THIS REPORT HAS BEEN DELIMITED
AND CLEARED FOR PUBLIC RELEASE
UNDER DOD DIRECTIVE 5200,20 AND
NO RESTRICTIONS ARE IMPOSED UPON
ITS USE AND DISCLOSURE,

DISTRIBUTION STATEMENT A

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED,

g Tii
L e

Ll

*
e



flrmed dervices Technical Tformation Hyency

Roproduced by

DOCUMENT SERVICE CENTER
KNOTT BUILDING, DAYTOR 2, 0NI¢

This document 19 M9 property of the Usiied Biates Goveramant. It is furaished for the és-
ration of the contract and shall be retwrasd when % longer required, or wpos recall by ASTIA
odfvess: Armoed Oorvises Techaical Ilafermatios Agescy,
Rocament Berviee Cester, EKnett Beildliag, Daytes 3, Oble.

DRAWDIS, $PECIFICATIONS OR OTRER DATA
3% COMMEBCTION WITR A DEFINITELY RELATED

ASSIFIED

_UNCL

3
.
%

:

&5




Fyd

ot e




WOODS HOLE OCEANOGRAPHIC INSTITUTION

Woods Hole, Massachusetts

This is a Technical Report to the U. S.

Navy, Office of Naval Research, and has
received only limited distribution. There-
fore, in citing this report in a bibliography
the reference should be followed by the phrase
"UNPUBLISHED MANUSCRIPI", which is in accord-
ance with accepted bibliographic practice.

Reference No. 56-63

An airborne flame photometer and its use in the scanning

of marine atmospheres for sea-salt particles.

by

A. H. Woodcock and A. T. Spencer

Technical Report No. 14
Submitted to the Office of Naval Research
Under Contract Nonr-798(00) (IR 082-124)

Nove.ber 1956

APPROVED FOR DISTRIBUTION C\.-DB ‘a"\-"j“"\

Director




An airborne flame photometer and its use in the scanning
of marine atmospheres for sea-salt particles

A. H. Woodcock and A. T. Spencer
Introduction

Evidence of the association of bubbles in the sea with sea-
salt nuclei in the air and of the connection between these nuclei and
salts in solution in rain waters (see references 1, 2, 15, 17 and 19),
has directed our attention to problems requiring more knowledge of the
quantities of these nuclei in the atmosphere. In some of thes prob-
lems, an instrument was required which would make possible a rapid
scanning from aircraft of the distribution of salt of certain particle
size ranges in the lower layers of marine atmospheres. In these air
layers and in the clouds which are often found in them, the difference
in the horizon%al and vertical distribution of the weight of sea salt
per unit velume of air cowonly amount to severzl orders of magnitude
(16). Hence, no great instrumental accuracy was initially needed to
obtain a useful exploratory tool.

Methods preseatl; availaple for ottaining the weignt of sali
per unit volume or weight of alr®* zpe very slow and laboricus. A
further objection tc¢ aost of tn - rethods is that tie quantities
measured often represenc aver-ge values atong exlended air paths, due
to the necessarily proiugad bime required to obLain an adequnie
sample. Hence tlhese metiods are not useful where rapid aud rough
mapping of the distribvution of sodium-bearing particles in the lower
layers of marine au.ospheres is required.

#For filtralicn methods see references L4 and 8, and [or impingement
methods see refeences 5, ¢, 1C and 18.
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Soudain (11) and Vonnegut (i4) have devloped a useful instru-
ment which applies the principles of flame- hotometry to the problem of
detection of sodium-bearing aerosols. Their instruments are laboratory
models, capable of giving relatively instantaneous indications of these
aerosols. However, neither author calibrated his instrument in terms
of the weight of sodium per unit volume of air nor adapted it for use in
aircraft.

