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.;‘ was conducted as one phase of NRL's Atmospheric Physics Cruise, 1983.
L)
In general, the NWC pyrotechnics are formulated tc produce smokes of alkali-
oS halide salt particles upon combustion. Such particles are especially
el advantageous due to their hygroscopicity. When exposed to a sufficient
:ﬁ ) level of ambient humidity the particles deliquesce to form solution droplets
“i of approximately twice their original size and five times their original
o mass. Therefore, only a fraction of the resultant cloud mass (smoke screen)
Y originates from the pyrotechnic, the remaining mass being supplied by
! atmospheric water vapor.
:ﬂ The specific objective of the current program was to evaluate the extinction
o characteristics of the CY85A pyrotechnic during the at-sea trial. Measure-
.‘_3"_; ments were made of the smoke's mass loading, scattering coefficient, mass
' extinction coefficient, aerosol size distribution and chemical composition.
Additionally, the at-sea measursments provided a means of evaluating the
i}{ . capability of largs~scale chamber tests to adequately simulate the in-field
%ﬂ ) extinction performance of the pyrotechnics.
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INTRODUCTION

For the past six years, Calspan, in collaboration with the Naval Research
Laboratory (NRL) and the Naval Weapoas Center (NWC) has conducted a laboratory
evaluation (References 1-3) of the extinction characteristics of the CY35A pyrotechnic
and related formulations under development at NWC. The overall objective of the
Navy program Is the development of an effective screening agent to both visible and
IR wavelength radiation utilizing pyrotechnically-generated hygroscopic aerosol. This
year, under contract No. N000)4-82-C-2108 with NRL, Calspan participated in NRL's
at-sea evaluation of the CY835A pyrotechnic smoke obscurant. The evajuation was
conducted as one phase of NRL's Atmospheric Physics Cruise, 1983.

In general, the NWC pyrotechnics are formulated to produce smokes of alkali-
halide salt particles upon combustion. Such particles are especiaily advantageous due
to their hygroscopicity. When exposed to a sufficient level of ambient humidity the
particles deliquesce to form solution droplets of approximately twice their original
size and five times their original mass, Therefore, only a fraction of the resultant
cloud mass (smoke screen) originates from the pyrotechnic, the remaining mass being
supplied by atmospheric water vapor.

The specific objective of the current program was to evaluate the extinction
characteristics of the CY83A pyrotechnic during the at-sea trial. Measurements were
made of the smoke's mass loading, scattering coefficient, mass extinction coefficient,
eerosol size distribution and chemical composition. Additionally, the at-sea
measurements provided a means of evaluating the capability of large-scale chamber
tests to adequately simulate the in-fleld extinction performance of the pyrotechnics.

Results and measurements from the at-sea trials are discussed in Section 3.
Details of instrumentation and procedures are provided In Section 2; while Appendix C
presents photographic documentation. Detailed extinction and particle size data are
provided in Appendices A and B, respectively. Conclusions and recommendations are
discussed In Section &.




Section 2

INSTRUMENTATION AND PROCEDURES .

The measurements were obtained from aboard the USNS Lynch in the mid-Atlantic
while en route from Charieston, South Carolina to the Canary Islands (see Figures C-1
and C-2, Appendix C). A total of ten tests were performed, each involving the
asrosolization of a single canister containing a 160 pound payload of the CY83A
pyrotechnic (see Figure C-6). The canisters were suspended off the stern of ship for
combustion (i.e., aerosolization). Upon ignition with a small Agl ignitor, the 160 pound
payload burned for approximately eight minutes.

The first of the burns was conducted under calm winds with the ship at rest in
the water. Due to the heat released during the combustion of the pyrotechnic, the
smoke from this burn pillared upward producing a smoke cloud high overhead with little
smoke remaining at the surface (Figure C-9). To reduce this pillaring effect, the
remaining burns were conducted with the ship underway so as to create a relative
headwind of from 3 to 10 knots. Such a headwind was found to sufficiently dllute the
heat of the pyrotechnic to produce a surface based smoke screen (Figures C-7 and C-8).

After the ship was placed on a course and speed to produce the 3 to 10 knot
relative headwind, the pyrotechnic was ignited. As the pyrotechnic burned, the ship
was turned In an attempt to Intersect the smoke plume. As the tests proceeded,
experience was gzined in maneuvering the ship relative to the smoke plume and
messurements were, in general, obtained In progressively denser and fresher smoke.
To assess the extinction characteristics of the pyrotechnic smokes, measurements were
made of the scattering coefficient, mass loading, aerosol size distribution and chemical
composition. The specific instrumentation used to perform these measurements Iis
discussed below and is summarized in Table 1. The shipboard locations of instrumentation
and sampling sites are shown photographically in Appendix C.

