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ABSTRACT

This report is intended to provide useful tools for obtaining
particle size distributions and graded penetration data from ~ascade
impactor measurements. The programs calculate impactor ~.: .dynamic cut
points, total mass collected by the impactor, cumulative mass fraction
less than for each stage, log-normal size distribution parameters for
the data, and graded penetration. These programs are written specif-
ically for the Texas Instruments SR-52 and TI-59 programmable calculators
and the PC-100A printer. A general discussion of the program, an example
problem, program listing, and user instructions are provided for each
program.
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Mass mean diameter, um
Cumulative mass fraction less than total mass for ith
impactor stage

Inlet cumulative size distribution
Qutlet cumulative size distribution

Inert%g] impaction parameter for 50% collection efficiency on
the i~ impactor stage

h

Weight of particulate collected by it impactor stage, mg

Total weight of particulate collected by impactor, mg

Number of holes on the 1th

impactor stage
Pressure, cm Hg

Penetration of particles with diameter d
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INTRODUCTION

Cascade impactors are the major instrument for obtaining information
on the instack particle size distribution before and after air pollution
control equipment. Data reduction is tedious, time consuming, and
generally requires access to a computer. Thus, there may be a Tong
delay in obtaining reduced data after the measurements are made. Such
delays can be especially troublesome in the field.

Recent advances in calculator technology make it possible to do
much of the data reduction without a computer. Thus, reduced data can
be available shortly after the measurements are made. The ability to
examine reduced data shortly after the measurements are made is especially
important in field tests. Trends and problems can be found while still
in the field and corrective action can be taken to improve data taken
later.

There are two sets of calculator programs in this report--one set
for the Texas Instruments SR-52 calculator and a second set for the
Texas Instruments TI-59 calculator. The programs in each set perform
the following calculations:

1. Calculate aerodynamic cut points for each impactor stage.
Calculate total mass collected by the impactor.
Calculate the cumulative mass fraction less than
for each stage.

4. Calculate the log-normal size distribution that best
fits the data.

5. Calculate penetration as a function of particle
diameter (graded penetration).

The methods used for the first four calculations are the same for
both sets of programs. Graded penetration is calcuiated from the log-
normal fit results in the SR-52 program set and from a spline fit to the
impactor data in the TI-59 program set. A brief comparison of these two
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methods for calculating graded penetration is included. Two additional
TI-59 programs are also provided--one to convert aerodynamic diameter to
physical diameter and one to estimate the viscosity of mixtures of

gases.
NOTES ON THE PROGRAMS

In the user instructions and examples, a convention of underline
letters or numbers has been adopted to dencte the key or keys on the SR-
52 or TI-59 keyboard which should be pressed to conduct the ope-ation
discussed. For example: in the instruction Press A, the underline
indicates that the A button on the keyboard should be pressed. Storage
registers are indicated by Rij' For example: RO] refers to u-rage

register 01.

The programs all make extensive use of the indirect recall and
indirect store features of the SR-52 and TI 59. Thus, it is essential
that the counter for the indirect recall and indirect store registers be
set at the proper initial value and advanced at the required times.

Anyone who wishes to modify the programs should remember that the programs
as written depend on indirect recall and indirect store instructions.

Two of the SR-52 programs store data in registers that normally are
used to store program instructions. This use of the program registers
can cause problems with program execution if the magnetic cards containing
the programs are read improperly.

Magnetic cards are read into the SR-52 calculator by:

Step Procedure Press
1 Enter side A 2nd rst 2nd read
2 Enter side B 2nd read

Instructions for reading magnetic cards into the TI-59 calculator
are given in the appropriate user instructions.
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The programs as written are for the Meteoroloy Research, Inc. (MRI)
Cascade Impactor. The programs can be modified for use with other
impactors provided:

1. Calibration data for the impactor are available.
2. Number of useful stages 27 (including filter).

SR-52 PROGRAM SET
GENERAL DISCUSSION

The SR-52 program set is contained on six magnetic cards that must
be executed in the following order: Cards 1, 2, 3, 4, 5 for inlet data;
Cards 1, 2, 3, 4, 5 for outlet data; and then Card 6 for combined inlet
and outlet data.

Card 1 is used to calculate and store the aerodynamic cut diameter,
dA50’ for each impactor stage. Impactor flow rate and impactor temperature
are entered before the calculation.

Card 2 is used to calculate and store the total mass collected by
the impactor, MT’ and the cumulative mass fraction less than total mass
collected by each stage, fi' Mass collected by each stage, Mi’ is
entered and printed before the calculation is performed.

Card 3 is used to print MT’ dA50’ and fi'

Card 4 is used to transform the fi so that a log-normal fit to the
data can be calculated using Card 5.

Card 5 is used to calculate a least-squares best fit to the data
transformed by Card 4. The log-normal parameters, mass geometric mean
diameter, dg, and geometric standard deviation, o, are printed along
with the least-squares fit parameters, A and B for y = A + Bx, and the
correlation coefficient, rz.



Card 6 is used to calculate and print the graded penetration for
two log-normal particle size distributions. Inlet mass concentration,
WI. outlet mass concentration, wo, inlet geometric standard deviation,
ors outlet geometric standard deviation, A inlet mass mean diameter,
ng, and outlet mass mean diameter, d__, are entered before the calcula-

go
tion is performed.

The programs on each card are discussed in detail in the next sections.

Card 1

Card 1 is used to enter the impactor flow rate, Q, in either ft3/m1n
or 1/min and the impactor temperature, T, in either °F or °C. The program
on the card then calculates dASOi in umA* for each stage. The dA501 are
stored in the calculator for use by other programs.

dA501 is given by

_ f£0.135 un D.3N.K .
Q x 107

where u = the viscosity of the gas in poise
Di = the diameter of the holes on the ith stage in cm
Ni = number of holes on the 1th stage
Q = gas flow rate in 1/m
K501 = inertial impaction parameter for 50% collection
efficiency on the 1th stage
Keg; = dgg; Co Vi/9u D, X 108
d501 = physical cut diameter, um
C = Cunningham correction factor
0 = particle density
' = Jet velocity for ith stage, m/s

*The convention to denote aerodynamic diameters by umA will be used
throughout this report.



The gas viscosity used in the program is for air and is estimated by

4 7

i = 1.68 X 1077 + 2.292 X 107" X (1.8 T + 32)

where uis in poise and T is in °C.
The value for K501 should be based on experimentally determined
calibration curves. If such curves are not available KSOi = 0.2 can be

used.

Equation 1 can be rewritten as

dhsoi =/ Cpp/(@ X107

stage constant for the 1th stage,

where Ci

0.135 aDioN.K

Cs K50

Ci must be calculated at the time the calculator is first programmed and
is stored in registers R91 - R97. When a program with Ci stored in
these registers is recorded on a magnetic card, the Ci are recorded on
the card and become a permanent part of the program.

Ci for the MRI and University of Washington cascade impactors are
shown in Table 1.

To use the program with an impactor other than the MRI impactor,
store the appropriate stage constants in R9] through R97.

Card 2

Card 2 is used to enter the mass collected on the ith stage, Mi’
and to calculate MT and fi’ The Mi are entered in order of i =1 to i =
N where 1 = 1 is the stage with the largest d501 and i = N is the

filter.