The purpose of this paper is to describe briefly a flame photo-
meter designed for use in an airplane, (see Figures 1 and 2) to discuss
its use in conjunction with a different method of measuring airborne
salt, and to give some of the first data obtained. This instrument mea-
sures and records the average voltage output of a photocell which is
exposed to the sodium flashes in a flame. This voltage output has been
related to the quantity of sea-salt particles in the air, by comparison
with direct simultancous sanpling of these salt particles, so that it
provides a rapid indication of “he weight of sea-salt present. The Jjusti-
fication for this comparison of sodium-flash intensity, as represented
by the photocell cutpui, Lo Lie mass of sea-salt particles in the
atimosphere, is to be found in the work of Junge (see reference 6, p. 130).
He showed that the ratio of tie sodium to the chloride in the giant
‘nuclei in marine air is alout the same as this ratio 1in sea salts.
Hence, it was expected that the sodiwum £lash inteasity would be a nearly
constant function of the quantity of sea salb in the air, since the ratio

of sodium ©to tohal salts in sea salt is a constant.

A Brief Descripuion of the Insirumeant

The instrument, shown in section in Figure 1, consists of an
enclosed gas burner, or torch intc which a mixture of air and propane

gas is introduced. Tue mixlure 1is jgnited in flight by = spark wiich
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Fig. 2 Photograph of fl-me-photometer housing wounted under
the wing of 2 small sircraft.
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crosses the gap between the center electrode of the spark plug and the
outer edge of the burner. Figure 2 shows the mounting of the flame
photometer under the wing of an aircraft.

The flame is viewed by a 1P21 photomultiplier tube through a
lens and a multi-layer interference filter. This filter has its trans-
mission peak at 58924, and includes an additional colored glass filter
for the elimination of side bands. )

The output voltage of the photomultiplier tube is a function
of the light from the sodium flashes which occur in the flame as the
galt aerosols are heated. This signal from the phototube, after suitable
amplification and recording, is related to the airborne salt through
compariton with salt aerosol samples taken and measured by an entirely
different technique. This comparison is discussed later in this paper.

The flow of propane gas to the flame is controlled by a
pressure regulating valve and a floating-ball flow meter. The air
enters the burner at A (see Figure 1) at a speed wnich is controlled
by the selected spezd of flight. The diameter of vhe air intake
orifice and the propane invake pressure required for efficient flane
production by the burner were de vermined by vrial in flight at speeds
of 70 to 105 m.p.h. It was founu that the best Jlaie characleristics
for this instrwmens were ciualaeu at 0 ar spesd ol awouv U MePelley
an air intake orifice dia.eter of 2.36 wm and a propoie flow rate of

about 57 gms. per hour.

Calibratio:.

The sea-sa.i~pa.bicle sampling lecanigue, walch was used to
indicate the range of usefulness of the output voltage of the pnotc-
maltiplier tube as a measvre of alrporne salt, is one which has been

descrived by wWoodcock (17 and 16) and further tested by Tworey (13)
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and Crozier (3). This technique involves the exposure to the air of small
glass slides and the subsequent measurement with a microscope, under
constant relative humidity conditions, of the salt aerosols impinged
upon them. When these areosols are crystalline particles they range
in size from about 1 to 10}1 radius and they are known to contain over
90 per cent of the total mass of sea salts usually present in marine air
(see Junge, 6, pp 135). The amplifier used with the flame photometer,
as presently designed, is sensitive to only the larger of these particles.

In comparing techniques in flight, the small giass slides were
exposed simultaneously with the operation of the photometer and the
recording of the output voltage of the photomultiplier tube. Over
seventy comparative tests have been made in the lower atmosphere
(altitude 200 to 7,000 feet) over the sea in the Florida and West Indian
regions. During these tes®s many factors, such as air speed, airplane
flight attitude, propane gas flow, phototube supply voltage, etc., which
were found to effect the pnotocell cutput voltage, were held reasonably
constant. .

