
DO 801 JsJE, JEND-1
ISTRT=[STRT+1
IFINSHw]F INSH-1
DO 822 IwISTRT,IFINSH
GAM(,J)wWALDIF

802 CONTINUE

881 CONTINUVE
RETURN
ENO
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APPENDIX D

Particle Trajectory Calculation Program

The trajectory equations governing the behavior of a
particle subject to electrostatic forces in a viscous flow
around a rectangular fiber were derived in section 4.8.3. To
integrate those equations in order to determine the particle
position at any time during its travel in the calculation
domain, a computer program was developed to perform the
integrations using the Runge-Kutta method. A listing of the
program is enclosed at the end of the appendix.

Prior to describing the program, a few words about the
region around the fiber under consideration, within which
the particle trajectories are to be determined are in order.
This region or domain could be of any reasonable size and
shape if the fluid flow in the domain could be expressed
analytically. But since, the fluid velocity components in
the case of viscous flow around a rectangular fiber are only
available in discrete form at certain locations around the
fiber (control volume faces), as obtained previously in this
study, the domain considered for the trajectory calculations
must be identical to that wused for the flow field
calculations including the same control volume layout so
that the previously calculated fluid velocity components

corresponding to a given fiber aspect ratio and solid-volume



fraction can be used.

The trajectory program basically consists of two main
subroutines named GRID which deals with setting up the
calculation domain and IMPINGE which integrates the
trajectory eqautions in that domain.

In the subroutine GRID, the program user should specify
the dimensions of the calculation domain and rectangular
fiber according to the desired values of b/w and a, number
and distribution of grid ©points, computer file name
containing the previously calculated values of the fluid
velocity components corresponding to the specified values of

b/vw and a, type of electrostatic interaction, Coulombic or

inductive, and value of the corresponding dimensionless
electrostatic force parameter NC or NI. The computer then
calculates the x- and y- locations of the control volume

faces according to the user’s specifications so that the
resulting control volume distribution is identical to that
used for the flow field calculations corresponding to the
given values of b/w and a. Further, the origin of the
cartesian coordinate system is moved from the lower left
corner of the domain to the center of the fiber for the
present calculations and all the length parameters are
non-dimensionalized by the fiﬁer width, w, in compliance
with the non-dimensional trajectory expressions given by

equations (4.112) and (4.113) or (1.114) and (4.113)
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depending on the type of electrostatic interaction. Next,
the stored values of the fluid velocity components are read
into the corresponding variables, u and v, which are
subsequently non-dimensionalized by the mean fluid velocity
normal to the inflow boundary. At this point, the computer
returns control to the main program and immediately calls
the subroutine IMPINGE.

The calculation of trajectory of a point-mass particle
is initiated by supplying to the program the x- and y-
coordinates of the starting travel point of the particle
along with i and jJ values of the control volume which
contains the starting point. The x- and y- coordinates of
the starting point are stored, respectively, in YP(1) and
YP(2). Next, in order to determine the fluid velocity at the
particle position, it is assumed that the fluid velocity
components, UF and VF, vary linealy bet@een adjacent control
volume faces with the slope and intercept signified,
respectively, by CU2 and CUl for the u- component and CV2
and CVl1 for the v- component, being calculated in the
subroutine CONSTS. Having obtained UF and VF at the particle
location, its velocity components UP and VP can be
calculated according to equations (4.112) and (4.113) or
(4.114) and (4.115), respectively, depending on the assumed
electrostatic interaction. These starting UP and VP values

are necessary for calculating the approximate time that
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takes the particle to travel through the starting control
volume. This travel time is then divided into many small
intervals along which, the trajectory equations are
integrated continuously until the particle exits the
starting or "old" éontrol volume and enters a new one as
verified by checking the particle position at the end of
each integration step against the 1location of the “old"
control +volume faces in the direction of motion of the
particle. The travel time calculations are performed in the
subroutine TIMCOR in which, the direction of motion of the
particle is determined by the sign of its velocity
components and the shortest time taken to cross either the
vertical or horizontal face of the "o0ld" control volume is
considered as the travel time, TX.

As mentioned, the integrations are carried out using
the Runge-kutta method which was formulated and programmed
by the University of Minnesota Computer Center and attached
to the present program as subroutine RK which is described
in detail below.

