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COMPARISON OF FLAME PHOTOMETER DATA WITH
TOTAL PARTICLE VOLUME CALCULATED FROM
LASER SPECTROMETER PARTICLE COUNT DATA

INTRODUCTION

Goldberg and Laird [11 have shown that total particle volume derived from
the LAS-X laser spectrometer data (Particle Measuring Systems, Boulder, CO)
could be compared with flame photometer mass data if the limitations of the
instruments and methods are properly considered. In this comparison,
normalized particle volume data are used as an independent method of

calibrating the USAFSAM Respirator Quantitative Fit Test (RQFT) instrument
flame photometer.

The LAS-X is an optical single-particle counting instrument with a maximum

particle count rate of approximately 3000 particles per second. In this
system, multichannel particle size distribution data are given in which the
number of particles in successive size interval ranges is determined. In one
sense, an optical single-particle counting instrument can be considered to be .

* a primary standard, because response is determined only by the presence of a
particle in the viewing volume; if there is no particle in the viewing volume,
there is no response. Some ambiguity, however, is associated with assigning a
particle to a particular diameter range since some of these ranges overlap

." [I]. It is assumed that the ambiguity in assigning particle size is constant
over all measurements, so that normalized total volume will not be affected.

Voltage from the flame photometer is theoretically proportional to the

- logarithm of the mass of sodium chloride (NaCl) burned in its flame [3]. The
NaCl RQFT flame photometer is normally calibrated over 6 decades of NaCl
concentration using 6 serially-diluted NaCl solutions. This calibration
method has been questioned, because the actual logarithmic response of the

* flame photometer may not be linear with respect to particle size, which
decreases with decreasing NaCl solution strength [4].

It can be assumed [I] that the volume of the particles counted by the
LAS-X is proportionl to the cube of the diameter (spherical) or length

(nonspherical). The total volume derived from particle count data is,
therefore, proportional to the total mass of the particles, and the logarithm

"' of total particle volume should be proportional to voltage. Results indicate
that a linear relationship between the logarithm of the total particle volume

.- and voltage exists over 3 or more decades of particle volume.

METHODOLOGY

A schematic diagram of the experimental apparatus is shown in Figure 1.

*. Sodium choride is sampled from the test chamber by the flame photometer
sampling pump. Sodium chloride is also drawn from the test chamber and routed
through a diluter and an aging chamber; the LAS-X samples are collected from
the aging chamber. The dilution ratio cannot be measured accurately enough to
derive particle number concentrations. Thus, all volume data are normalized

- to the maximum value.

................."....-.... ..-......'.."..............-..,...".......- ....-.........
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TABLE1. OPRATIN CONDTION

exprimnt s arepicae otexpeirimet

TALE 6. 20:TIGCODTIN

souin Jet diluti6o20:

Experiment2

1.OE-2 6 10:1
1.OE-l 6 20:1
1.OE-0 3 20:1
1.OE-O 6 20:1

Experiment 3

1.OE-0 6 100:1

I.Experiment:4

1.OE-0 6 100:1

*102 is 0.05% solution, 101 is 0.5% solution,

and 1.01is52 solution.
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In the first two experiments, NaCi concentration was varied by changing
solution strength (from 5% to 0.05%) or by changing the number of jets in
operation. (Concentration is directly proportional to the number of jets in
operation.) In the third and fourth experiments, aerosol concentration was
established using six jets and a 5% NaCl solution. The NaCI aerosol in the
test chamber was then diluted by the addition of clean air over a period of
2-3 h, causing an approximately exponential decrease in chamber
concentrations. It is assumed that particle coagulation, sedimentation, and
losses to the walls are negligible. The major difference between Experiments
1 and 2, and Experiments 3 and 4 is that particle size distribution is
variable in the first two and approximately constant in the last two
experiments, due to variation or constancy in solution strength [31.