Aerosol scattering coefficient measurements were obtained with Calspan's MRI
Integrating Nephelometer for values less than 4 km=l. For greater values of the
scattering coefficient, data from NRL's HSS nephelometer (channel 2) are reported
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when such data were available. The sensors for both instruments were mounted outdoors
atop the instrument trailer (Figure C-4).

Aerosol mass loading was determined gravimetrically. Aerosol samples were
drawn upon 0.3 um Nuclepore "aerosol" membrane filters at a rate of from | to 2
cfm. Flow rate was monitored with an in-line flow meter mounted downstream of the
tilter with readings corrected for filter pressure drop (also monitored). Prior to the
caruise, each filter was prewelghed on a Cahn 26 electro-balance. Upon return to
Calspan, the filters were dessicated at 5% relative humidity and reweighed to determine
the nominal (i.e., "dry") aerosol sample mass. Mathematic division of this mass by the
sampled air volume ylelded the nominal mass loading. The nominal mass extinction
coefficient was then determined by averaging the scattering coefticient data obtained
during the fliter sampling period and dividing this value by the nominal mass loading.

The aerosol size distributions of the smokes were measwed with three aerosol
sizing instruments each covering a specific size ranges A TSI model 3030 Electrical
Aerosol Analyzer (EAA) for particles of diameter from 0.0l to 1.0 um; a Royco model
225 optical particle counter for particies from 0.47 to 10 um diameter; and a Calspan-
fabricated Drop Sampler, a large particle gelatin slide impactor, for particles greater
than approximately 2 um In diameter. The EAA and Royco were mounted In the
Instrument traller drawing their sample air from an aspirated sample line which extended
~3 m above the instrument traller (Figure C-4, locatlon J). The Drop Sampler was
positioned on the bow rail for sample acquisition (Figure C-3, location E).

Due to high aerosol concentrations in the smokes and rapid concentration
fluctuations resulting from inhomogneities and movement of the smoke relative to the
ship, problems were encountered In the sampling of the smoke by the three aerosol
sizing instruments. The EAA experienced the greatest sampling difficulty as this
instrument was designed to sample aerosol concentrations which remain relatively
constant over its ~70 second sampling period. (The requirement of a constant aerosol
concentration results from the sequential (as opposed to simuitaneous) sampling of the
EAA's eight size channels (0.01 - 1.0 um diameter) during its sampling cycle). As a
result of these constraints, only four EAA size distribution measurements taken in the
smoke plumes appeared sultable for analysis.

----------
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The Royco, typically operating on a one minute sampling interval simultanecusly
sized aerosol particles in each of its five size channels (0.47 - 10 um diameter) and
thus, aerosol fluctuations were not a problem for this instrument. However, high aerosol
concentrations did overioad the Royco at times resulting in a limited amount of data
Joss under dense smoke conditions. Additionally, due to the potential for large particle
aerosol loss in the Royco sample line, aerosol concentrations in the largest Royco
channel (5.62-10 um diameter) are likely to be underestinates of the true concentration.

To assess the aerosol concentration of particles larger than could be properly
evaluated by the Royco (l.e., 35 um), the Calspan Drop Sampler was used. In operation,
alr was drawn through the instruments sampling tube by a high capacity blower, and
droplets were collected by impaction on gelatin-coated slides. Development work on
this technique (Jiusto, 1965 and Mack, 1966) has shown that there is approximately a
2:1 ratlo between the diameter of the impaction crater formed in the gelatin and the
diameter of the impinging droplet. The sampling airspeed (~50 m/s) was measured by
a pitot tube and static source mounted In the unit, and a standard aircraft airspeed
indicator was used to read the airspeed through the sampler. A 30 second exposure
time was used to collect the in-smoke aerosol samples. Reduction of the droplet data
was performed manually from photomicrographs of the sample slides obtained with a
phase contrast microscope. The raw distributions produced from measurements of the
droplet replicas were then corrected for the collection efficlency of the slide as a
tunction of droplet diameter and alr speed.

Due to the manual operation of the Drop Sampler and the relatively brief periods
for which the ship was positioned in the smoke plumes, acquisition of samples was not
always practical. Additionally, for the samples acquired, analysis for particles greater
than 3 um diameter was hampered by an overwhelming abundance of smaller particies.