At the end of each itegration step, the new particle
position is checked to see if it has entered a new control
volume and/or "penetrated” through the fiber which is an
indication of the particle being captured by the fiber. In
the event that +the particle 1is found in a new control

volume, its current position 1is treated as its starting
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position in the new control volume and the procedure
described above is repeated. The calculations continue until
the particle is either captured by the fiber or exits the
calculation domain. Of course, the objective of trajectory
calculations is to determine the starting y- coordinate of
the critical trajectory which, as described 1in section
1.8.3, is used to determine the single fiber efficiency due

to electrostatic forces.

D.1 Runge-hutta Integration Method

The trajectory equations were integrated wusing a
subroutine from the library of the University of Minnesota
Computer Center entitled "Runge-Kutta differential equation
solver with variable integration step and automatic error
control"”. This subroutine used Runge-Kutta formulas of
fourth order accuracy.

The Runge-Kutta subroutine is called by the following

statement

CALL RK (T, TF, YP, F, DERIV, N, EPS, ETA, IDRK, TEMP, DT)

where.
T1 The beginning of time step with which the

integaration begins.
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TF The end of time step to which the system of

equations are to be integrated.

YP An input array of N elements containing unknown

dependent variables.

F An output array of N elementse containing the
derivatives of elements of array YP. For example,

in the case of present study,

X x
dx* nc Xp Xn
3 x i .
F(1) = —E = 0" - X . [—5 1
dt i=1 r r.
Pj i
b 4 b 4
dy* Ne yp “n
b 3 i ] )
F(2) = f - v - N by [ ‘i *3 ]
dt i=1 r rn
Pj i
for the case of Coulombic forces and
d'* n x* x*
) N o VC P, n,
F(l1) = i N = { | ¥ 3 ]
dt i=1 r r
Pj i
x n y* }_t
dy c P. n.
£
F(2) = P=v? - T (—= )
dt i=1 r r
Py i
for the case of induced forces.
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Name of a subroutine with 3 parameters in the
order of T, YP, F, which computes elements of

array F based on given values of [ and YP.

Number of equations (N = 2 for the present case).

The relative error allowed in the YP elements in

any integration step. A value of 10 ' was chosen

for EPS in the present calculations.

An array of N numbers which serves as the absoclute
error criterion in the automatic stepping process.
Each ETA element applies to the corresponding YP
element. Both ETA elements in this study were set

equal to 10_6.

An input control parameter which is positive for
the first call tc RK and negative for subsequent
calls. When ID is negative, RK uses the same DT
(see below) for each portion of the interval to

satisfy the error criteria.

Temporary storage array which must be dimensioned

at least 4*%N elements.
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DT The integration step size in the Runge-Kutta
equations. When RK is finished, it is the step
size for which the system of equations was last
being integrated. This is not necessarily
(TF - TI) since RK chooses an appropriate DT for
each portion of the interval to satisfy the error

criteria.

The RK method used here first integrates over the whole time
interval in one step, then in two steps and compares the
results using the error parameters to see whether or not the
interval should be halved and the integration attempted
again. If 5 successful steps are made without halving, RK
attempts to double the step size. Both relative and absclute
error criteria are used and if either is satisfied for all
YP elements, integration resumes.

Thus, the accuracy of RK is not governed by the time
interval (TF - TI), but rather is governed by the values of
EPS ans ETA used. Marple (1970) investigated the effects of
values of EPS and ETA on his results by considering the
following two cases:

CASE ETA EPS

1 10 10

2 10 10
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He found his results for both cases to be identical up to 6
to 7 significant digits but the computer run time for case 2
was about 16 times longer than that for case 1. Note that

the values of case 1 are same as those considered 1in this

study.
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COBSCBSC0C0000RCPINRIONIRRINOOETOORIREREORIEINIARIPRISENOIIEROIEORIORODS
call grid
cal! impinge
stop
end
COROOAORINENIEINOONOROONEITTEOCINERINIERINREITEITOTONNEEsRROIRNOIRITDPTSITS
subroutine grid
Cossen
parometer (idm40, jdmed)
common/gridd/x1,x(ia), xu(id),xcv{id), xdift(id),11,12,13
& yly(ja),yv(jd) . yev(jd) ydit(jd).m1 ., m2,m3
common/congt/pi,dp.qch, ichek,xmid,ddis,width,rr qcharge
common/flow/u(id, jd).v(id,jd)

COBS00000NCRIIRNNRINORIENNRLNITIRRNROOOREsINEERIEOItIEtEniOaOIIEOIRINS

¢
597 open (unitm8 filem’reiec.d’' ,status='0OLD")