Table 1. VALUES OF STAGE CONSTANTS FOR MRI AND
UNIVERSITY OF WASHINGTON IMPACTORS

MRI University of Washington
Stage Ci Ci Store in
1 5.4069 X 1072 7.4123 X 1072 -
2 6.8611 X 1072 9.3954 X 1072 Ry
3 2.1484 X 1072 1.3376 X 1072 Rg3
4 3.8666 X 107° 1.7759 X 1073 Rq
5 1.0147 X 1073 1.8378 X 1073 R
6 3.5065 X 1074 4.2206 X 107 Rge
7 2.2899 x 107 1.0104 x 1074 Ry

MRI stage constants for stages 4, 5, 6, and 7 are based on EPA/IERL-RTP/
Particulate Technology Branch impactor calibration data. University of
Washington stage constants and MRI stage constants for stages 1, 2, and 3
are based on Southern Research Institute calibration data.



The total mass collected is given by

The cumulative fraction less than the total collected on the 1th

stage, fi’ is given by

o N
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where j = 0 is the filter.
The fi are stored in the calculator for later use.

The cut points for the first two stages of the MRI impactor overlap.
The masses collected by these two stages should be manually added together.
The sum M] + M2 is then entered into the calculator and is automatically
attributed to the second stage in the data reduction program. The first
two stages of the University of Washington impactor also overlap and
must be handled in the same way as the first two stages of the MRI
impactor.

The fact that the mass collected on the first two stages are added
together means that there are seven masses entered. These seven M; are
used to calculate six cumulative fraction less than values which are
stored for later use. The number of cumulative fraction less than
values that can be stored is limited to six. If the impactor being used
has more than six useful stages plus filter, the mass collected by the
extra stages can be Tumped with that of the top stage. For example, if
there are seven useful stages 1, 2, 3, 4, 5, 6, 7, plus filter; the mass
collected by stage 1 can be added to that collected by stage 2.



Card 3
Card 3 recalls MT’ fi’ and dASOi from memory and prints them in the

following order: MT’ dA501’ f]""'dA506’ f6'

Card 4*
The fi are transformed to normal coordinates by use of the inverse

normal integral, X, based on the cumulative mass fraction fi

2
f(x) = Sfet/2 gt (7)
AT

where

-
—
|
8
~—
il

0
0.5
1.0

S
-+

o
8
SNt e
noon

Hastings] gives a rational approximation that can be used to
calculate X

Co + € + €, t°
X=1t+[ 5 3 1 + error of order ¢ (8)
le|] ~ 0.00045
L, 1.2
where t = In (——)" for f <1 9
J/ 1-f f 0.5 (9)

The calculator program accounts for all fi since

X (fy=m) = X (f.=1-m) form< 0.5 by symmetry. (10)

For example X (fi = 0.4) = - X (f, = 0.6)

The constants CO through C5 are stored in registers R92 through
R97. The values of C0 through 05 are given in Table 2.

*Much of the original work for the program on Card 4 is due to
H. F. Barbarika of Air Pollution Technology, Inc.



Table 2. VALUES OF CONSTANTS FOR INVERSE NORMAL FUNCTION

C0 = 2.515517 stored in
C] = 0.802853 stored in
= 0.010328 stored in
= 1.432788 stored in
= 0.189269 stored in
= 0.001308 stored in

O OO0
O Bw N
A O O 0 O T

The first time the program is read onto a magnetic card with C0 through
C5 stored in R92 through R97, the constants become a permanent part of
the program.

Card 5

Card 5 is used to determine the log-normal size distribution parameters
for the data entered previously. The log-normal parameters, dAg and o,
are determined by constructing a least-squares straight line through the
data transformed on Card 4. The fitted line is of the form

y = A + Bx (11)

The constants A and B are determined by

y -~ Bx (12)
B=g3 -y Ix (13)
£(x) - (zx)/N

where N = the number of data points.
X = Ix/N is the average value of x and
y = zy/N is the average value of y



The log-normal parameters are given by

(=8
i

exp (- A/B) (14)
exp (1/B) (15)

Q
1]

The correlation coefficient r2 for the curve fit is given by

2

W2 o < b J/ z(xi) - (ZX)Z | (16)
) z(y®) - (zy)"/N

A, B, r, dAg’ and o are all printed.

Card 6
Card 6 calculates and prints penetration as a function of particle
diameter (the graded penetration) for two log-normal size distributions.
The penetration of particles of diameter d, Pt(d), is defined as
W dfo(d)/dd

Pt(d) =
= L

17
I deZdi/dd] (7)

where wo = mass concentration at outlet
wI = mass concentration at inlet
fo(d) = outlet cumulative size distribution
fI(d) = inlet cumulative size distribution

For a log-normal distribution:

2
d -
fd) = _J ‘2}7(]1‘]7,; exp LM{QL] dd (18)
2 ]nzo
Pt(d) becomes
Pt(d) = W_Ino, exp (2% - 7°)/2 (19)
‘o I I 0
WI ]noo
where Z = Ind - Indg

]nc
The program solves equation (19) for the range d = 0.1 to 20 um and prints
d, Pt(d), and 1-Pt(d) (the efficiency) in 0.1 um steps for 0.1 5 d < 1 and

10



in 1 um steps for 1 5d S 20. The printed results are not reliable when
d is outside the range of the impactor data.

The Tog-normal penetrations calculated by this program are a good
representation of the data when the product of the inlet and outlet
21n X rzout’ exceeds 0.985. When the r2 product
is less than 0.985 the calculated penetrations are still useful for

determining trends.

correlation coefficients, r

PROGRAMMING THE SIX CARDS

Programming the cards is straightforward except for Cards 1 and 4.
Data registers that normally store program instructions are used to
store constants used in the calculations for Cards 1 and 4. Special
care must be taken to ensure that the constants are stored in the proper
registers before the magnetic cards are recorded.

Programming Card 1

Turn the calculator on. Press LRN to put the calculator in the
learn mode. Enter the Impactor dA50 program as listed in the program
listing. After the last instruction is entered, press LRN to return the
calculator to calculate mode. Enter stage constants, one at a time, and
store them in the appropriate registers, see Table 1. After the last
stage constant is stored, record both sides of a magnetic card using following
steps: press 2nd rst, insert side 1, press INV 2nd READ, insert side 2, and
then press INV 2nd READ.

Programming Card 4

Turn the calculator on. Press LRN to put the calculator in the
learn mode. Enter the Inverse Normal Function program as listed in the
program listing. After the last instruction is entered, press LRN to
return the calculator to calculate mode. Enter CO through CS’ one at a
time, and store them in the appropriate registers, see Table 2.

11



Record the program on both sides of a magnetic card by following

the same procedure used for Card 1.
USE OF THE DATA REDUCTION PACKAGE

The step by step procedure for using the data reduction package is
given in Table 3. Use of the package is demonstrated in Example 1.

Example 1. Use of Data Reduction Package

An MRI impactor was used to obtain the following data. Use the data
reduction package to reduce the data.