In recognition of the above sampling difficulties associated with the three aerosol
sizing instruments, the data have been inspected accordingly and only those data which
were free from apparent sampling errors have been reported.




‘.f The chemical composition of the smoke was determined via energy dispersive x-
ray analysis in conjunction with scanning electron microscopy. Two sampling methods
('. were empioyed to obtain samples for this analysis: the aforementioned filter samples

W and impactor samples, collected upon the third and fourth stages of a four stage Casella
t" impactor.

With the exception of the second burn, each of the ten burns was video taped.

::ﬁ ' Also, numerous still photographs of each burn were obtained, and, for burns 1 and 7,

. photographs were taken from aboard the Zodlac launch positioned approximately 1 km

'-' from the Lynch. Appendix C provide several photographs of the ship, instrumentation
and smoke plumes,
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4 ' Section 3

| ! EXTINCTION CHARACTERISTICS OF THE CY85A OBSCURANT AEROSOL

4

.
L

[ During the cruise, ten 160 pound payloads of CY85A pyrotechnic were combusted.
The date and time of each burn and the type of measurements performed by Calspan
on the resultant smoke are summarized in Table 2. Note that burns No. 7 and 10
) were conducted to obtain only photographic and lidar data, and, hence, no in-smoke
measurements were made.

Nominal Mass Extinction Coefficient

For each burn (except Nos. 7 and 10), measuwrements of the smoke's scattering
coefficient and mass loading were made. Dlots of the scattering coefficient as a
functon of time for each of these burns are presented in Appendix A. Alse shown on
the plots are the sampling periods of the mass loading filters.

-For times when simultaneous measurements of the Smokes' scattering coefficient
and mass loading were available, the corresponding nominal mass extinction cnefficient
was computed. Table 3 presents a summary of the scattering coefficients, mass loadings
sand calculated nominal mass extinction coefticients for each burn.

As can be seen from Table 2, measirements were made in both thin and dense
smokes ranging in mass concentration from 46 to 13600 ug/m3 and having scattering
coefficients from approximately 0.2 to 33 km-l. The values of thc computed nominal
mass extinction coefficient ranged fromn 1.77 to 3.67 m2/g with an average of 2.60 m2/g.

Size Distribution Measurements

As discussed earlier, three instruments were used to measure the aerosol size
distributions in the smokes: A TSI EAA (0.01<D$1.0 um), a Royco OPC (0.47 £ D =10
um), and a large particle impaction device (D>2 um). Aerosol concentrations measured
in the smokes relative to background levels can be seen from the size distribution plots
presented in Figures 1, 2 and 3 for the EAA, Royco and Drop Sampler, respectively.
For the EAA distributions of Figure |, the corresponding Royco data have been added
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. to provide a more complete size distribution for these four times. Appendix B presents
: the size distribution data in tabular form. For additional information on the smoke
size distributions, reference should be made to concurrent measurements performed by .
NRL (Hoppel and Frick, 1983).

Perhaps the mos: significant conclusion to be drawn from these measurements
is the apparent initial presence of large particles (diameter ¥3 um) which then experience
rapid fallout. For burns 1 through 6, in-plume measurements were cbtained in relatively
thin smokes and often 20 to 59 minutes after dissemination. In these tests, few large
e particles were observed above the natural background concentrations, On the other
hand, in burns 8 and 9, measurements were made in dense smokes within minutes of

§4 aerosolization. In these latter tests, significant numbers of large particles were observed :
:-j . as indicated in Figures 2 and 3. For a brief period during test 9, the wind blew smoke
n from the burning pyrotechnic directly back onto the ship. Those people exposed to
- the smoke during this period reported feeling a fine fallout settling on their skin and,
:&t after the burn, the fallout was visibly evident upon exposed horizontal surfaces. It

i

was also the personal opinion of several of the scientists on board that shortly after
o aerosolization in most burns, areas of general aerosol fallout could be detected in the
smoke clouds. While no size measurements were made on the fallout particles, our
first-guess estimate would place their diameter at > 350 um.