¢ print e, ‘enter length of calcuiotion domoin, x| :*
< read s xi

read(8,¢)xi
¢ print ¢, ‘enter width of caiculation domain, yl :°'
< read e, yl

road(s.ogyl
c print o, ’'enter haif of width of whoie rectangle :°*
< read s width

read(B.¢)width
¢ print ¢, ‘enter length of whole rectangie :°

¢ read e, xlength
read(8,¢)xiength
print s, 'enter volus of xmid :'
[ read ¢ xmid
read{8,¢)xnid

o

open(unite? filem'en.out’, statusm’UNKNOWN'}
open(united, file='es2.0ut’ stotusm’  UNKNOWN')
CONANOVO ORI IRONIUNENREEENOBRIIERNEPORIIRANRONIEOINOIRIEDNRSRGetRRES
[
¢ print «,'is this run for induction forces or cauiombic
¢ & forces (enter "1” for ind. & other for coi.)’
reod(8,e)ichek
If (ichek.eq.1) then
3 print o,'enter the value for dimensioniess ind. paromter’
reod(8.¢)qcharge
sine
¢ print ¢ ‘enter vaiue for dimensionless coulomdic parameter:
read(8,e)gcharge
endif

qchmqchorge

dhm(4 . Qewidthexlength)/(2.ewidth+xlength)
pi=3. 1415926

rhoow1,208

omu=18. 39

omwo | |=1 8e1S

rrmxiength/2.

o

xu(2)=d.0
auixal
xxwer
xrmxmid-xx—0.859
ibw?
do 19 =3, ib
18 xu(i)mxu(i=1)+xr/(ib=2)
dxmd 213

if (muix.ne.®) then
do 1080 iw! mulx
1000 xu(ib+i)wxmid—xx—(mulx—i+1)edx
ondif
ippmibemuixet
xu(ipp)mxsid—xx

13 continue
do 12 imipp+t,ipp+8
xu{i)wxu(i=1)+rr/9.9
ip=i
12 continue
do 14 imi jp~=2
ippwitip
xu(ipp)mxmid—xu(ip+ti—i)+xmid
14 continue
(tmipp+1
xu(tt)mxi
dxlmxmid=rr
dx2exmiderr

¢ this loop determines the '|° begin ond end locations of the
solid rectongle for loter use in Qomsor where ¢ larae aammo

o




22

16

17

18

7%

202!

2005

2082
2003

35
2004

[TT X1

do 22 imib, !t

it gxu(i;-dxl).10.0.06000081) ibgaommi
if xu{i)}=dx2).le.2.20000001) isgommi-1
continue

yv(2)=e.8
jo=t

J

do 15 j=3,je
yv(j)myv(j=t)+wiath/(je-2)
continue

nuly=3

dy=d .91

it (muiy.ne.8) then
do 18 j=1.muly
yv(jotj)mwidthejedy
endif

jaddmjetmuiy+1
yv(jdd)mwidt 2. 050
dyy=(y1/2.)-yv(jdd)
do 17 jm;dd+1, jdd+4
yv(j)myv(j=1)+dyy/4.
Jpp=}

continue

yhateyt/2,

do 18 ]-l jpp=3

ip=

Y'(Jp) (Yhﬁ"YV(JPP'J))*Y"O'
continue

Rlmjp+s

yv{ml)=yi

continue

alphomwidthexiongth/(xleyl}

[2wmi1=1

$3m12-1

A2emi-1

aden2-1

ddisewidth

x(1)mnu(2)

do S im2,12

x(i)md. 88e(xuli+1)+xu(i))
x(11)oxu(11)

do 6 iw2,11
xuli)m(xu(i)=xmid)/dais
do 7 iwm) {1
x(i)mw(x(i)=-xmid)/ddis
xiwxl/ddis

y(1)=yv(2)

do 2001 j=2.m2

y(1)=8.38e (yv(j+1)+yv(j))
y(m1)eyv(mt)

do 2803 =1, m
Y'(;)-YV(i)/ddil
y(i)my(j)/ddis
ylwyi/dais

do 2002 i=2, 11
xdif(i)mx(i)=-x(i=1)
do 2083 iw2,12
xev(i)mxu(iei)=xu(i}

do 35 itz .mt

ydif(jl=y(i)=y(j-1)
do 2004 (=2.m2

yev(j)myv(j+1)=yv(j)

coiculate fiber aspect rotio

c

Ceooe

boveraowxlength/(2.ewmidth)
print grid locations
write(1,148)

'rillt1.149)

write(1,152)

write(1,151)

it (ichek.eq.1) write(1,483)
it (ichex.ne.1) write(1,484)
write(y,485)qch

write(1,421)
write(1,422)x!.yl,.ctpho
write{1,423)width, xlength
write{!,486)bovero,dh