Figure 3 shows the resulls of uicse comgaravive tests. Graph
(A) in this figure gives the earlier observabions uade over the ocean
east of Pompanc Peach, Florida and graph (B) gives uie ratest dava from
the Virgin Island area. The large pparent inereace 1 oie photocell
output voltage on graph (B), as compared to griph (A), is due ue in-
creased amplification of the signal in a later model of the instrument.
This later model also had an increased sensitivity o the larger sodium
flashes. The two diverging lines are introduced aiong L.e observed
points in order vo show btii maximum error of the isopisstic wehod
(i.e. + 20% see reference 13, ;. 181), as applied Lo tue preblem of
deterimining the weirht of sea-salb particles on vhe gloss slides. 'lhese

sodium data will be discussed lales in this paper (sve p. 9).
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Fig. 3 A comparison of the average photocell output voltage, during the

periods (30 to 100 seconds) required to obtain the sea-salt particle
samples, to the total quantity of sea salt. Graph A shows the re-
sults obtained in the region of Pompano Beach, Florida, and graph B
shows those obtained near St. Thomas, V. I. The diverging lines in-
dicate the maximum error to be expected in the isopiestic method.
The quantities of sea salt represented by the circled points were
kerived by extrapolation from a partial sampling of the total range
of particle size. These values are tlerefore subject to the uncer-
tainties of partial sanpling (see text,.




Collection Efficiency

May (9) and many other workers have emphasized the importance
of ®isokinetic® conditions in the intake orifices of aerosol samplers
in order to insure that a representative number of particles enter. In
other words, with the intake orifice facing directly into the wind, the
air velocity within the orifice should equal that in the main airsiream
on the outside. Lower or higher air speeds within the orifice will alter
the number of particles which can enter, and hence will alter the apparent
concentration of particles in the free air,

In the firsv exploratory studies of atmospheric sodium particles,
no suction was applied to the tail pip- (see B, Figure 1), in order to
speed the flow of air through the flame chamber. Hence, internal fric-
tion caused the rate of flow of air inside the intake orifice tube (A)
to be somewhat less than the air speed of the aircraft. This was demon-
strated by placing the instrwient in an air stream of a known velocity
and measuring the quantity of air passing out of tie vent pipe.

Figure L sinows the ovserved inflow anow::ts at various air
speeds compared o the ideal isokinetic inflow. Note that tle neasured
air inflow at 80 m.p.h. was acout 17 per cent less . u. ideal, anc at
90 m.p.h. about 11 per cent less. Tac.e data were obuained wiwa the
flame turned off. However, operation of the lame was reund Lo nave
no measurable efrect upon the 2ir inflow rate,

It was sufficient for our present purposes to demonstrate that
the amounts of particulate sodium which do enter the orifice and flame,
produce a varying average sodiwm [lash signal which is quantitvaively
related te the varying average amounts of sea salt saipled on the glass
slides. It is shought that the avove near-isokinetic-flow values assure
a collection efficiency wiich is quite high enough for tie initial

exploration discusssd hsre.
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Figures 5 and 6 show a comparison of the average sodium
flash signal intensity, as indicated by the photocell voltage output,
to the average quantity of sea-salt found among particles collected
on the glass slides. The number of obsservations averaged in each.case
is shown near each point. It is apparent on these figures that the
differences which occur in the airborne sea salt and sodium, with
increasing altitude, are very similar in trend. This result was
expected, since the constancy of the relationship of the sea salt, among
the giant salt nuclei, to the chloride (13 and 18) and to the sodium (5)
has been shown.

On Figures 5 and 6 the voltage values are also given for periods
when the flame photometer was operated within relatively small nonpre-
cipitating cumulus clouds. Due to the increased mass of the salt nuclei
in the clouds (they become relatively large cloud droplets), the collec-
tion efficiency of the photometer intake orifice for these particles
would be more nearly unity than for the same particles in the clear air.
Thus these photcieter voltages obteined witnin the clouds provably more
nearly represent tle total sodium presenv than do i.2 values ieasured in
the rlear air.