Thus, it appears that immediately following aerosolization, large particles were
present in the smokes and that the largeét of these particles were lost via sedimentation
within a few minutes. In all of the plumes observed, particle concentrations at sizes
33 um diameter returned to background levels within a period of 30 to 60 minutes, ;

Chemical Composition of the Obscurant Smoke

A mass loading filter sample from burn 9 which was densely coated with smoke
aerosol was subjected to energy dispersive x-ray analysis for determination of the
smoke's elemental composition. A relatively large area of the filter was scanned
thereby encompassing literally thousands of smoke aerosol particles. Figure 4 presents
the resultant composite spectrum and indicates, as expected, that the primary elemental
constituents of the smoke were chlorine and potassium.
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Figure 4. SEM energy dispersive X-ray spectrum of CYB85A smoke sample
(at-sea Test No. 9. 30 March 1983).
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Comparison of Field and Chamber Measurements

The at-sea trial of the CY85A pyrotechnic provided data for comparison to
similar measurements obtained during tests of the pyrotechnic in Calspan's 600 m3
chamber over the past five years (References 1-5),

Measurement of the nominal mass extinction coefficient in the chamber for tests
conducted at humidities $ 75% RH (to be consistent with humidities occurring during
the at-sea field tests) have ranged from 2.16 to 4.63 mzlg. Thus, the field measurements,

;g& which ranged from 1.77 to 3.67 m2/g (Table 2), are in reasonable agreement with the
i chamber results.

e
_.,fa:,
‘_"‘ig,v Size distribution measurements from chamber tests (Hanley et al 1983, average
"“ﬁ'r’ of tests | and 2) were also in general agreement with the fleld measurements as shown
| in Figure 5. For this comparison, background aerosol have been factored out, and the
5"3,‘5 distributions have been normalized by the total smoke aerosol number concentration.
g, It must be noted, however, that this comparison Is based on very limited field data
¢§ obtained only in low concertration smokes for which the EAA was not overloaded.
Additionally, these particular fieid measurements 'were made from 35 to 50 minutes
A after aerosolization and significant loss of large particles by' sedimentation likely
A occurred.
&

_' Chemical analyses of aerosol samples frcm both the field and chamber tests
gﬁ indicate that the CY85A smoke is primarily KC1 (See Figure 4 and Reference 5).
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Section &
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

The CY83A smoke, being primarily KCl, requires a relative humidity of

ﬂ approxinately 80% for complete deliquescence to occur. Relative humidities encountered
during the cruise were most often less than 80% (Wattle et al, 1983) and during the
s smoke tests ranged from 399% to 74%. Thus, the at-sea trial was performed on an
§ © essentlally dry CY85A smoke, and additional obscuration due to hygroscopic growth was
N minimal.

3;- W The principal conclusions drawn from this year's at-sea fleld trial are:

7‘.\ _ l.  The visible wavelength nominal mass extinction coefficient of the smokes
:{n\ X ranged from 1.77 to 3.67 with an average of 2.60 m2/g.

U 2 Observations and size distribution measurements suggest that upon

sarosolization large ( >3 um) particles were present In the smokes in
significant concentrations but that these concentrations were significantly
reduced by sedimentation over periods from 30-60 minutes. The largest
particles, l.e., ¥ 50 um, precipitated from the smoke within minutes.

o RN
i-?sv"-i

el

A limited comparison showed that the extinction, size distribution and
chemical composition measurements made during the at-sea trial are
consistent with results from previous chamber tests.

N5
?

4, The chemical composition of the CY8JA smoke Is primarily KCl,

o

‘k.
ot L

3 Relative humidities encountered during the cruise were generally below
the deliquescence threshold of the CY35A (~80% RH).
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Recommendations

In these at-sea trials, the 160 pound payload pyrotechnics apparently produced
considerable quantities of very large particles (estimated to be greater than ~50um
in dlameter) which fell out of the smoke screen almost immediately. Except for an
expected short-term (i.e., less than several minutes) increase in obscuration immediately
after combustion, these very large particles represent an Inefficiency in the smoke
production process. It is recommended that study to optimize the combustion-
aerosolization process be undertaken.

Dwing the past few ysars, NWC has been developing alternate formulations of
the CYS83JA pyrotechnic directed towards lowering the smoke's deliquescence humidity.
As a result of this effort, smoke formulations, which deliquesce at 13 and 33% RH
(pyrotechnic LM9 and LM12 respectively) have been produced In small quantities, and
evaluated in Calspan's chamber. In addition to offering a lower deliquescence threshold,
these smokes also provide greater extinction than CY83A at both visible (LM9) and IR
(LM12) wavelengths as seen in Figure 6. Based on last year's work (Hanley et al, 1983)
with the LM9, LMIl and LMI12 pyrotechnics, the following selected conclusions are
restated from that study:

0 Low humidity IR wavelength (3-12 um) obscuration provided by the LMI11
and LMI2 pyrotechnics is up to 40 times the obscuration provided by
CY85A, and, at high humidity, up to 10 times greater than CYS83A.

o Based on payload mass, LMY provides approximately three times the
obscuration of CY335A at low humidity over nearly all wavelengths measured
(0.3-14 um). At high humidity, the obscuration provided by LM9 and
CYS$5A Is nearly equivalent.