380
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1801 if (lend.eq.i11) go to 1010
ibegmiend+
iend=iend+9
iendwmin@(lend, 1)

write(1,58)
vril031.51;(1.i-ibcq.icnd)
write(!,58)(xu(i),i=ibeg, iond)
go to 1001

1018 jend=®

write(1,50)
101t if (jend.eq.m1) go to 102¢

jbegmiend+1
jonomjena+9
jend=min®{ jend.m1)
-rlto§1.50$
write 1.54)2j.j-‘bug.jona)
rite(1,57)(yv(}). 1= beg. ena)
go to 1011
1020 continue
c
e print s 'enter nome of velocity data file :'
open(unit=s3, file='ruvdco14.02" stotusm UNKNOWN' )
c
¢ recd the u and v veiocity voiues oiready coicuicted ond
< stored in the above datg file
<

do 40 ni=1,2
it nf.lq.?)voad(S,AZO)((u(i.jg.i-1.I1;.i-|.M|)
if (nf.0q.2)reco(3.420)((v(i,))}.imt 11}, =i ml1)
428 format(ix,10(e12.5,1x))
49 continue
close(unitm3)

modify boundory conditions according to periodic flow
assumption

nnoan

do 2731 je2,m2
2781 u(11.m2-j+2)mu(2,j)
do 2792 j=3.m2
2792 v(11 . m2-j+3)m=v(1,j})

[
usum=9 .9
do 41 jm2 . m2
41 ysumsusumtu(2, jleyev(j)
uavgwusum/y |
remrhogeuavgedh/omu
[
c non~dimensional ize velocity components by mean velocity
c

do 20088 i=2, (1

do 2006 j=2,m!

usi.j)-u(i.jg/uovq

v(i,j)}mv(i.j)/vavg
2006 continue

c write(9.0)((u(2.)).u(11.j)),j=2.n2)

write{1,487)

'ritc§1.485)ro

write(1,487)
59 formot{1x,1h )
51 'ornot§1:.'i -',2-.9(14,Bx)g
%4 formot{ix, | »' ,2x,9(i4, 8x)
56 formot({1x,’xu =’ ,ip9e12.4)
57 fornot%lx.‘yv =' 1p9e¢i2.4)

148 format(’'ceicuiation of particle trcjectory around o rectan.’)
149 format('fiber under influence of electrostotic field')
156 formgt(’eesssesseerccesscnscccncsensoscsssvscssonsssnsacscsnes’)

151 format(’® *)

421 formot(/,3@x, ' rectanguiar geometry’)
422 format(/.2x, xim' ,16.2,5x,'yi=' 16.2,5%, "aipho=',18.4)

482 format(/,2x, 'particie radius : ',e10.5)
423 format(/,2x. half of width of rectongle :',110.5,/ 2x,
+ ‘length of rectangle :°f12.5)

483 format(/.2x, etectrostatic forces due to induction chcrqinq‘g
484 format(/.2x,’electrostatic forces due to couiombic charging’
485 format(/.2x,'corresponding dimensioniess parometer :',e12.4)
486 vornotE/.Zx.‘b/a rotio :',f10.4,10x,'hyd. diometer :',f18.4)

487 tormat ‘--.oo.-u--co-------nco--.-cc:oo-oc-.-.-.s.-.-:oao-.ooo")
488 formot(2x, reynoids § :°,112.4)
[
return
end
<

c.....‘...-..l......l.l.........ll.--.--....-.....-.‘.........l.
subroutine impince
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porometer (idw4a@, jomded)

eonlon/gridd/xl.x(id).xu(id).xchid).xdif(id),[1.|2.l3.
& ytoy(id).yv(je),yev(jd).ydit(jd).m1 . m2.m3

common/const/pi,dp.qch, ichek,xmid.ddis,width,rr,qcharge

connon/flo'/u(ld ja)y.v(id, ;d)

common/f locon/cut, cu2,cvl, cv2

connon/unor/iini!.]init

dimennion yp(2).7(2).eta(2), temp(20)

dimension ypv(50), ynv(50)

common xpc{5@),xnc(58).yc(50)

dimension xpv(52), xnv(sa) tp(50),rn(50)

externai deriv

COPBOIOPERIINEIPICIORTIITPOICRIECIDOPRORIVIONOISESOINONRERONPORERNDS

dota eta/2e1.e-6/

[
print =, ‘enter starting x—locotion of particle in
&dimengional form :°
reade xpinit
print e, ‘enter storting y—location of particle in
&dimensional form :'
recde ypinit
c
< non—dimensionalize length parcmeters by width of rectongie
3
xpinitm(xpinit-xmid)/ddia
ypinitaypinit/adis
[