It will be aoted that vhe avsroge photoceil veltages in tne
clouds are similar to, but soewhat greater than, the average voltages
in the sub-cloud layer of air. Until further .easurcuents bocome avail-
able, this similarity is tentvatively interpreted as showing that the
clouds are largely composed oi alr wiich has come fro.. the sub-cloud
layer. The somewhat higher values obtuined in the clouds as compared to
the values in the sub-clcud loyzr, are thought to resule from a), the

tendency for the clouds Lo nade up of the sul-cloud air sons.ininge
o

the highest amcunts of salt (cowpare cloun veln zes on Fijwes , and 6
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SEA SALT (L GMSM™3) MILLIVOLTS

Fig. 6 Average verticsl distributicn of weight of sea salt in the clear
air, compared to the average airborne sodium in the clear air and in
small cumulus clouds. The sodium is represented by the millivolts
output of the photoelectric cell. These measurements were made over
the sea about five miles southeast of the island of St. Thomas, V. I.,
and during thirteen days between the dates May 25, 1956 and June 10,
1956. Surface winds force 3 to 5 E to ESE.
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to the average voltage maxima in sub-cloud air); and b), a somewhat higher
instrumental sampling efficiency in the clouds. It is very unlikely

that correction for the collection efficiency error will greatly alter

the relative cloud values given here. However, until this error is

eliminated, these values should be regarded as tenative.

Discussion

There is a considerable scatter of the observed points on

Figure 3 beyond the + 20 per cent maximum error of the glass slide
method. This is thought to be due in large part to the difficulties of
properl, integrating the highly variable signal from the phototube ‘and’ to
variations in the relative mass of salt (or sodium) present in the salt
particle size range sampled by the flame photometer. The variability
of the pholcucter signal during ;calibration saapling runs" indicated
that the slide samples were averaging a greatly varying quantity. The
sacond of the abive factors will be discussed in some detail later.
The justification for using the paotometer data at this time, despite
the above rather large scatter in the calibration valucs, lies in the
close similarity of the chauges in “he average photomster results, at
different altitudes anc positions, to chaizes ia the average amounts
of sea-salt preseni (sec Figures 5 and 6).

At this stage of its development,- the airborne flame photo-
meter is regarded as an exploratory probe in areas where the differences
in salt amount are great, and as a device for rapidly "roughing-in® the
distributional picture of the sodium-bearing particles. Tuere is a great
difference in the time required to obtain thie results by the slide method
as compared the photometer methed. For exasple the salt data from the
glass slides, which are shown oun Figure 6, required forty hours to
produce, while the flame photometer data on viis figure a2re tie result

of two hours of work.
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The photometer is especially useful in areas of marked change
in aerosol population, such as those which occur while ascending from
the sub-cloud to the cloud and above-cloud layers and while flying
through cumulus clouds. Where particle size distribution and gfeater
accuracy are required, other methods may be used. In these cases the
photometer is sometimes a valuasble supplemental tool. For instance, in
some of our problems it is useful to know the maximum quantities of
salt present, among certain particle size ranges, along a given flight
line. Previous methods required that glass sanpling slides be exposed
a8 rapidly as possible and at numerous intervals along this line. The
"reading" of these many slides was very time consuming and laborious.

The continuous record of the photometer makes it possible, however, to
scan a flight path and then, upon reversal of course, to use this record
as a guide in relocating the areas of maximum salt. Salt sanples may
then be taken in these areas of interest only, thus saving much time

and work.

Figure 7 shows an exauple of an interesti.s horizontal difference
in sodium or salt content in the air & constant altitude near an island.
This difference, which is not unusual at cther levels, is probably due in
large part to the convergence of surface zir tosards the island (caused
by island heating) and the consequent subsidence of the relavively salt-
free air from higher levels at e off-shore loc t.on abous 5 miles
south of the island. It may also be due in part to increased wind force
near the islana causing a greater local production of salt pariicles by
the sea surface (see reference 1 and 16 about role of wind in nuclei
production).

Though we have used this insirurent at low air speeds on a small
aircraft, our experience hLas indicated that it could be readily adapted

for use at the higher air specds of larger airplanes.