Thus, in light of the relatively low humidities (l.e., < 80% RH) encountered during
the at-ses trial and the potential for significantly Increased extinction, it is recommended
that development continue on these low deliquescent humidity smokes as an improvement
on the present CY83A pyrotechnic.

18
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o . APPENDIX A

e ! Scattering coefficient as a function of time and mass loading filter sampling
R3) periods for the CY85A pyrotechnic burns.
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APPENDIX B

Tabulated size distributions and sample times for the EAA, Royco and Drop |
Sampler aerosol analyzeis.

30



SAMPLE
TIME (OMT)

1213 - 1214
1223 - 1224
1322 -~ 1323

SAMPLE
TIME (OMT)

1430 - 143¢

SAMPLE
TIME (OMT)

1680
1632
1688
1731
1733

1631
1683
1656
1732
1734

SAMPLE

BACKGROUMD
BACKGROUND

SAMPLE

SAMPLE

BACKOGROUND
PACKOROUND
BACKGROUND

EAA DATA

BURN ¢ 1

#/CC PER INDICATED DIAMETER SIZE RANGE C(MICRONE)

.0100 .0178 .0316. .0862 .100 173 « 318 582

.0178 .0316 .0%682 .1000 .178 318 .562 1.000

0 0 0 89 48 es 13. 0

0 0 87 44 120 12 7 0

0 26872 870 268 263 445 127 25
BURN #» 2

#/CC PER INDICATED DIAMETER SIZE RANGE (MJCRONMS)
.0400 ,0178 ,031e¢ .05682 .100 178 316 382
.0178 ,0318 .0%82 .1000 .178 » 318 .562 1.000

0 €8s 174 338 241 98 20 7
BURN # &

#/CC PER INDICATED D:AMETER SIZE PANGE C(MICRONS)
,0100 .0178 .0316 .0%562 .100 .178 .318 .582
.0178 .03168 .0%62 .1000 .178 . 318 .562 1.000

0 Q 174 39 2683 49 13 P!
0 9 - 174 133 241 62 7 0
0 0 174 89 289 37 13 0
0 0 1392 268 1109 492 120 23
0 0 11

s22 31t 482 283 107




R R R A N T S T Ty e TR T YT YO

L4
ROYCO DATA
: BURN # 1
4
' SAMPLE #/CC PER INDICATED DIAMETER SIZE RANGE (MICRONS)
TIME (GMT) SAMPLE 5.47-0.%6¢ 0.%6-1.78 1.78-3.18 3I.16-5.62 S5.62-10
£107 - 1117  BACKGROUND  4.20E-0%f  7.44E-01  G.48E-02  4.08E-03  0.00E 00
1117 - 1127  BACKOROUND  4.37E-01  7.77E-01  B8.99E-02  $.49E-03  0.09E 00
1127 - 1137  BACKOROUND  4.69E-01  8.08E-01  ©.85E-02  5.90E-03  0.00E 00
1315 - 1316 9.3%E 00  1.336 04  4.08E-04  ©.00E-03  0.00E 00
1318 - 1317 1.77F 01 2.38E 01 1.286-01  4,94E-03  0.00E 00
1317 - 1318 2.00E 01  2.9%E 01  1.47E-01  4.24E-03  0.00E 00
1319 - 1320 2.40E 04  3.276 01  1.74€-04  ©.12E-02  0.00E 00
1320 - 1321 2,90 04  4.71E 01 2.79E-01  6.385-03  0.00E 00
1381 - 1322 4.40E 04  7.42€ 04  G6.15E-01  4.24E-05  0.00E 00
1323 - 1324 3.73F 01 6.23E 0% 4.24E=01  7.77E-03  0.00E 00
1384 - 1328 3.48€ 01  S.%8E 01  3.31E-01  S.8SE-03  0.00E 00
1328 - 1326 3.47€ 01 5.68E 01 3.G2E-01  8.00E-03  0.00E 00
BURN ¢ 2
SAMPLE #70C PEP INDIGATED DIAMETER SIZE RANOE (MICRONS)
TIME (OMT) SAMPLE 0.47-0.%6 0.56-1.78 1.78-3.168 3.16-5.82 5.62-10
1408 - 1409 9.20€ 00 7.73E 00  3.63E-02  6.00E-03  0.00E 00
1428 - 1429 1.08E 01  1.41F 01  7.3%E-02  4.S9E-03  0.0CE 00
1420 - 1430 7.41E 00  1.08E 01  7.83E-02  3.88E-03  0.00E 00
1430 - 1434 8.41E 00  1.24E 01  7.84E-02  4.94E-03  0.00E 00
1932 - 1433 S.87€ 00 8.40E 00 ' B.80E-02  4.94E-03  0.00E 00
1433 - 1434 : 1,10 01  1.€0€ 01  $.86E-02  S.85E-03  0.00E 00
1434 - 1438 1.1 01 1.6SE 01  8.85E-02  4.S9E-03  0.00F 00
1435 - 1438 3.44E 00  4.48E 00  S5.82E-02  4.94E-03  0.00E 00
1439 - 1449  DACKOROUND  4.01E-01  6.8SE-01  ©.08E-02  4.41E-03  0.00E 00
1449 - 1459  DACKOROUND  4.0SE-0t  ©.88E-01  G.18E-02  3.G0E-03  0.00E 00
1459 - 1509  BACKOROUND  ¢.0SE-01  ©.93E-01  S.93E-02  4.34E-03  0.00€ 00
BURN ¢ 3
SAMPLE #/CC PER INDICATED DIAMETER SIZE RANGE C(MICRONS)
TIME (OMT) SAMPLE 0.47-0.%6 0.56-1.78 1.78-3.16 3.16-5.62 $.82-10
1549 - 15%9 PACKGROUND 4.33E-01 7.82E-01 8.74E-02 4,27€-03 0.00E 00
1600 - 1818 BACKGROUND 4.84E-01 7.60E-01 6.40E~-Q2 4,52E-03 0.C0E 00
1619 - 1829  BACKGROUND  4.27E-04  B8.126-01  6.83E-02  4.31E-93  0.00E 00
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SAMPLE
TIME (GMT)
180é - 1eo07
1807 - 1e08
1813 - 1814
1814 - 1818
16813 - 1816
i818 - 1817
1818 - 1819
1620 - 1821