write(1,380@)xpinit,ypinit
print o, 'enter i & j valuss for the ¢.v. of stort ;'

print o ‘enter i :’
recd o,
print =, ‘enter | :*
recd o, j

write(1,300%)i,]
3ee1 format(/,2x,'starting i velue :',i5,/.2x,'starting
j votue’,i8)
3002 format(/.2x,’'initial x~locotion of particie in dimension—
&

less form :*,f18.4,/,2x,'initiol y=-locotion of
& porticlie in dimension~iess form:' ,119.4)

c

natep=d

ti=0.0

yp§1 =xpinit

yp{(2)®ypinit

call consta(i,j)
¢
calculote fluid velocity ot particle position
¢

ufmcut+cu2eyp(1)
vimeviscv2eyp(2)

[
cplaoce line chorges on fiber ond calculote their coordinates
<
ne=S59
do 4581 ikm) nc
xpe{ik)m~rr/dgis
xnc{ik)mrr/ddisn
4581 continue
yincwwidth/(ne—1)
do 4502 k=) nc
ye(jk)={jk=1)eyinc/adis
4502 continue

x1=d.9
x2%0.9
xeum=P . d
do 3500 ik=i, nc
rp(ik)e{ypl 1 )—xpc(ik))oe2+(yp(2)-yc{ik}))oe2
ro{ik)=(yp(1)=xnc(ik))}ee2+{yp(2)-yc(ik))se2
xpv ik)-yp(ig-xpcsik
xav{ik)esyp(1)=xnc{ik
if gichok.cq.1) then

rp !k;-rp(ik)co2
ra(ik)mra(ik)ee2
11-l1+{xpv§ik)/rp§ikgg
x2mx2+(xnv(ik)/en(ik
go to 35e@
endif

xsummxsume(xpv(ik)/rp(ik))={xnv(ik)}/rn(ik))
3500 continue
if (ichek.eq.1) then
it (yp(1).1t.xu(11).0r.yp{1).gt.xu(28)) then
if obsE:l).qo,ublE:Z § Xgummxi-x2
it (obs x2 xgumex2-x1
olse
xgux14x2
endif

x1).1t.abs
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yl=8.06
y2=e .0
ysumsd . 0
do 3581 jke=1,nc
yovgjk -ypézg-yCEik
ynv{ jk)myp(2)~yc(jk
ichek.eq.1) then
yloyl+ yvvgik)/rv(Jk)
y2ey2+(ynv{jk)7/rn(jk)
go to 351
endit
ysummysums (ypv(jk)/rp(jk))-(ynv(jk)}/rn(jk})
358t continue
if (Ichek.eq.1) then
it scbsiyl;.go.abl(yzgg ysummy1=y2
if (obe(yl).It.adbs(y2)) ysummy2-y1
endi
[
c write(1,3502)((xpe(k),xnc(k),yc(k),rp(k),rn{k)
&, xpv(k),xav(k)) ke, ,nc)
3502 fornot(1x 1p7el®.3)
3 write(1,3503)xsun,ysunm
3503 format(/, 'xsum = °,112.4,18x, 'ysum = ' 12 4)
¢
colcutate particle velocity components
¢

upm uf+qchexsum
vpwyf+qcheysum

write(1,3002)
write !.25)i.J.yp(1).yp(2).uf.vf.up,vo
write(1,3007)
write(9, 3067)

3087 'oraal(/ 2:. - TRB RN R E TR SN b FPREANS [ FIRE Y AN
& 19x, tl .19! di' 1ex, "’ ll.p')

25 formot(2i3,1p6e12. 3)
3002 1orlet(/ 2:. i'.Zx Jrottx, et x,tyt 10k, et

10x, L 10x, up' 18x,’vp')
c
26 call consts(i,j)
idrke ( )
call timeor(i,j.tx,yp
30 timtf

tfmtisd. O1otx

if (ichek.eq.3.0nd.yp(2).1t.1.8) then

if ypél .g(,xugieg.ona.yp(ig.1t.xu(11)) tfmtistx
if (yp(1).9t.x0(28).0nd.yp(1).1t.xu(29)) tfetistx
endit

netepmnatep+s

e

coll the runge~kutta subroutinae to begin integrations
col) rk(ti,tf,yp.f deriv,2,1.0~7,eta,idrk,temp,dt)