Inlet Out!.c

Q = 9.569 1/m Q = 33.01 1/m
T = 92°C T = 92°C

M, + M, = 0.0746 mg 0.00005 mg

M3 = 0.0199 0.0010

M, = 0.0273 0.0025

Mg = 0.0080 0.0014

Mg = 0.0021 0.0007

M, = (0.0005 0.0009
M8(fi]ter) = 0.0003 0.0014

W = 0.3804 mg/1 W, = 0.00072 mg/1

IN

12



Table 3. STEPS FOR USING SR-52 DATA REDUCTION PACKAGE

Step Procedure Enter Press Display Print
1 Read sides A and B of Card 1
2 Check to see if card read properly RCL 92 Constant
for 1st stage
3 Enter T T°C A T°C
or T°F 2nd A' T°C
4 Enter Q ©Q 1/min B Q 1/min
or cfm 2nd B Q 1/min
5 Initialize E 1.0000
6 Reset 2nd rst 1.0000
7 Calculate dA501 D 0.0000
8 Read sides A and B of Card 2
9 Initialize E 0.0000
10 Enter M, My A 1.0000 M,
M, A 2.0000 M,
Mfi]ter A 7.0000 M8

Note: For the MRI and University of Washington impactors, M] = the sum of
the mass collected on the first two stages. M] and M2 must be added
before the data are entered.

11  Calculate fi B 0.0000
12 Read Side A of Card 3
13  Print MT’ fidA501 f6 MT
das01
f
dp506
13 £



Table 3. STEPS FOR USING DATA REDUCTION PACKAGE (Cont'd)

Step Procedure Enter
14 Read Card 4 sides A and B

15 Initialize

16  Transform fi

17 Read Card 5 sides A and B

18 Initialize

19 Calculate log-normal parameters
20 Read Card 6 sides A and B

21  Enter wI WI

22  Enter wo wo

23  Enter o o]

24  Enter % %

25 Enter ng ng
26 Enter dgo dgo
27 Calculate Pt(d)

Press Display
E 8.0000
A
E 0.0000
A o
2n7 rst
INV READ
INV READ
A
2nd A'
B
2nd B'
c
nd C*
D
9999. 00000

Print

a a s w >

0.10000
W
1R

[e)

In ¢

0
lndg

I
Tn dgo

I

Pt(d)
1-Pt(d)
0.1

Pt(d)
1-Pt(d)
20.0




Solution

Step Procedure Enter
Do inlet calculations

1 Read Card 1

2 Check to see if read correctly

3 Enter T °C 92

4 Enter Q 1/m 9.5696

5 Initialize

6 Reset

7 Calculate dASOi

8 Read Card 2

9 Initialize

Put calculator in fix display mode

10 Enter M] + M2 0.0146
Mg 0.0199
My 0.0273
Mg 0.008
M6 0.0021
M, 0.0005
Mg 0.0003

11 Calculate fi

12 Read Card 3 side A only

13 Print results

15

Press Display Print

2nd rst READ

2nd READ

RCL 91 . 054069

A 92

B 9.5696

E 1.0000

2nd rst 1.000

D 0.00000

2nd rst 2nd READ

E 0. 000000

INV EE 0.0000

A 1 0.0146

A 2 0.0199

A 3 0.0273

A 4 0.0080

A 5 0.0021

A 6 0.0005

A 7 0.0003

B 0.0000

2nd rst 2nd READ

A 0.0028 0.0727
12.3662
0.7992
6.9199
0.5254
2.9356
0.1499
1.5039
0.0399
0.8840
0.0110



Step Procedure

Enter

14

15
e
17

18
19

Read Card 4

Initialize
Transform fi
Read Card 5

Initialize
Calculate

Press Display

2nd rst 2nd READ

2nd READ
E 8.0000
A 0.0000
2nd rst 2nd READ
Znd READ
E 0.0000
A 2.3102

A sample print out for inlet calculations is shown in Figure 1.

Repeat for Outlet

Step Procedure

Enter

1

0 N O W

Read Card 1

Check to see if card read correctly

Enter T °C 92
Enter Q 1/m 33.01
Initialize

Reset

Calculate dASOi
Read Card 2 and change display
to fix mode

16

Print
0.7144
0.0041

1.1943
-2.2263
0.9978
6.4505
2.3102

Print

Press Display
2nd CMS

2nd rst

Znd READ

2nd READ

clr

RCL 91 0.054069
A 92.0000
B 33.0100
E 1.0000
2nd rst 1.0000
D 0.0000 00

2nd rst 2nd READ
2nd READ INV EE 0.0000




0. 0146 FF

0. 0199 FRT
0, 0273 FET

0, noso FRET

0, goz2il FRET

a. onos FRT

o, unos FET

g, Q727 FET

12, 2662 FET

0, 799z FRT

A, 91299 FET

0, 5254 FRET

Z. 3356 FRT

0. 1499 FET

1. 5039 FET

0. 0339 FET

., 8240 FRT

0.0110 FET

0. 7144 FET

O, andi FET

i. 1242 FRET

-2, 2263 FRT

0, 3378 FET

. 4505 FET

2. 3102 FET

Figure 1. Inl ;
S Proggaggscade Impactor Data for Exampie 1--Use of SR-52 Data Reduction
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Step Procedure Enter Press Display Print

9 Enter M] + M, 0.00005 A 1.0000 0.0001
(0.00005
rounded to
0.0001 be-
cause of
printer
command 1in
Card 1)
Ms 0.001 A 2 0.0010
M3 0.0025 A 3 0.0025
My 0.0014 A 4 0.0014
M, 0. 0007 A 5 0.0007
Mg 0. 0009 A 6 0.0009
M8(f11ter) 0.0014 A 7 0.0014
0.0080
10 Calculate fi B 0.0000 2.5213
11  Read Card 3 side A only 2nd rset 2nd READ 7
12 Print outlet results A
13 Read Card 4 sides A and B 2nd rset 2nd READ
2nd READ
14 Initialize E 8.0000
15 Transform A 0.0000
16 Read Card 5 sides A and B 2nd rset 2nd READ
2nd READ
17 Initialize E 0.0000 1.0813
18  Calculate A 3.3014 0.0077
0.9384
0.9929
2.5213

Printer output for the outlet calculations is shown in Figure 2.
Note that r2 for inlet is 0.9978 and is 0.9384 for outlet.
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0. 0001 FRT

0. 0010 FRT
o, 0025 FRT
0. 0014 FET
g, 0007 FRT
. a9 PET
0. 0014 FRT
0. oosn FRT
. 6583 FRT
cll 9?3? FIF:T
3. 7258 FET
0. 8&79 FRT
1. 5206 FRT
0. 5535 FRT
0, 8097 FET
0, 37rve FET
0. 4760 FET
0, 3847 ERT
0. 1761 FET
1.0213 FET
0. 007y FRT
. 9284 FRT
a, 9929 FRT

Figure 2. Outlet Cascade Impactor Data for Example 1 - Use
of SR-52 Data Reduction Programs
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Now calculate Pt(d)
Step Procedure
1 Read Card 6

Enter wI

Enter wo

Enter 01

Enter 9

Enter ng
Enter dgo
Calculate Pt(d)

W N O OO BN

For entire printer output see Figure 3.