SAMPLE
TIME (GMY)
1831 - 1832
1532 - 1533
1534 - 13338
1336 - 1337
1346 - 1347

SAMPLE
TIME (OMT)
1631 - 1832
1852 - 1653
1653 - 16354
1708 -~ 1707
1708 - 1709
1700 - 1710
1710 - 1711
17111 - 1712
1742 - 1713
1713 - 1714
1714 ~ 1743
1716 ~ 1717
1717 - 1718
1718 - 1719
1719 - 1720
1720 - 1721

S P R gy W S e P YN Y

SAMPLE

BACKGROUND
BACYGROUND

SAMPLE

BACKGROUND
BACKORCUND
BACKOROUND

SAMPLE

BACKGROUND
BACKGROUND
BACKGROUND

VT PN YY P YR TN

ROYCO DATA (CONTINUED)

#/CC PER INDICATED DIAMETER SIZE RANGE (MICRONS)

#/GC PER INDICATED DIAMETER SIZE
1.78-3.18

INDICATED DIAMETER SIZE

BURN ¢ 4
0.47-0.%6 0.%56-1.78
4.936-04  ©.27E-01
4.84E-01  8.30E-01
1.09€ 0¢  1.88E 01
7,94E-01  1.22E 00
6.28E 00  ©.82E 00
2.93E 01 3.47E o1
1.51E 00  1.38€ 00
1.44F 00  1.32E 00
BURN # S
0-47'0-53 0158.1-78
1.2E 00  1.82E 00
1.27E 00  1.82E 00
1.34€ 00  1.79E 00
4.57€ 00  S.87E 00
8.72C 00  6.65E 00
BURN # 6
#/0C PER
0.47-0.56  0.56-1.78
1.03€ 00  1.3% 00
1.12E 00  1.44E 00
1.03E 00  1.43€ 00
$.08E 00  3.23E 00
7.09E 00  4.86E 00
9.05€ 00  ©.72E 00
3.82E 00  2.83E 00
8.07€ 00  5.S4E 00
S.S4E 00  4.98E 00
2.24E 01 2.1SE 04
1.69€ 01  1.%4E 01
1.41€ 01 1.31E o0t
$.71€ 01  1.%4E 01
1.81E 01  1.61E 01
1.99€ 01 1.71E 01
2.08E 01  2.01E 0%
33

1.78-3.16

7.80E-02
6.50€E-02
3.52E-01
7.77€-02
7.49€-02
2.39E-01
7.03E-02
7.91E-02

1.89E-01%
1.62€E-01
1.84E-01
1.96€-01
1.92€-01

1.78-3.16

1.20E-01
1.08E-01
1.17€-01
1.77€-01
1.55E-01
1.31E-01
1.48E-01
1.09E-01
1.13E-01
1.91E-01
1.91E-01
1.86E-01
1.84E-01
1.52E-01
1.31E-01
2.J0E-01

3.16-5.62

6.71E-03
5.30E-03
1.31€-02
8. 48E-03
7.06E-03
1.02€-02
4.24E-03
4.24E-03

%.62-10 .