*3J 005 °1Te ‘93961 €L sunp :a3eqQ

*siJem moaye ay3 £q umoys uoryrsod eqewrxoadde syy UL pUE JI94ET SUT] 1AI0UYS B SSPIS

sseTd uo petdues qres ves quosaxdax umoys sanTea qu3tem ayJ *(deu qaesut ses) g Yy Suty AU3ITTJ
eq2 3uoTe o3ejToa andyno Trev0q0yd SY3 UT PSIINDO0 YOTYM SSOUAISIITP TRQAUOZTIOY JO STCLEXS uy L *314

SN TTvIILNVN
S 14 € [ I

T T ] | | O
0c
»
_ L
S -1 002
Ll
2
=
- =
i 1 00¢v —
5 —
ce-WWar Z u.....ali. Sl
mm ..I_nqwm_ m
SlaBH )
LY _ e-WWD 1169 VoS T
‘S1 a S
vil13dvo 0p)
1 008
| I i

L Vﬁ.s F.. .uwm. T = ® = . 0 = kk s /c




~9 -

In using the flame photoreter within clouds, it is reasonable
to question the possible effects of cloud water on the flame and on the
sodium flash intensity. It might be supposed that the heat required to
vaporize the water on the cloud droplets passing through the flame ﬁight
so lower the flame temperature that an inadequate amount of heat would
remain to heat all of the sodium in each salt particle to incandescence.
However, this seems unlikely since the propane burning rate of 67 grams
per hour releases frou 300 to 1000 times as much heat as that required
to vaporize the water found in the average cloud (i.e. from 0.10 to
1 gm m'3). This excess of heat is derived assuming isokinitic flow in
the orifice. With this flow, the air passes air through the flame at a
rate of about 0.157 liters per second at the airplane speed of 35.8 meters
per second (80 mph). The heat of combustion of the propane gas is about
1380 cal per gram.

The effects of changing pressure (altitude) on the gas delivery
rate of the commercial "constant flow valve" used was also measured. The
maximum increase in this flow rate due to decreasing pressure with alti-
tude was only 7 per cent. This increase procuces no ..oticeable effect
upon the flae or its scdium flash signal.

As previcusly suggested, it is thought that one source of the
errors in relating phetccell outiput veltags to individual sea-salt
samcles taken with the glass slides, (s2e¢ Figure 3) lies in the changing
relative distribution of mass of salt among particles of different sizes.
The photometer output amplifier, 2s presently constituted, is sensitive
to an alternating sodium flash signal from the larger partices aad not
to signals from relatively slesdy sodium light. Frow a study of the
photocell output reccrds from tle Sh. Thomas data, it is known that tne
major portion of <h. sodiwe siguaal cenes (ron [lasies widch occur ab

frequencies of abouu one per second or less. (Thcre was too little
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amplification to detect the weaker flashes.) If we assume that the air
entered the intake orifice at airplane speed (35.8 m. sec.-l), the rate

at which air passed through the flame is simply the product of the cross-
sectional area of the orifice (.04375 cm?) and the air speed (3.58 x 103

cm sec‘l). From this product, which is 0,157 liters per second, and from
the spatial distribution of the salt particles we can determine the particle
weight range which produces the flashes of one or less per second, This

is done, using the salt-particle distributions derived by the glass-slide
technique.

Figure 8 shows graphically the cumulative number distribution
of particles of various weights sampled by the glass slides over the
ocean in the Virgin Island area. On tiis figure one can readily see that
the lower limit of the weight range of particles present in numbers suffi-
cient to cause cne flash or less a secon? in 0.157 liters of air (i. e.
about 7 x 103 rparticles or less m”3)j is not a constent value. In fact
the "lower limit weight™ varies, during the seversl days represented,
from about 1 x 1070 grams to 2.7 x 10-10 graus*, Figure 9, which shows
cumulative mass distribution of the salt particles, may be used to
determine the relative proportion of the total airborne salt present in
nuclei larger than the limiving weight.