Enter

.3804

.00072
2.3102
2.5213
6.4505
0.9929

Press
2nd rst
2nd READ
2nd READ

Display

0.00000
0.10000
0.0007<
0.83733
0.92477
1.8%416
-0.00713

9999. 00000

Print

18.75795*
-17.75795
0.10000

0.00002
0.99998
20.00000

*The first five or six values of Pt(d) are unreliable because extrapolation

of the data was used to calculate them.
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Penetration as a Function of Particle Diameter

Printer Output for Example 1 - Use of SR-52
Data Reduction Programs
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TI-59 PROGRAM SET
GENERAL DISCUSSION

The TI-59 program set is contained on five cards. Four cards are
used to store program instructions and the fifth card is used to store
the impactor stage constants and the constants for the log-normal transformation.
The Master Library Module is used as a subroutine in the data reduction
program set.

Card 1 is used to perform all the calculations performed by Cards
1, 2, 3, 4, and 5 in the SR-52 program set. The card containing the
stage constants is used in conjunction with Card 1.

Cards 2, 3, and 4 are used to calculate the graded penetration
curve and are used in the following order: Cards 2 and 3 for inlet
data, Cards 2 and 3 for outlet data, and then Card 4.

Card 2 is used to enter d501 and fi and to set up a spline fit
calculation.

Card 3 is used to complete the spline fit calculation of dfi/dd.

Card 4 is used to calculate Pt(d) from the values of dfi/dd calculated
by Cards 2 and 3.

Two additional sets of programs--one to convert aerodynamic diameter
to physical diameter and one to calculate the viscosity of mixtures of
gases--are included.

The use of all cards is discussed below.

CARD 1

Card 1 in the TI-59 data reduction package replaces Cards 1, 2, 3,
4 and 5 in the SR-52 package. The programs on Card 1 solve the same
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equations using the same methods as are used in the SR-52 package. The
discussion of equations and methods of solution will not be repeated here.

A data card which contains the impactor stage constants and the
constants for the log-normal transformation are used with Card 1. This
data card is recorded in advance. The steps necessary for recording the

data card are:
1. Store impactor stage constants in R40 through R46‘
2. Store constants for log-normal fit in R47 through Rcz.
3. Record the constants on magnetic card as follows:
Enter 3
Press 2nd Write

Pass a magnetic card through the calculator.

The memory contents for the MRI Impactor are shown in Figure 4. The
steps for entering the cards are shown below.

Step Procedure Enter Press Display

1 Enter side 1 of card Clr 1
containing program

2 Enter side 2 of card Clr 2

containing program
3 Enter card with constants

O
—
-~

w

The use of the programs contained on Card 1 is demonstrated by Example 2.
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Value of Constant Register

0. 054069 40
0. 068611 41
0, 021484 42

0. D038EEER 43
C.O010147 42

0. OO035065 43

g, NOnzzs99 42
2.519517 47
0, 502853 4&
0. 010328 43
1. 432788 =u
0. 189269 =1
0. 001308 S

Figure 4. Contents of R40 through R52 for MRI Impactor

25



Example 2. Use of TI-59 Reduction Package

The following data were collected with an MRI Impactor:

177°C

= 76 cm Hg
= 11.64 1/m
7.1 mg

= 4.9

= 4.6

= 1.8

= 0.8

= 0.3

0.3

—
fl

EEXET X=X o@D
~NoYy o W

-+

no

()

Mestter =

Use the TI-59 program to reduce the data.

Step Procedure Enter Press Display Print
1 Enter side 1 of Clr 1
card containing
program
2 Enter side 2 of Clr 2
card containing
program
3 Enter card Clr 3
containing
constants
4 Enter data A 370064 T=
T °C 177 R/S 177
P cm Hg 76 p=
76.00
340064 Q=
Q 1/m 11.64 R/S 3013363600 11.64
MASS
M] + M2 7.1 R/S 3013363600 7.1
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Step Procedure Enter Press Display Print

MASS
My 4.9 R/S 3013363600 4.9
MASS
A 4.6 R/S 3013363600 4.6
MASS
Mg 1.8 R/S 3013363600 1.8
MASS
Mg 0.8 R/S 3013363600 0.8
MASS
M, 0.3 R/S 3013363600 0.3
MASS
Meitter 0.3 R/S 0.3

Program will run for 2 minutes then printing will start

D50
.6989891358
FI
.0151515152
For entire Printout
see Figure 5
SIGMA

3.251912896
3.251912896

Printout for this example is shown in Figure 5.

Note that the impactor data reduction program results are for aero-
dynamic particle diameter. The aerodynamic particle diameter is appropriate
for describing the performance of devices which collect particles by inertial
impaction; e.g., venturi scrubbers. However, the aerodynamic diameter is not
appropriate for many situations; e.g., for describing the performance of
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nso
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FI
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ns0

£, FTO4E435E

E
L S4B0013495
Fexz
O, 335740151
oG

Figure 5. Output from Example 3--Use of TI-59 Data
Reduction Package
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electrostatic precipitators. In such cases the physical particle diameter
is needed.

The physical particle diameter, d, is given by

d = dA/AJT (20)
where p = the particle density and
C = Cunningham correction factor.

The Cunningham correction factor can be calculated from the mean free path
of the gas,A, and the particle diameter d from

C=1+2A% (21)
where

A= 1.246 + 0.42 exp (-0.87d/22) (22)

The mean free path of the gas, A, can be calculated from

o= (3B (TR (23)
where
A, = mean free path at 23°C and
76 cm Hg = 0.0653 uym for air
P = barometric pressure cm Hg
T = temperature °K

Equation (20) can be solved for d by trial and error.

The TI-59 program for calculating d is given in Appendix C. The program
converts dA to d*, prints dA and corresponding d, prints di and fi’ and

*The tolerance for the trial and error solution of equation (20)is
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calculates and prints the log-normal fit parameters d_,o along with A and B

for y = A + Bx, and the correlation coefficient r2.

The use of this program is illust

Example 3. Use of Programs to Convert

g

rated in Example 3.

Aerodynamic Diameter to Physical

Diameter

The following data were collected

Use the TI-59 programs to reduce the d
particle diameters.

Step Procedure Enter

1

Enter side 1 of data
reduction card

Enter side 2 of data
reduction card

Enter card containing
constants

Enter data

T °C 100

30

with an MRI impactor.

100°C

76 cm Hg
16 1/m
8.0 mg
5.0 mg
4.5 mg
2.0 mg.
0.9 mg
0.45.mg
0.3 mg
2.4 g/cc

ata for both aerodynamic and physical

Press Display Print
Cir 1

Clr 2

Cr 3

A 370064 T=
R/S 100



Step Procedure Enter Press Display
330064
P cm Hg 76 R/S 340064
Q 1/m 16 R/S 30133663600
M1 + M2 8.0 R/S 30133663600
M3 5.0 R/S 30133663600
M4 4.5 R/S 30133663600
M5 2.0 R/S 30133663600
M6 0.9 R/S 30133663600
M7 0.45 R/S 30133663600
Meitter 0.3 R/S

Program will run for about 2 minutes then

5 Enter side 1 of card
to calculate d from dA

6 Enter side 2 of card
to calculate d from dA

7 Begin calculation
Enter 2.4

CLR

CLR

o |>

31

printing will start

3.372605753
]

3745710000

MASS
MASS

MASS
4.5
MASS

MASS
0.9
MASS
0.45
MASS
0.3

D50
.5567597984

SIGMA
3.372605753

Density?
2.4



Step Procedure Enter Press Display Print
9.637324556 DA

6.118139795 DP

Printer output for this example is given in Figure 6.