0.00€ 00
0.C0E 00
0.00E 00
0.00€ 00
0.00E 00
0.09€E 00
0.00E 00
0.00E 09

RANGE (MICRONS)

3.13'5-32

1.43€-02
i1.02e-02
1.02e-02
1.82€-02
1.13€E-02

5.62-10

0.00€ 00
0.00E 00
0.00E 00
0.00E 00
0.00E 00

RANGE (MICRON®)

3.16'5-62

l.08E-02
7.08E-03
3.83E-03
2.47e-02
3.53E-03
1.41E-02
7.08E-03
0.00E 00
7.08E-03
7.18E-03
1.08€E-02
l.77E-02
1.08E-02
3.33E-03
l.41€E-02
3.53E-03

5.62-10

0.00E 00
0.00€ 0¢C
0.00E 00
n.09E 00
0.00E 00
0.00E 00
0.00E 00
0.00E 00
0.00E o0
0.00€E 00
0.00& 00
0.00E 00
0.00E 00
C.00E 20
0.00E 00
0.00E GO



SAMPLE
TIME (GMT)
1722 - 1723
1723 - 1724
1727 - 1728
1728 - 1729
1729 - 1730
1730 - 1731
1734 - 1732
1735 = 1734
1734 - 1738
1738 - 1738
1738 - 1737

SAMPLE
TIME (OMT)
1047 - 1048
1048 - 1049
1049 - 10350
1119 - 11114
1111 - 1112
1112 - 1113
1113 - 1114

SAMPLE
TIME COMT)
1523 - 1339
1333 - 1340
1813 - 1814
1884 - 1613
1616 - 1817
1617 - 1618
1618 - 1619

r
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SAMPLE

- SAMPLE
BACKOROUND

8ACKOROUND
BACKOROUND

SAMPLE

BACKGROUND
BACKOROUND

ROYCO DATA (CONTINUED)

BURN ¢ 6 (COMTINUED)

#/CC PER INDICATED OIAMETER SIZE RANGE (MICPONS)

0.47-0.%6

2.49E 00
2.23E 00
9.37E 00
4.46E 01
4.42E 01
4.33€E 04
3.34E 012
2.31E 01
2.07F o1
2.32€ 01
6.13E 00

#/CC PER INDICATED DI!AMETER SIZE

0.47-0.36

4.31E-01
4.235E-01
4,24E-01
2.16f 0%
7.97¢ 00
2.33K 00
1.46€ 00

#/CC PER INDICATED DIAMETER SIZE

0. "7'0.5.

S.01€E-012
S.15E-01
7.43E 01
2.44€ 01
8.14E 00
8.77€ 00
2.15E 00

0.56-1.78

2.72E 00
2.43E 00
8.78E 00
8.36E 0t
S.43E 01
S.16E 01
<.83E 01
2.29¢ 01
2.09E ot
2.26E 0%
S.84E 00

BURNM ¢ B8

0.56-1.78

J.34E-01
3.71E-01
3.74E-02
1.96E 014
8.71E 00
2.00€ 00
1.2%9€ 00

PURN ¢ 9

0.356-1.78

6.63E-01
6.38€E-01
1.30F 02
1.92€ 01
$.21€ 00
4.04E 00
1.50€ 00

34

1.78-3. 1€

1.77€-01
1.53€-01
1.34E-01
3.04E-01
4.03E-01
J.28€E-01
2.12E-04
2.13€-01
1.941E-01
2.08E-01
1.48€-04

1.78-3.16

8.00E-03
9.89€-03
8.71E-03
2.,73E-01
2,03E-014
9.46E-02
4.88E-02

1.78-3.16

4,09E-02
4.36€-02
4.15E 00
1.43E-01
1.06E-01
1.70E-01
7.08E-02

3.16-%.62

7.08E-03
1,77€-02
7.08€-03
1.41E-02
1.06E-02
1.08E-02
1.41E-02
1.08€E-02
1.08E-02
1.08E-02
7.08E-03

5.62-10 |

0.Q0E 00
0.00E 00
0.00€ 00

Q.00E ¢0

0.00E 00
0.00E 00
0.00€ 00
0.00E 00
0.00E 00
0.J0E 00
0.00E 00

RANGE (MICRONS)