FLAME PHOTOMETER DATA

Calibration data obtained by Kolesar [3] is shown in Figure 2. The
equation for the calibration curve as a function of voltage, v, is:

c -a + a ev + v2+ -n(eV)
0 1n2•

where c is NaCl concentration and a , a .... a are coefficients determined by
a least-squares fit to the data. Te nonlinearity and slope of the curve,
particularly below 1.OE-4, limit the confidence with which very low
concentrations can be determined.

.4.
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Figure 2. Calibration curve from Kolesar (3)
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LAS-X DATA

* An example of aerosol volume calculated from LAS-X count data is shown in
Table 2. Aerosol volume for each of 60 particle diameters is calculated as

* discussed by Goldberg and Laird [ii. The total particle volume for
each of four size ranges and for all four size ranges are tabulated after size

* range 3. Because of the ambiguity of particle size caused by overlapping size
ranges for the instrument, three estimates of volume are given. Thus,
estimates of maxitmum, minimum, and average volumes are also shown. In this
application, only the average estimate for total volume over four size ranges

* is used. In a separate calculation the count mean diameter (CMD) is
* determined, assuming a log-normal particle size distribution 121.

TABLE 2. LAS-X COMPUTER OUTPUT

DATA. 001

DATE' 26-MAR-84
TIME$ 15:00850

FLOW RATIE (CC/SIC) - 5. RUIN TIME (SEC) - 60.

*RANOE - 0 *.-

* 0( DiA.(MICR) *COUONTS OCNTS/SEC "IN VOL/S MAX VOL/S AVE VOL/S
*1 .500 - 1. 900 839 1.3983E+01 2.4711E+01 5.0219E+01 3.5971E+01(S)

-2 1.900 - 2.300 225 3.7500E+00 1.3468E+01 2.3890E+01 1.81841+01(8)

*3 2.300 - 2.700 77 1.2633E+00 8.1756E+00 1.3226E+01 1.04991+01(S)

*4 2.700 - 3.100 19 3.1667E-01 3.2636E400 4.9395E+00 4.04381+00(S)

*5 3.100 - 3.500 5 8.3333E-02 1.2999E+00 1.9708E+00 1.56801.00(S)

U6 3.500 - 3. 900 1 1. 667E-02 3.741SE-01 5. 17441-01 4.4203E-01(8)
*7 3.900 - 4.300 1 1.66Z7E-02 5.17646-0 .33-0 045-01(S)

S 4.300 - 4.700 1 1.667E-02 6.9303E-01 9.0603E-01 7.9522E-19
9400- 5.0 0 .0010 .00001400 0.00001400 0.00001+00(S)

9 104.100 - .500 0 0.0000E+0 0+00 0 0.00+00 0.0000E+00(S)
to 5.500 - 5.500 0 0.00001+00 0.0000E+00 0.001+0 .000+0(8

12 5.9100 - 6.300 0 0.00001+-00 0.00001.0 00010 .00+00
*13 6.300 - 6.700 0 0.0000E+00 0.00001400 0.0000E+00 o.0000E+00(S)

I14 4.700 - 7.100 0 0.00001+00 0.00001+00 0.0000E+00 0.0000E+00(9)
* i 7.00 7500 0 00001+ 0 0.00+00 0.00001+00 o.00001+00(0)

**RANOI- 0 SURTOTALS MIN ACCUN VOL/S w 52.503
MAX ACCUM VOL/S - 96. 263
AVE ACCUN VOL/$ a 72. 105

:4 ANN~ 14

CHO DZA,.IMCR) NCOUNTS *CNdTS/61C MIN VOL/S MAX VOL/S AVtU VOL/Ui
t o .300 - 0.400 275710 4.5953E+03 6.4964E+01 1.5391+02 1.0316E+O2INS)