As can be seen from equation (1), dA50 is a function of gas viscosity.
The TI-59 program uses a relationship developed for air to estimate gas
viscosity at impactor temperature. If the gas being sampled Las a composi-
tion significantly different from that of air, the visc sity used in the
program will be in error. In many cases, especially when quick data reduc-
tion at field tests is needed, the error in dA50 caused by using viscosity
of air is not too important. However, final data reduction should be per-
formed using the best possible estimate of the viscosity of the actual gas
being sampled.

The program given in Appendix D can be used to estimate the viscosity
of gas mixtures. Input data required for this program are: number of
components and the viscosity, molecular weight and mole fraction of each
pure component. The viscosity calculated from this program can be used in
the impactor program by modifying subroutine A'of the impactor program,
as follows:

1. Read TI-59 data reduction program card.

2. Press GTO 2nd A"

3. Press Learn

4. Starting at program step 339, enter the value of viscosity calculated
from viscosity program

5. After last number for viscosity is entered, press INV SBR

6. Press Learn -

7. Record modified program

.

Reduce data following instructions for TI-59 programs.
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Figure 6.
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Printer Output for Example 3--Use of Programs to Convert d, to d

DENSITY?
2. 4

9. 637324556
6. 112139735
5. 392835614
2. IFS058333F

2. 287832545
1. 3¥eB07Va32
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. 0720141844
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-1. 1256635912
E
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DG
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The use of the viscosity program is illustrated in Example 4.

Example 4. Calculation of Viscosity of Gas Mixtures

Calculate the viscosity of a mixture of hydrogen, H2, and carbon
dioxide, C02, at 21°C.

Component Viscosity Molecular Weight Mole Fraction
Hy 0.0876 cp 2 0.413
¢o, 0.148 cp 44 0.587

Step Procedure Enter Press Display Print

1 Read side 1 of viscosity CLR 1

program
Read side 2 of viscosity CLR 2
program
Begin calculation A 317 N?
Enter number of 2 R/S 2.0000
components
I =
2.0000
42243671.00 VIs?
Enter viscosity of H, 0.0876 R/S 0.0876
3043710000 MW?
Enter molecular 2 R/S 2.0000
weight of H2
44710000 X?
Enter mole fraction .413 R/S 0.4130
of H2
I
1.0000
42243671.00 VIS?
Enter viscosity of .1480 R/S 0.1480
CO2
3043710000 MW?
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Step Procedure Enter
Enter molecular 44
weight of CO2

Enter mole fraction .587
of €0,

After about 30 sec
calculator will

print viscosity of
mixture

Display

4471.0000

0.1501

Printer output for this example is shown in Figure 7.
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Print
44.0000

X?
0.5870

0.1501 VIS



s
oGo
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Z.

I=

2. aoao
VISY

a. 0eve
Mi?

2. 0000
R
0.4120

I=

1. QOO0
VIS

0. 1420
M7
44, 0000
A

0, SE70

0. 150

Wl :':-;

[y

Figure 7. Printer Output for Example 4 --Use of Program to Estimate Viscosity
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CARDS 2, 3, AND 4 (CALCULATION OF PENETRATION AS A FUNCTION OF PARTICLE
DIAMETER WITH TI-59)

The derivative of the cumulative fraction less than function must
be calculated in order to calculate Pt(d). The derivative can be calculated
either from a curve fit to the impactor data or from differentials
calculated from the tabular impactor data. The curve fit method is
discussed in the SR-52 section of this report. The calculation of
differentials from tabular data is discussed in this section.

A spline function gives the smoothest possible curve through data
and gives the best estimate of the derivatives for the tabular data.2
The general theory of spline functions and how to fit data with them is
discussed in Reference 3 and will not be covered in this report. The
Spline Function Program given in Reference 3 has been programmed for the
TI-59. The program listing is given in Appendix E. Only the use of the
program will be discussed in this report. This program uses numerical
relaxation to solve the following system of six equations:

S"(X]) =0 (24)
-$"(X,) = by S"(Xy) - (1/2 - by)S" (X3) + g, S ¢ (25)
-S"(X3) = by $"(X,) - (172 - bg)S" (X,) +g3% ¢ (26)
-S"(X4) - by S"(X3) - (172 - b4)S" (X5) + g, e (27)
-S"(Xg) = bg S"(X,) - (1/2 - bg)S" (Xg) + g5 = ¢ (28)
$"(Xg) = 0 (29)
where
$"(x) = 2_ (Yieg = ¥4) Oy - ¥59) (30)
X141 7 X4 (Xioq - %) (G =% )| °
i+l i i i-1
b = 1/2 (x‘i % ]) (31)

37



g; = 3 (g = ¥g) 4 - ¥4) ] (32)
o % L e x) OGmxn)

<

for 2 5i 35
and ¢ is a user specified tolerance (0.00001 is adequate).

After the above equations are solved, the following quantity is
calculated:

Syttt = S X)) - SU(xg) s i =15 (33)

i TN

Card 2 does the following for j =1 to 6

. . <
1. Finds i such that x1.--tj < X4

2. Solves the following equations:

S"(t,) = S"(xi) + (t.

; ; - X.i)s-illl (34)

S(t5s x> wipp) = /6 [ S0x) + $"(xpp) + °(ty) ] (35)
S(tj) =Yy + (tj = Xi) (yi+] - yi) + (tj - Xi)(tj - Xi+])s(tj,X,X1+]) (36)
Xigy = %¢)

S'(ty) = (y1+] - yi) + (th - Xs - xi+])s(tj’x]’xi+])+ 1/6 (t

J i %) (85%3,)85""") (37)

J 1

The spline program can be used to calculate derivatives of the tabular
impactor data for six values of particle diameter, d. The values of d chosen
must not require extrapolation of the data. If extrapolation is attempted,
an error message is printed. The program prompts the user by printing the
data that should be read in. Values d should be entered when X is asked
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for, fi should be entered when Y is asked for, tolerance for numerical
solution should be entered when TOL is asked for, and values of d for which
Pt(d) is to be calculated should be entered when T is asked for. Values

d must be input in order of smallest to largest.

Output df(d)/dd is important for calculation of Pt(d) and is labelled
S'(T) in the printed output.

Penetration for any particle diameter is given by

WI deZdj/dd

The use of this program is best demonstrated by an example.

Example 5

Calculate Pt(d) from the following data:

Inlet Data Qutlet Data
Wy = 1.305 g/m° My = 0.00492 g/m’
d f d f
13.826 0.8731 6.5012 0.9645
7.7369 0.53299  3.638 0.8298
3.2822 0.15228  1.5433 0.5603
1.6815 0.071066  0.7906 0. 3688
0.98842 0.035533  0.4648 0.2695
0.79876 0.015228  0.3756 0.1489

Note that d's for calculation of Pt(d) must not exceed 6.5 nor be
less than 0.799.