3.16-5.62

1.08E-03
1.41€E-03
1.08E-03
4.03E-02
J.88E-02
9. 18E-03
8.71E-03

S.82-10

0.00E 00
0.00E 00
0.00E 00
0.00€E 00
3.53E-0}
0.00€ 00
J.35SE-04

RANGE (MICRONS)

J.16-3.82

7.31E-03
S.40L-03
2.47E-02
1.77€-02
1.77E-92
2.47E-02
1.08E-02

S.82-4¢0

0.00E 00
0.00E 00
0.00€ 00
0.00E 00
0.00E 00
6.00E 00
0.00E 00

L )



s BN 2D

DROP SAMPLER DATA

BURN » 3
SAMPLE #/CC PER INRICATED DIAMMETER SIZE RANGE (MICRONS)

TINE (GMT) G-2 2-4 4-8 6-8 8-10 10-12 12-14 14-16 16-18
1800 (BXG) 1.3 0.112 0.019 6.004 0.001 0.01%¢0 0.000 0.%00 g.00¢0
1658 9.213 0.064 0.014 0.003 0.001 0.001 0.000 0.000 0.7200

BUPN +# ¢
SAMPLE #/CC PER INDICATED “IAMETER SIZE RANGE (MICRUONS)

TIME (OMT) 0-2 2-4 4-6 6-8 e-10 10-12 12-14 14-16 16-1¢
1450 (BKS) 1.0 0.133 o0.028 0.010 9.004 0.002 0.000 5,000 0.0900
171? 8.7 J.39% 0.040 0.010 0.003 G§.002 0.002 0.60¢ 0.002
1730 2.5 0.2863 0.%47 0.014 0.002 0.004 8.9%00 0.000 2.0018

BURN ¢# O
SAMPLE #/CC PER INDICATED DIAMETER SIZE RANGE (MICROMS)
TIME (OMT) n-2 2-4 4-6 6-8 8-10 10-12 12-14 14-:5 15-18
923 (BKG) Sg.2 0.161 0.037 J.024 0.012 0.008 0.002 0.002 9.900
1109 29.1 1.3 0.102 0.013 0.000 0.004 0.600 0.0014 7.000
BURM ¢ 8
SANPLE #/CC PER INDICATED DIMMETER SIZE RENGE (MICRONS)

TIME (OMT) 0-2 2-4 4-6 6-8 8-19 10-12 12-14 14-16 16-19
1506 (3XG) 22.7 0.498 0.060 0.023 0.016 0.003 0.0C3 J.000 J.nCQ
1513 822 1.6 0.08¢C 0.000 J.000 0.000 0.000 0.000 0.900
1614 83.3 0.3546 0.049 0.024 0.002 0.004 0.002 0.300 0.0¢0

35
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APPENDIX C

Cruise tréck, Location of Shipboard Instrumentation and Plume photographs.
Key to instrumentation:

A. Mass loading filter and casellu impactor sampiing sites (Calspan).

B. PMS aerosol spectrometer pirobes (NRL).

C. Microwave radiometer for breaking wave measurements (NRL).

D. Drop Sampler (Calspan). |
" B.  Usual sampling site for Drop Sampler.

F.  Casella Impactor sampling sites (NRL) |

G. Instrument trailer (NRL).

H.  MRI nephelometer sample inlet (Calspan), ‘

i. MRI nephelometer sample iniet (NRL).

J. Aerosol inlet line to EAA and Royco aerosol analyzers (Calspan).

K.  Aerosol inlet line to Mobility Analyzer (NRL). ,

L. HSS Nephelometer (NRL). i

M. Nephelometer (NRL).

N. Dew Point Hygrometer (NRL).

0. Wind sensors for correlation to breaking wave measurements (NRL).

P. Turbulence probes for wind speed, temperature and humidity (Argonne Nat.

Lab.). .’

Q. ' Verticle profile temperature probes (Calspan).

R. Cup annemometer and wind vane (Calspan). !

S. Ships wind sensors. '
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Figure C-4 NRL's INSTRUMENT TRAILER AND ASSOCIATED INSTRUMENTATION AND
SAMPLE LINES.
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" Figure C-6 MAST MOUNTED INSTRUMENTATION
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SHIP TURNING
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Figure C-9 PILLARING SMOKE PRODUCED DURING BURN NO, 1; WINDS CALM,
SHIP AT REST
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