1drim—1

lolgmi

joidm)
cesvescheck if particle has crossed grid lines.
c

it yp(1g.qo.xu i+1)) Imiet
it ypEl Atexu(i)) imi-t
e (yp(2).9e.yv(j+1))jmj+t
H (yp(2).it.yv(j)) jmj-1

cosoanfollowing vaiid for point-moss particlies.

if (lold.eq.i.ond.jold.eq.]) go to 3@

write 1.3003; Pojoyp(3),yp(2).tf,tx, dt natep
I3 write(9,3004)i.).yp(1).yp(2)
3084 format(213,1p2¢12.4)

print e.i,f,yp(1),yp(2)
3083 format(2i3,1p5e12.4,i14)

3
cesssocheck if particie hits rectaongle
¢
xlimiturr/ddis
ylinitewigth/ddis
e print o xlimit yiimit, yp(1), ypg g
if (cbn(yp(l)) ie.xlimit.ong. yp(2).le.yiimit) then
write(1,179)
print o, ‘'particle impocts on the fiber’
Qo to 188
ondit
it (yp 2;.Io.1.9) then
it ypgi .gt.xu(10).and.yp(1).le.xu(11)) then

write(1,170)
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AL B J
y2=0.0
youm=s. 0
do 3581 jkei,nc
yov @k;-yv(Z)-r=§ik;
ynv(jk)eyp{2)-yc(jk
if {ichek.0q.1) then
yi-yi’(yPV§jk>/rn(jk;;
y2wy2+(ynv(jk)/rn(jk
go to 3501
endif
ysumsysunt(ypv(jk)/rp(jk))=(ynv(jk)/rn(jk)})
3581 continue
it {ichek,eq.1) then
it 2°Fl(71)A90-ob:(y2)) ysumey |-y2
it (obs(yt).lt.obe(y2)) ysumey2-y!
endif
c
< write(1,3502)((xpe(k),xne(k),yc(k),rp(k).rn(k)
¢ Lxpv{k),xnv(k)) k=1, nc)
3502 format(tx,1p7e10.3)
< write{1,3583)xsum,ysum
3503 format{/, ' xsum = ' 112.4,1@x, ' ysum = °* {12 4)

e
calculate particle velocity components
[

ups uf+qchexsun

vpmv{+gqcheysum

write(1,3002)
write(1,25)i.j.yp(1).yp(2),ut vl up.vp
write(1,3007
c write(S,3007
3087 format(/.2x,"i'.2x,"'j  ,11x,'x’, 11x, "y’ ,10x, " tf",
19x,"tx’,10x,'dt",19x, 'step"’)
25 format(2i3,1p6e12.3)
3082 format{/.2x,"i',2x, j " . 11x,"x" ,11x, "y’ 19x, "uf",
& 19x, "vf’,10x,"up' ,18x, 'vp')

[
26 call conste(i,j)
idrkm)
eald timeor(i,j.tx,yp)
30 tiwmtf

tfmt i . O10tx

it (ichek.eq.1.and.yp(2).1t.1.8) then

if yp(1)4qt.xu(10).ona.yp(1g,It‘xu(11g tfmtittx
it (yp(1).gt . xu(28).0nd.yp(1). 1t.xu(29 ; tfmtistx
endif

nstepmnatep+!

¢
cal! the runge—kutta subroutine to begin integrations
c
call rk(ti,tf,yp,f.Coriv,2,1.6=7 0ta,idrk, tamp,dt)
c
fdrke={
ioldmi
jolgwj
ceessacheck if particle hos crossed grid lines.
c

f (yp(1).go.xu(i+1)) imiet
f yp(]).ll.xuéi)) imi=1

f (yp(2).ge.yv(j+1))j=j+1
f (yp(2).1t.yv(j)) jmj-t

- -

c
¢csssoefolliowing valid for point-mass particles.
<
it (iocld.eq.i.and.jold.eq.)) go to 3@
write(1,3003) i.j.yp(1).yp(2),tf, tx,dt nstep
c write(9.3004)i,),yp(1).yp(2)
3004 format(2i3,1p2e12.4)
print o,i,j,yp(1),yp(2)
3003 format{2i3,1p5e12.4,i14)
]

ceesescheck if porticle hits rectongle
c
xlimiterr/ddis
ylimitwwidth/ddis
< print ¢ xlimit, ytimit,yp(1),yp(2)
i1 (eba(yp(1)).le.xlimit.ond.yp(2).le.yiimit) then
write(1,170)
print e,'porticte impocts on the fiber’
go to 168
endif
H (yp 22.1..1.0) then
1 Cyp(1).9t.xu(10).0nd . yp(1).le.xu(11)) then
write(1,170)