Solution

Choose values of d for calculation of Pt(d). Use 0.8, 1.0, 1.5, 2,
3, and 6. Do inlet first.
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Print

Step Procedure Enter Press Display
1 Read side 1 of spline 1 INV 2nd Write 1
fit card
Enter side 2 of spline 2 INV 2nd Write 2
fit card
2 Clear memory and 2nd Cms E -1
initialize
3 Input data in order A 440071
from smallest d50 to 0.79876 R/S 450071
largest d50 0.015228 R/S 440071
0.98842 R/S 50071
0.035533 R/S 440071
1.6815 R/S
450071
0.071066 R/S
.440071
3.2822 R/S
450071
0.15228 R/S
440071
7.7369 R/S
450071
0.53299 R/S
440071
13.826 R/S
450071
0.8731 R/S
4 Enter tolerance for 37322771
numerical solution 0.0001 R/S

The calculator will run for about 3 minutes.
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?
.79876
.015228

?

. 98842

?
.035533

?
.6815

?
.071066

?
.2822

?

. 15228

?
.7369

?
.53299
X?
13.826
Y ?
0.8731
TOL?
0.0001

O < N X O < W >X O < —~ >x O < O > O O >



Step Procedure Enter Press Display Print
376536 INPUT T's

5 Input d's for calcula- 0.8 R/S 0.8
tion of Pt(d) 376536 INPUT T's
1.0 R/S 1.
376536 INPUT T's
1.5 R/S 1.5
376536 INPUT T's
2.0 R/S 2.
376536 INPUT T's
3.0 R/S 3.
376536 INPUT T's
6.0 R/S 6.
300000000 READ CARD 2
6 Read Card 2 CLR 1
CLR 2
7 Calculate A See Figure 8
Calculator will run for about 10 seconds and then print. for printer
output
8 Record results on 3 2nd Write 3

magnetic card
9 Repeat for outlet

Read Card 1 side 1 1 CLR
Read Card 1 side 2 2 CLR 2
10 Clear memory and 2nd Cms -1
initialize E
11 Enter data A X?
0.3756 R/S 0.3756
Y?
0.1489 R/S 0.1489
X?
0.4648 R/S 0.4648
Y ?
0.2695 R/S 0.2695
X ?
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Step Procedure Enter Press Display Print

0.7906 R/S 0.7906
Y ?
0.3688 R/S 0.3688
X?
1.5433 R/S 1.5433
Y ?
0.5603 R/S 0.5603
X ?
3.638 R/S 3.638
y ?
0.8298 R/S 0.8298
X ?
6.5012 R/S 6.5012
Y ?
0.9645 R/S 0.9645
376536 TOL ?
Enter tolerance for 0.0001 R/S 0. 0001
numerical solution
376536 INPUT T's
0.8 0.8
376536 INPUT T's
1.0 1.
376536 INPUT T's
1.5 1.5
376536 INPUT T's
2.0 2.
376536 INPUT T's
3.0 3.
376536 INPUT T's
6.0 6.
12 Read Card 2 side 1 1 CLR 300000000 READ CARD 2
Card 2 side 2 2 CLR
13 Calculate A See Figure 8

for printer output
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Step Procedure Enter Press
Print
14 Record data on 3 2nd Write
magnetic card
15 Read Pt(d) Program
Card side 1 CLR
side 2 CLR
16 Calculate A
17 Read inlet card CLR
18  Read outlet card CLR
19  Enter inlet mass 1.305 R/S
concentration
20 Enter outlet mass 0.00492 R/S

Printer output for this example is shown in Figure 8.

concentration

43

Display

3
3
2431710000

3241377100

17311600

READ INLET DATA
READ OUTLET DATA
MASS IN ?

0.1305

MASS OUT ?
0.000492

D=

0.8

PT(D) =
.0002409147
D:

1.

PT(D) =
.0081617673

D =
6

PT(D) =
.0021486703
OVERALL PT =
.0037701149
END
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Printer Output for Example 5 - Use of TI-59 Program
to Calculate Penetration as a Function of Particle

Diameter
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Comparison of Graded Efficiency Calculated from Curve Fit and Spline Fit

"How well does the calculated graded penetration represent the
actual graded penetration?" is not a trivial question. It is as nearly
impossible to answer.

The actual graded penetration for a real particulate control device
is unknown. However, we can create synthetic data from mathematical
models and compare data reduction results with the synthetic data. We
can also compare results of various methods of calculating the graded
penetration with each other when real data are available. Both types of
comparisons are made in this section.

The graded penetration calculated using the spline fit, the log-
normal, and a quadratic log-normal fit methods are compared in Table 4.
It appears that the curve fit methods give good results when the r2
product is greater than 0.985. This indicates that other types of
distribution (such as the upper limit distribution and the Weibull
distribution) could be useful. The fits for these distributions could
be done by an SR-52 calculator and thus extend the useful range of the
SR-52 program set.

The curve fit methods may have an advantage over the spline fit in
that statistical information on goodness of fit and confidence Timits of
fit can be calculated for the curve fit. Such statistical information
is not available from the spline fit. Also, curve fits smooth the data;
spline fits do not.

Synthetic data were created with the aid of a mathematical model
for electrostatic precipitation. "Perfect" impactors were used to
sample the inlet particle size distribution fed into the model and the
outlet particle size distribution generated by the model. The TI-59
programs were used to reduce the impactor data and calculate the graded
penetration. The results of these calculations are summarized in Table
5.
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Table 4. COMPARISON OF GRADED PENETRATION CALCULATED USING LINEAR LOG-NORMAL
FIT, QUADRATIC LOG-NORMAL FIT AND SPLINE FIT ON ACTUAL IMPACTOR DATA

Case 1 Case 2 Case 3

d, umA  Pt(d)y Pt(d) 2  Ptld), Pt(d)y Pt(d), 2 Pt(d), Pt(d) y Ptld) 2  Ptld)
0.87 0.25 0.052 0.0029 0.055 0.048 0.016 0.016 0.075 0.029
1.24 0.18 0.028 0.023 0.023 0.029 0.028 0.029 0.031 0.035
1.78 0.10 0.015 0.028 0.0090 0.016 0.015 0.0099 0.014 0.015
2.53 0.069 0.0070 0.0080 0.0050 0.0081 0.0077 0.0059 0.0070 0.0070
3.62 0.050 0.0030 0.0018 0.0025 0.0038 0.0040 0.0030 0.0038 0.0032
5.16 0.037 0.0012 0.0021 0.0015 0.0016 0.0021 0.0019 0.0021 0.0022
rinx riut = 0.94 linear log-normal rfnx rgut = 0.97 linear log-normal rfn X rﬁut = 0.985 ;3?52? Tog-

0.986 quadratic log-normal

0.994 quadratic log- 0.995 quadratic log-
normal normal




Table 5. COMPARISON OF GRADED PENETRATION CALCULATED
WITH SPLINE AND LOG-NORMAL FITS WITH ACTUAL
GRADED PENETRATIONS FROM ESP MODEL

Case 1
d Pt d)M Pt(d)S éﬁﬂ_
0.45 0.28 0.27 0.036
0.70 0.26 0.25 0.038
1.0 0.22 0.20 0.091
1.5 0.16 0.14 0.125
2.5 0.094 0.071 0.24
4.0 0.049 0.040 0.18

Case 2
0.45 0.28 0.28 0.0
0.70 0.27 0.25 0.074
1.0 0.23 0.21 0.087
1.5 0.17 0.15 0.12
2.5 0.10 0.082 0.18
4.0 0.060 0.052 0.13

Case 3
0.45 0.040 0.040 0.0
0.70 0.035 0.033 0.057
1.0 0.026 0.022 0.15
1.5 0.015 0.012 0.20
2.5 0.0075 0.0052 0.31
4.0 0.0021 0.00086 0.59

Pt(d)m - Pt(d) from ESP Model
Pt(d)S - Pt(d) from spline fit
B/M = (Pt(d)y, - Pt(d))/Pt(d),,
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The results shown in Table 5 indicate that the graded penetrations
calculated from the spline fit are generally in fair agreement with the
"real" graded penetrations. However, in some cases, especially when the
penetrations are low, the disagreement between the calculated graded
penetration and the "real" graded penetration is substantial. Work to
determine ways to improve the agreement between the calculated and
"real" graded penetrations and to better definc the uncertainty in the
calculated graded penetrations is underway and will be reported.