As a result of the vuriable distribution of mas3 ir the weight
range sampled by the flaie photeweber, the instrwent ;robably "sees" a
variable preportion of the total salt present. For exaiple, Table I,
colum 7, shows this varying proportion, expressed as the ratic of the

total airborne salt to the sait present in the particles larger than

M e e e @ ir E » M) e e W R W B T ED R M aB B Em am S ki EE ap am em @m em % em e s

#The fact that the air entered the orifice at a speed scuewna® less than
that of the aircraft will alter thc:se values sosewhat, bLut will not
alter the basic argusent ccnceraing this scucce of error.
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the above-mentioned "lower limit® particle weight. These ratios are
derived from the data on Figures 8 and 9 in the following manner. On
Figure 8 note that the June 2 salt-particle distribution curve, for
the 500 foot level, crosses the limiting number of 7 x 103 particles
per cubic meter at a nucleus weight of 270 x 10-12 grams. On Figure 9
the cumulative per cent mass distribution curve for the same day and
altitude shows that 3L per cent of the mass of salt was present in
particles larger than 270 x 10712 grams. Table I columm 7 shows this
and other figures for the relative mass of salt present in particles
larger than the flower limit" weight., Correction of the data for this
source of error proved inconclusive. This is thought to be due to che
small amcunt of data siowing a signigicantly large difference and to
the obscuring effects of other variables such as the error of the glass
slide method.

From the above analysis it is seen that an instrument sensi-
tive to only a portion of the range of salt porticles entering the
orifice should record a signal variapility from changing reistive mass
distribution among these particles. I% is clear vhat a variable signal
does not, therefore, necessarily indicate differences in sie total mass
of salt in the particle size range sa..led by the glass sliides. Also,
there is little doubt that much larger differences in tae ratios M2 /il
(see Table I) often occur. Couseque:tly the ; esent circuit wiich ampli-
fies the photoelectric cell output vollage is now Leing altered to
broaden its sensitivity tc a greater raige of sodium {lash signal
frequency. This is cxpected %o remcve uuch of the above source of
error,

In the meantime the present instrument is a useful exploratory

tool in those areas of the lower zhuosphere where large dilferences in

sodium content, are the major features 50 be studied. w2 ope to apply




-»,lr

-

-

Lawe ¥ 4

- 12 -

the instrument in various field studies. For instance we would like to
know the differences in the salt-aerosol load of the marine air masses
moving into Mdisturbed areas* in the North Atlantic trade-wind system.
It is already known that differences in the ealt load of the sub-cloud
air of the order of ten to a thousand times are directly related to the
speed at which this air has been moving (16). It has also been shown
that these aerosols are probably connected 1n some way with the rain-
forming process (15, 17 and 19). Hence large differences in their dig-
tribution in air which is moving into a "disturbed area® may be directly
connected with the rate and position of release of heat (precipitation)
in these areas.

The instrument may also be useful in testing the idea of trade-
wind cloud growth by the ™entrainment® of environmental air. If subsequent
measurements continue to show high relative sodium content in the clouds,
it will become necessary to reconsider this idea of cumulus growth, or
to investigate the possiblity that the cloudé concentrate the larger
salt particles within and near themselves. This reasoning follows from
the fact that the clear air at cloud levels contains relatively small
quantities of salt (see Figures 5 and 6). Hence entraining or mixing
of this environmental clear air with cloud air should produce a diminish-
ing sodium amount at increasing altitudes in the c¢louds. This decrease

is not revealed by the data thus far.
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TABLE I

Showing differences in the ratio of the computed weight of
salt which produces the sodium flash signal, to the total weight of
salt in all of the particles sampled by the glass slides. The symbols
refer to the data of the six days when the most complete salt-particles

samples were taken (see Figures 8 and 9), with the slides.

Date Altitude Airborne Particle®  Total sea-salt in M2/ML

sea-salt weight particles equal to

or larger than (W)
1956 ft. M (W) M2
} gms n-3 10'12g ’..Lgms n"3

5/25 1000 7.6 90 1,22 0.16
5/217 1500 8.5 190 2.55 0.30
5/29 1500 6.1 100 1.58 0.26
5/30 1000 9.4 120 1.86 0.20
6/1 500 15.4 160 3.2 0.21
6/1 1500 1.0 155 2.2 0.16
6/2 500 15,1 270 5.13 0.3k
6/2 1500 11.1 150 2.55 0.23

#Weight of the smallest particle among the salt nuclei numerous enough to
produce a maximum of one sodium flash a seccond, (i.¢e a cumulative nwiter of
7 x 103 particles m-3--see text)
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