go to 168
enaif
c
1t (yp(1).90.xu(28).and.yp(1).1t.xu(29)) then
write (1,170)
print o, 'particle impocted on the fiber'
go to 158
ondif
endlf
¢
it (yp{1).gt.xu{11).ond.yp{1).1¢t.xu(28)) then
it (yp(2).19.1.2) then
write (1.170)
print o, 'particle impacted on the fibar’
go to 168
endif
endif
]

if (yp(2).gt.yv(mt))write(1,173)
it (yp(2).1t.yv(2))write(1,174)
cessscheock for error in grid location indexing
it yp(!%.gt.xu(i#‘).or.yp(1)‘lt.-u(i)g go to 180
it (yp(2).9t.yv(j+1).or.yp(2).1t.yv(j)) 9o to 161
go to 26
160 write(1,165)
go to 188
181 write(1,186)
e
185 format('Incorrect grid indexing in x—direction’)
166 format{’Incorrect grid indexing in y—direction’)
17@ format('porticle impacted on rectangie')
171 formot('porticle impacted on top of rectangie.’)
172 (ornct?'portic!. exiting domain from right')
173 format('particie exiting cdomain from tett')
174 format{’'particie exiting domain from bottom')

if (yp(? .qt.xu(r1§;-rilo(1.172)

3
188 return

end
<
CUSROENOEIN0CONNIENIEIERIROGOUICOINOLORNTOIONENPORNROINREERORGEEN
< assuming @ linear variection of u ond v between adjocent c.v.
¢ faces, this sudroutine calculctes the siope aond intercept for
< caiculction of fluid vetocity at particte position
Y TYYY
subroutine conste(i, )
Ceoasem
parometer ([dw4d, jdwsed)
common/gridd/x) ,x(id),xu(id),xev(id),xdif(id),11,12,13
& yloy(jd)oyv( d).yev(jd).ydif(jd) . mt, m2 a3
common/const/pi,dp,.qch, icnek. xmid, ddis, width,rr,qcharge
common/f low/u(id, jd) ,v{ic.ja)
common/flocon/cul, cu2, evl, cv2
dimension yp(2),f(2),eta(2),temp(20)
cCeeene
Cl‘lu(i+1§—lu§ig
GMVEjH =yv(j
dugxm(u(i+1, —u(i.j;;/dx
dvdy-ﬁv(i.jé‘ =v{i.]))/9y
eulmy(i, j)=dudxexu(i)
cu2edudx
evimv(i, j)=dvdyeyv(j)
ev2mdvdy
Cosene
return
end
COBOPERASOIPOIRIN IS PRIt RRERSEORIRIPIVPICRROIRERNIININREIEReNEOEEsORS
[ thie subroutine approximates the minimum time taoken by particle
[ to cross a control volume
c

subroutine timcor(i,j,tx,yp)
cCoosoe
porometer(idw4d, jdmeR)
counnn/grldd/xl.x(id;.:u(id).xcvgid).xdi!(id),ll.l2,13,
& yt.y(jd).yv(jd).yev(jd),ydit{jd),m1 ,m2,m3
common/const/pi . dp.qch,ichek,xmid, ddis, width.rr,qcharge
common/flow/u(id,jd),v(id, jd)
common/f locon/cul ,cu2,evl, ¢cv2
dimension yp(2).1(2),eta{2).temp(20)
dimension ypv(50),ynv(50Q)
common xpc{50),xnc(5Q),yc(50)
dimension xpv(50},xnv(5@),rp(50),rn(50)

Cossen
uf-cu!#cuZ-yps1g
vimcvitcv2eoyp(2

¢ reyp(1)es2+yp(2)es2

c if {ichek.eq.1) rwres2
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¢ vpwvi+qcheyp(2)/r
nc=50
x1=d. 0
x2wd .0

zaum=d . 0
do 3580 iket,nc
rp(ik -Eyp§\;-xpcgik;gtﬁzf(yp(zg-ycéikgg-'2
rn(ik)m(yp(1)=xnc(ik))ee2+(yp(2)-yc(ik))se2
zpv{ ik -ypéig-:pcﬁih
xnv{ik)myp(1)=xnc(ik
if gichok,cq.l) then

rp !:gorpgi:guog
ra(ix)=srn( e
xl-ﬂ#Expvsik /ra(ik;
x2ex24+(xnv (i ra(i
2mx2 ik)/ra(ik
go to 3500
endif