Law]ess4 has suggested that the cumulative size distribution data
be transformed into log-normal space before the spline fit calcv’.iions
are performed. Such a transformation will improve the agrr.ment between
measured and real graded penetration.

The Tog-normal values fi are available in the memory of the TI-59
if one desires to perform the spline fit calculations in log-normal
space. The log-normal transforms of the fi are stored in registers 30 to
35 (transformed fi is in R30, etc.) and may be recovered by pressing 30
INV 2nd List. Value In d, is entered when X is asked for and the correspond-
ing value of transformed fi is entered when Y is asked for.

The penetration program must be modified to calculate Pt(d) from

Pr(d.) = W, {exp [- 5(d1)2/2] X $'(d)} out (39)

Wy fexp [- S(d)%/2] X S'(d;)) in

where S(di) and S'(di) are the output from the spline fit program for d

= d1't

Recommendations for Running Impactors

No matter what method of data reduction is used, the number of
points available for calculation of the graded penetration is limited by
the number of impactor stages. Also, the values of d for which Pt(d)
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can be calculated are limited by the range of the impactor stage d50's
(extrapolation is prohibited). Data points cannot be created by the
data reduction technique.

The above points lead to the following recommendations on obtaining
impactor data:

1) Six or seven stages covering the range 0.5 z dA50
215 umA are probably adequate for most purposes.

2) The particle diameter ranges covered by the inlet
and outlet impactors are the same or as close to the

same as possible. Otherwise data points are lost.

3) Stages dA50 for the inlet and outlet impactors should
be as close to each other as possible.
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APPENDIX A
USER INSTRUCTIONS AND PROGRAM LISTING FOR SR-52 DATA REDUCTION PROGRAMS

GENERAL

The data reduction programs are contained on six cards which are
used in order: Cards 1, 2, 3, 4, and 5 for inlet; Cards 1, 2, 3, 4 and
5 for outlet; and Card 6 for combined inlet and outlet results. The
programs use the PC-100A printer.
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USER INSTRUCTIONS FOR SR-52 DATA REDUCTION PACKAGE

Step Procedure Enter

1
2

O W & ~N O >

Read sides A and B of Card 1
Check to see if card read properly

Enter T T°C or
T°F
Enter Q Q 1/min or
cfm
Initialize
Reset

Calculate dASOi

Read sides A and B of Card 2
Initialize

Enter Mi M]

Mfi]ter

Press

RCL 92

o |u:’n>|:>
> >
Q o
w I:>

|

o o [m
=
o
=
n
ﬁ

[3= {3= |m

Display Print

Constant

for 1st stage
T°C

T°C

Q V/min

Q 1/min
1.0000

1.0N%0

0.0000

0.0000
1.0000 M1
2.0000 M

7.0000 M8

Note: For the MRI and University of Washington impactors, M] = the sum of
the mass collected on the first two stages. M] and M2 must be added
before the data are entered.

11
12
13

Read side A of Card 3
Initialize

Print MT’ fidAsoi

A-2

|m

0.0000

£ M
das501
f
da506



Step Procedure Enter

14
15
16
17
18
19

20

21
22

23
24
25
26
27

Read Card 4 sides A and B
Initialize

Transform fi e

Read Card 5 sides A and B
Initialize

Calculate log-normal parameters

Read Card 6 sides A and B

Enter wI wI
Enter wo wo
Enter o1 o1
Enter 9 %
Enter ng ng
Enter dgo dgo

Calculate Pt(D)

Press Display Print
fe
E 8.0000
A
E 0.0000
A J A
B
r2
dg
g
2nd rst
INV READ
INV READ
A 0.10000
nd A o
B In o1
2nd B' In o
c In ng
2nd C' In dgo
D .
Pt(d)
1-Pt(d)
0.1
Pt(d)
1-Pt(d)
9999.00000 20.0
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APPENDIX B

USER INSTRUCTIONS AND PROGRAM LISTING FOR TI-59
IMPACTOR DATA REDUCTION PACKAGE

INTRODUCTION

This program calculates and prints cascade impacfor aerodynamic cut
diameters, dA50’ cumulative fraction less than and the least-squares
log-normal fit to the data. Input requirements are impactor temperature,
°C, impactor flow rate, 1/m, and mass collected by each impactor stage.
The program uses the PC-100A printer and the Master Library Module.

Nomenclature, in order used by program:

T = impactor temperature, °C
P = impactor pressure, cm Hg
Q = impactor flow rate, 1/m
Mass = mass of particulate collected per stage
D50 = aerodynamic impactor cut diameter, umA
FI = cumulative fraction less than
A = least-squares fit constant, A, iny = A + Bx
B = Jeast-squares fit constant, B, iny = A + Bx
R** = correlation coefficient, r2
D@ = Aerodynamic mass mean particle diameter of log-
normal size distribution, wmA
SIGMA = geometric standard deviation of log-normal size
distribution
USER INSTRUCTIONS
Step Procedure Enter Press Display Print
1 Read side 1 of card Clr 1
Read side 2 of Card Clr 2
Read card with stage constants .Clr 3

B-1



Step Procedure

2

Start calculation
Enter temperature °C
Enter pressure cm Hg
Enter flow rate

Enter mass collected
per stage

Enter

T°C
P cm Hg
1/m

B-2

Press Display
A 370064
R/S
R/S 330064
R/S 340064
3013363600
R/S
3013363600
R/S

MASS

MASS

D50

FI

Ri*2
DG
SIGMA
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APPENDIX C

USER INSTRUCTIONS AND PROGRAM LISTING FOR TI-59 PROGRAM
TO CONVERT AERODYNAMIC DIAMETER TO PHYSICAL DIAMETER

GENERAL

This program converts aerodynamic diameter to physical diameter.
Aerodynamic diameter, dA’ and physical diameter are printed. The program
then calculates and prints cumulative fraction less than for each stage,
and the log-normal fit to the data. Input requirements are particle
density, g/cc. The program uses the PC-100A printer and the
Master Library Module.

Nomenclature, in order used by program:

DENSITY = particle density, g/cc
DA = aerodynamic particle diameter, pmA
DP = physical particle diameter, um
D50 = physical impactor cut diameter, um
FI = cumulative fraction less than
A = least-squares fit constant, A, iny = A + Bx
B = least-squares fit constant, B, iny = A + Bx
R** = correlation coefficient, rz
DG = physical mass mean particle diameter of log-
normal size distribution, um
SIGMA = geometric standard deviation of log-normal size
distribution
USER INSTRUCTIONS
Step Procedure Enter Press Display Print
1 Enter Side 1 of card CLR 1
Enter Side 2 of card CLR 2
Begin calculation A DENSITY
Enter density p R/S -
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Step

Procedure

Enter

c-2

Press

Display

Print

dn DA
D DP

SIGMA
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APPENDIX D
USER INSTRUCTIONS AND PROGRAM LISTING FOR PROGRAM
TO ESTIMATE VISCOSITY OF MIXTURES
GENERAL
This program estimates the viscosity of mixtures of gases. The
input data requirements are: number of components ( 10 maximum), and

the viscosity, molecular weight and mole fraction of each pure component.