2 0.400 - 0.500 130104 2.3017E+03 7.7132E+01 1.5065E+02 1.0982E+02(NS)
3 0.500 - 0.400 35401 5.9002E+02 3.66E+01 6.67291+01 5.1399E+01(9)
4 0.600 - 0.700 15003 2.50051+02 2.6290E+01 4.4900E+01 3.59551+01(S)
5 0.700 - 0.500 6714 1.4523E+02 2.60631401 3.0935E+01 3.20611+0145)

60.400 - 0.900 5043 0.40501+01 2.2532E+01 3.20026+01 2.70271+01(3)
70.9W0 - 1.000 3346 5.5767E*01 2.12661+01 2.91996+01 2.503W1+01 (9)
1.000 - 1.100 2157 3.59M0+01 1.66231+01 2.50541+01 2.17901+01(5)

91.100 - 1.200 1443 2.433=+01 1.4993101 2.20421+01 1.9417E+0148)
10 1.200 - 1.300 V54 1.59001+01 1.4306E+01 1.62911+01 1.62601+01(S)

i2 1.300 - 1.400 27 .50001+00 721. 003E501 4000 S.7742+00(N)
12 1.400 - 1.500 444 7.4000E+00 1.0632E+01 1.30771+01 1.1012E#01(9)

14 1.400 - 1.700 206 3.4333E+00 7.36331+00 8.63201+00 6.07541+00(NS)
is1 1.700 - 1.600 132 2.20001+00 5.65941+00 4.7160E+00 4-17361+00(NS)

**RANeOI AMTOTALU MIN ACCUM VOL/S 0 371.977
MAX ACCULM VOL/S a 634.255
AVE ACCUM VOL/S a 489.406

VF'



TABLE 2. LAS-X COMPUTER OUTPUT (Canttd)

DATA.0OI

DATES 28-MOAR-64
TIME: L5100950

FLOW RATE (CC/SEC) " 5. RUN TIME (SEC) " 60.

*.RANOE. 2*,1

CHO DIAM.(MICR) *COUNTS OCNTS/SEC MIN VOL/S MAX VOL/S AVE VOL/S

1 0.170 - 0.200 260891 4.3482E+03 1.1185E+01 1.8214E+01 1.4415E+01(NS)
2 0.200 - 0.230 211258 3.5210E403 1.4749E+01 2.2431E+01 1.8322E+01(S)
3 0.230 - 0.260 164746 2.7791E+03 1.7705E 01 2.5575E+01 2.1399E+01(S)
4 0.260 - 0.290 138679 2.3113E+03 2.1271E+01 2.9516E+01 2.5168E+O'(S)
5 0.290 - 0.320 109939 1.8323E+03 2.3399E+01 3.1438E+01 2.7221E+01(S)
6 0.320 - 0.350 86143 1.4357E03 2.4633E+01 3.2231E 01 2.8262E 01(S)
7 0.350 - 0.360 73747 1.2291E+03 2.7593E+01 3.5314E+01 3.1295E+01(S)
8 0.380 - 0.410 69357 1.1559E+03 3.3211E+01 4.1715E+01 3.7302E+01(S) L
9 0.410 - 0.440 62073 1.0346E+03 3.7334E+01 4.6143E+01 4.1583E+01(S)
10 0.440 - 0.470 37702 6.2837E+02 2.8027E+01 3.4159E+01 3.0992E+01(S)
11 0.470 - 0.500 23237 3.8728E 02 2.1053E+01 2.5348E 01 2.3134E+01(S)
12 0.500 - 0.530 17318 2.8863E+02 1.8891E+01 2.2499E+01 2.0643E+O1(NS)
13 0.530 - 0.560 11722 1.9537E+02 1.5229E 01 1.7964E+01 1.6559E+O1(NS)
14 0.560 - 0.590 8781 1.4635E+02 1.3457E 01 1.5738E+01 1.4568E+O1(NS)
15 0.590 - 0.420 6621 1.1035E+02 1.1867E'01 1.3770E+01 1.2795E+01(NS)