xsummxaums (xpv(ik)/rp{ik})=(xnv(ik}/rn(ik))
35@0 continue
it (ichek.eq.1) then
1t (yp(1).1t.xu{11).0r.yp(1).gt.xu(28)) then
it éﬂbs(xT;Aqo.ob-(12)§ xaymex1—x2

it {(abs(x1).!t.obs(x2)) xsummx2-x1
else
xoummx {4x2
endif
endif
¢
yi=d. 0
y2eg.@
youmsd @
do 3501 jkwi nc
ypv ik)-yn(2)-yc(jk;
yav(jk)eyp(2)-ye(jk
it (ichek.eq.1) then
y"yH(yPVEjk)/m(jk);
y2my24{ynv(jk)/en(jk)
go to 35
engif

ysummysumt(ypv{jk)/rp(jk))-(ynv(jk)/rn(jk)})
2581 coentinue
if (ichek.eq.1) then
it cbl(ylg.qo.obi(y2)) ysummy1-y2

it (obe(y1).1t.obs(y2)) ysummy2-yt
endif
3
up= uf+qechexaum
vpmvisqcheysum
Ceosns

1¢ (up) 1,2,2
1 !:1-cb;((xu(i)'79("))/UP)
]

t
2!1-:bu((xu(i+1)-yp(1))/(up¢|‘00-20))
it (vp) ¢,5,5
hz-(y;(J)-yp(i’) )ve

90
tx2e(yv(j+1)=yp(2})/(vp+1.00~20)
continue
txwamini{(txt,tx2)
if Elx.lt.l.eo—ls) txmi. Be—10
if (tx.gt.9.5) txm@.5
coosas
return
end
CHSOPOOOUINUENIOININIRIENOEREIRIGITIPEIPIOGETRIINNIEIRERRISEIINIERS
< this subroutine is called by the rk progrom for coicuiotion of
< derivatives of porticle position coordinotes
3

G LN

subroutine deriv(t,yp.f)
Conean
parometer(idesd, jowdd)
cmon/gridd/xl.xéid Jxu(id), xev(id),xaif{id), 11,12,13,
& yt,y(id). yv(j¢),yev(joa),yaif(jd),m ,m2,m3
common/const/pi,dp,qch, ichek,xmid,ddis,width,rr,qcharge
common/flow/u(id,jd).v(id,d)
common/flocon/cut,cu2,cvy,cv2
dimension yp(z).1(2).010(2).lomv(20)
dimension ypv(50),ynv 50)
common xpc(50), :nc(se}
dimension -pv(so),xnv(so) rp(se) rn(50)
coeonoe
ufmcut+cueyp())
vimcyi4cv2eyp(2)
newSd
x1wd .8
x2wd .0
xoum=g @




rp(ik)-éyvgl;--pcgik;)--2+(yp(2)-76(fk))--2
rn(ik)m(yp(1)-xnc(ik))es2+(yp(2)-yc(ik))se2
xpv{ik -ypélg—:pcsik
xnv(ik)=yp(1)}~xnc(ik
If (ichek.eq.t) then
rp(ik)=rp ikgt-z
ra(ik)ern(ik)es2
xtmxt+(xpv(ik)/rp(ik
x2mx2+(xnv{ik}/en(ik
9o to S8
endif
xsummxsumt (xpv(ik)/rp(ik))}=(xnv(ik)/rn(ik))
3508 continue
if (lchek.eq.1) then
it (yp(1). 1t . xu(11).0r.yp(1).9t.xu(28)) then
if (obs(x1).g9a.abs(x2}) xsummx)-x2
if (ada(x1)./t. obs(x2)) xsummx2-x1
olse
Xsumx 1+x2
engif
endif

bAL N
y2=0.90
ysum=9d @
do 3521 jk=t,nc
ypv jk;-yo(2;-yC§ik;
ynv(jk)myp(2)=yc(jk
ichek.eq.1) then
!"7“(79'§jk§/'9 ik;;
y2my2+(ynv{jk)/rn(jk
go to 3501
endif
ysum=ysumt+(ypv(jk)/rp(jk))-(ynv(jk)/rn(jk))
3581 continue
it (ichek.eq.1) then
if Eqbu(y!;.q!.ubl(yZ)) ysummy 1—y2

if (abs(y?).l1t.abs(y2)) ysummy2-y1
endif
[
'(1;- uf+qchexsum
1(2)=vf+qchesysum
Cessee
return
end
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