Nomenclature in order used by program:

N = Total number of components
1 = Number identifying component for which input data are
required
VIS = Viscosity of component number I
MW = Molecular weight of component number I
X = Mole fraction of component number I

USER INSTRUCTIONS

Step Procedure Enter Press Display Print
1 Enter side 1 of card Clr 1
Enter side 2 of card Cir 2
2 Start calculation A 31N N?
Enter number of n R/S n
components
. I =
o n
42243671.00 VIS?
3 Enter u My R/S Wy

- 3043710000  MIN?
4 Enter M_ MW R/S MIN
. 4471.0000 X?

D-1 .



Step Procedure Enter Press Display
5 Enter Xi Xi
Repeat steps 3, 4 and 5 for all components
Mmixture

D-2

Mmixture'1°



e L | fed o
R T - R R T
d ]

o T gy O ] e
P 10w T 07

157 O e 17

S T W | T o s o U i R

=+ U T 0 D

o ol | IR B OV Y T )

e 0] 0 g B AL e D060 0TS s 0] O g U7 g -
W7 W% W 7 0 7 L U L e P 0 o 0T T 00
o I R R v o R - o T i e Y R i S

L 0 + [ . it Bag .
22 A B L €3 P 17 B E o D i ot
w1 o [ v 1 (x] L - .. i _..um N " b

AL = L] WY O et 1Y
TR T R TR O T R S TN N o R R R e

i gl Cu W 0T T OO T et ] e KRN O |

B ol TR o TG I8 A T sl SO L i ol RO [ Sl ol v 5

s ol T 7-. 00 (T
i R e o

S |
PR Sl W

-l..q... 11 e
[ gl

e e e
]

D i)

naas s’ as!

L T

LS A

bl o _._.m_

Listing Viscosity Program

Program

D-3



) Tt ED O

rul v L e L T CL . B W T
i = T SR A R I
e o |

i) 1y L S e T3 00 _.
Lol T I T IO T T s B 6 T .....T.__.F_...x_._.T
| 3 s L. . 1w o

_.._ s 7 e D s R DR W O e 0 u )
IS o I SR Ty e o A ol o

T e
N _..:.. [ ) _u..

...._ e et el 4..._ e ] oped ]

R |
L]

eyt 00 U I
o e Frm Fome T e T

R QR g

"o P
RN EY )

[ e i e B I

[

B I I I

4 of et || e _._.u_ _....“.. p

DO S T RS

- RO ISR T N S SO IS )
LR ol T e ..4.

5 ol O e R xR Sl T B O O

LED ] T 00 BT et 01
[ I B ol 1 gy

DO OGO ol [ Y W S I A
2 S L L el Y

ol vl e ey vl ] el el e

DO ol TR Wi S )

_ o e et ot e o]

e ool o] ] e ool B R e Qe g

ty Program (Cont'd)

15C0Osi

v

isting

Program L



e R (R s Wi

s N e BN i O
’ e L ¥ W« - o

TN e SR € ¥ R ﬁ.r.
e o b

v AR ), § o .: ot el o el

.._.. ._:. 4_ __ oy I hc ol I

TRy 0 . SR O W bk O P 3 D
o OO P et D T CL DD o ol TR " T T T, G e WL 0 e P e 0 b A e
£ s = R

£33 G G
..... ...”7 o o et _u. e T L e O O ) P 00 DOS W]
e I e R A o U [ B DGR ol T

1T ....._ T U7 e §
o0 S T

= T h_ _... -t
R e I e

o 1T T et OO O (O IRN A P B
R T o e al R e L s i o L I
_._.___..___.__._.;...__._._____._.___.___._.._

R _._..._ LUK .H_ R e I LS JOLCRRS ol T AN .

o B i o B B R B B e B e B e B et et 0]

__.__..__.._...___.__.L__._____.__..__.__.._...__. | S N

_.__.__.__.

ty Program (Cont'd)

iscosi

ing V

t

Program Lis

D-5



APPENDIX E
USER INSTRUCTIONS AND PROGRAM LISTING FOR SPLINE FIT PROGRAM

GENERAL

The spline fit program fits a spline function between six data points,
x and Y; i =1 to6. The function can be used to interpolate values of y
between the data points. The spline function also can be used to estimate
the derivative dy/dx anywhere in the interval x; to XN The program uses
the PC-100A printer.

Nomenclature, in order used by program:

X = X variable

Y = y variable

TOL = Tolerance for numerical solution (0.0001 is adequate)

T = Value of x for which interpolated values of y are desired
S"(T) = d’y/dx at x = T

S(T) = Value of yat x =T

S'(T) = dy/dx at x = T

USER INSTRUCTIONS

Step Procedure Enter Press Display Print
1 Enter side 1 of Card 1 Clr 1
Enter side 2 of Card 1 Clr 2
Clear memory and initialize 2nd Cms E -1
Enter data A X?
X must be X3 X1
entered in order Y?
from smallest to 2 2

largest

E-1



Step Procedure Enter Press Display

Print

TOL
Program calculates for about 2 minutes
5 Enter T T]

Finish Card 1

Read side 1 of card 2

Read side 2 of Card 1
8 Calculate

(ep)
—
~

—

|

[ |0
—
=
o

9  Save T, and S'(Ti) by 3 2nd Write 3
recording on magnetic
card for later use

E-2
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INPUT T's
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S(TXX1)
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$(T)
Numbers
S'(T)
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END
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APPENDIX F

USER INSTRUCTIONS AND PROGRAM LISTING FOR CALCULATION OF PENETRATION
AS A FUNCTION OF PARTICLE DIAMETER PROGRAM FOR TI-59

GENERAL

This program is used in conjunction with the spline fit program to
calculate penetration as a function of particle diameter. Magnetic cards
are used to input the results from the spline fit program needed in this
program. Particle diameter, penetration for that diameter, and overall
penetration are printed on the PC-100A printer.

Nomenclature, in order used by program:

Mass In = Particulate mass concentration at inlet
Mass Out = Particulate mass concentration at outlet
D = Particle diameter, um
PT(D) = Penetration for particle diameter, d, fraction
Overall PT = Overall penetration, y—%:—ss—%%l
USER INSTRUCTIONS
Step Procedure Enter Press Display Print
1 Read side 1 of card Clir 1
Read side 2 of card Clr 2
2 Begin calculation A 3 READ INLET DATA
Read magnetic card with Clr
results from spline fit R/S
for inlet
3 READ OUTLET DATA
Read magnetic card with results Clr
from spline fit for outlet R/S
MASS IN?
Enter inlet mass concentration, M, R/S MASS 0OUT?
Enter outlet mass concentration, M R/S D = number

o]

F-1



Step Procedure Enter Press Display Print
PT(D) =

D =

number
RT(D) =
number
Overall PT
number
END
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