*eRANGE- 2 SUBTOTAL# IN ACCUN VOL/S - 319.603
MAX ACCUM VOL/S - 412.054
AVE ACCUM VOL/S - 363.657

RANGE 3

CHO DIEA. (MICR) *COUNTS OCNTS/SEC MIN VOL/S MAX VOL/S AVE VOL/S
1 0.120 - 0.124 36712 6.1187E402 5.5360E-01 6.4087E-01 5.9617E-01(S)
2 0.126 - 0.132 40644 6.7740E02 7.0950E-01 8.1577E-01 7.6140E-01(S)
3 0.132 - 0.136 35926 5.9877E 02 7.2107E-01 8.2394E-01 7.7136E-0I(S)
4 0.136 - 0.144 39427 6.5712E+02 9.0423E-01 1.0274E+00 9.6449E-01(S)
5 0. 144 - 0. 150 3929 6.5492E+02 1.0239E 00 1. 1573E+00 1.0893E+00($) -."

6 0.150 - 0.156 37943 6.3239E 02 1.1175E+00 1.2570E+00 1.1859E+00(S)
7 0.156 - 0.162 37502 6.2503E+02 1.2424E+00 1.3914E+00 1.3155E 00(S)
8 0.162 - 0.168 39570 6.5950E+02 1.4681E+00 1.6373E 00 1.5512E 00(S)
9 0.168 - 0.174 37288 6.2147E+02 1.5429E+00 1.7142E+00 1.6271E+00(S)
10 0.174 - 0.180 37480 6.2467E 02 1.7230E+00 1.9075E 00 1.8137E+00(S)
11 0.180 - 0.186 3621 6.0468E+02 1.8465E+00 2.0373E+00 1.9403E+00(S)
12 0. 18 - 0.192 46007 7.6678E.02 2.5835E+0o 2.8417E.00 2.7105E+00(S)

13 0.192 - 0.198 34203 5.7005E+02 2.1126E+00 2.3169E+00 2.2132E+00(S)
14 0. 19 - 0.204 38342 6.3903E+02 2.5973E 00 2.8406E+00 2.7171E+0O(PS)
15 0.204 - 0.210 36434 6.0723E+02 2.6993E+00 2.9445E+00 2.8201E+00(NS)

*ORANOE- 3 SUBTOTAL# MIN ACCUM VOL/S , 22.845
MAX ACCUM VOL/S" 25.354
AVE ACCUM VOL/S U 24.077

TOTAL 4 RANOES .. MIN ACCUM VOL/S - 527.931
MAX ACCUM VOL/S - 746.792
AVE ACCUI VOL/S - 630.063

.r ,..

5..",



COMPARISON OF FLAME PHOTOMETER AND LAS-X DATA

Comparisons of flame photometer voltage and LAS-X total volume data for the
four experiments are shown in Tables 3 and 4.

TABLE 3. FLAME PHOTOMETER AND PARTICLE VOLUME DATA

NaCl solution Count mean

concentration Voltage Volume diameter

Experiment I

I.OE-2 2.37 2976 0.16

1.OE-1 2.74 10898 0.17

1.EO-O 2.98 20576 0.20

•.OE-O 3.06 25300 0.22

Experiment 2

I.OE-2 2.27 500 0.16

I.OE-1 2.72 2376 0.16

I.OE-O 2.97 5876 0.17

1.OE-O 3.07 10283 0.18

TABLE 4. FLAME PHOTOMETER VOLTAGE AND VOLUME DATA

Observation Total Count mean
number Voltage volume diameter

Experiment 3

1 3.11 10208 0.182
2 3.12 9524 0.184

d3 3.02 6108 0.182
4 2.81 3365 0.179
5 2.65 1783 0.178
6 2.45 933 0.176
7 2.19 499 0.176

8 1.95 249 0.173
9 1.79 136 0.174
10 1.49 80 0.172
it 1.31 47 0.170
12 1.08 122 0.169
13 0.92 27 0.168
14 0.69 21 0.165

15 0.51 18 0.165

S..6



TABLE 4. FLAME PHOTOMETER VOLTAGE AND VOLUME DATA (Cont'd)

Observation Total Count mean
number Voltage volume diameter

16 0.29 16 0.164

17 0.18 14 0.166

18 0.08 14 0.162

19 0.05 14 0.164

Experiment 4

1 3.15 12973 0.189
2 3.05 7616 0.183
3 2.88 4158 0.178
4 2.67 2278 0.177
5 2.45 1127 0.176

6 2.23 555 0.174
7 2.00 232 0.175
8 1.69 132 0.173
9 1.50 60 0.172 -1
10 1.38 38 0.171
11 1.10 23 0.169

12 0.84 16 0.167

13 0.58 14 0.163
14 0.39 12 0.162
15 0.24 11 0.164

16 0.16 11 0.163
17 0.07 11 0.161
18 0.04 11 0.163 .",

Changes in voltage between experiments are within expected variability in
reading voltages. The relationship between total aerosol volume (calculated
from LAS-X data) and flame photometer voltage is shown in Figures 3 and 4. In
each case the logarithm of the calculated aerosol volume and flame photometer
voltage are linearly related. The coefficients of determination and

regression (Table 5) for each linear regression are calculated by:

Voltage = a log (volume) + b

where a and b are constants ,

The relationship between flame photometer voltage and the logarithm of
NaCl concentration when concentration was varied by changing NaCl solution

strength is shown in Figure 3. The LAS-X, however, does not respond to
particles less than about 0.1 pm dia. Solution strengths of less than

1.OE-3 of the 5% solution cannot be used because the resulting aerosols are
composed primarily of particles with diameters <0.12 jam. Comparison of the
COD for Experiments 1 and 2 indicates that the 20:1 dilution was inadequate in
preventing coincidence [1]. (When coincidence occurs, the CMD of the aerosol
is measured as greater than the true value and the particle count is too low
[21.) Further dilution (from about 20:1 to 100:1) resulted in smaller COD for
Experiment 2 than Experiment 1. The progression of CMD in Experiment 2,

however, may not be valid because of the particles outside the LAS-X range.

7
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Figure 3. Graph of normalized aerosol volume and flame photometer voltage:
Experiments 1 and 2.
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Figure 4. Graph of normalized aerosol volume and flame photometer voltage:

Experiments 3 and 4. 1
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TABLE 5. COEFFICIENTS OF DETERMINATION AND REGRESSION

Experiment N r P a b

1 4 0.99 <0.01 0.74 -0.21

2 4 1.00 <0.01 0.62 0.61

3 19 0.95 <0.01 1.03 -0.76

4 18 0.95 <0.01 0.98 0.65

The relationship between NaCi concentration and flame photometer voltage
when NaCl concentration is varied by diluting an aerosol generated by only one
NaCI solution (5Z)is shown in Figure 4. At lower concentrationsthere is a
suggestion of curvature in the graph, indicating that voltage and the logarithm
of volume may not be linearly related below 0.5 V or 1.OE-3 relative volume.
Count mean diameter decreases from about 0.19 to 0.16 over the course of the
experiments (2 - 3 h) indicating that larger particles were being lost from

the aerosol due to sedimentation, contrary to the assumption stated in a
previous section.

CONCLUS IONS

The relationship between the logarithm of particle volume calculated from
LAS-X data and photometer voltage is linear over 3 - 4 decades in NaCl
concentration. The linear relationship holds both when NaCl concentration is
varied by varying NaCl solution strength and by diluting an aerosol generated
from a single solution strength. The linear relationship when solution
strength is varied indicates that the flame photometer is not sensitive to
particle size in the range of data collected in Experiments 1 and 2.

Although calibration of the flame photometer by LAS-X total volume data is

feasible, there is little advantage to this method over serial dilution,
because only part of the flame photometer range is covered by the total
particle volume data.
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