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ION FRACTIONATION IN DROPS FROM BREAKING BUBBLES 

by 

Ferren Mac Intyre 

Submitted to the Department of Chemistry on 15 
September 1965 in partial fulfillment of the requirements 
for the degree of Doctor of Philosophy. 

ABSTRACT 

Available data for ion ratios in precipitation are 
analyzed and shown to be consistent with the hypothesis of a 
distinctive marine aerosol in which all reported ions are 
enriched with respect to Na, compared with sea water values. 

Experiments with bubble-produced aerosols fron a iZMa- 
32P04 solution show that the fractionation ratio 

r = 1PQ<3/Na*) aerosol 
( PO'VNa* ) sol ut i on 

is greater than 1 for all drop sizes fron 0.5 to 50 microns, 
and may be as high as 700 for 15-micron drops. 

Drops formed by the central jets of small bubbles show 
enrichment ratlos E (=F-1) below 10 which are independent of 
drop size, while drops from the film caps of large bubbles 
frequently show an additional high peak, Ê, log-normal and 
centered on 15-^1 drops, with a standard deviation (about the 
geometric mean) of log 1.75. 

It is suggested that small bubbles form an efficient 
surface microtome which selectively ejects only the 
uppermost l->¿ layer of the solution into the aerosol phase, 
and that this selectivity is responsible for the anomalous 
ion ratios reported In marine precipitation. 

(As an analytical tool, the "bubble microtome" permits 
investigation of surface concentrations far lower than those 
which can be reached by other techniques.) 

To explain the two types of phosphate enrichment, it is 
proposed that a single chemical mechanism is at work, 
involving adsorption with surface excesses r¡ ós low as 10® 
ions/cmz. This Is responsible for the uniformly present low 
enrichment Ë. The peak enrichment, related to ë by 
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log t = 2.4 1og(Ê/0.8) 

with a correlation of 0.6, Is not explained, but would 
appear to be caused by a physical mechanism, concentrating 
the surface phosphate Into a small region at the point of 
subsequent film cap rupture. 

A preliminary solution of the Navier-Stokes equation 
for flow around a rising bubble (hard sphere model) provides 
tentative values of the streamlines and transit times for 
near-surface flow within the region of molecular diffusion. 
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STATEMENT OF THE PROBLEM 

The primary objective of this study is the evaluation 

of the influence of surface chemistry upon the composition 

of aerosol particles produced by breaking bubbles. The 

secondary objective is the elucidation of the mechanisms 

whereby bubbles collect, alter, and transport material from 

bulk solution to atmospheric aerosol. 

The importance of this study lies here: Bubbles 

breaking at the surface of the ocean must disperse some 

2X10* tons of "salt" Into the atmosphere per year (1X10’“ 

g/cm4-day), for this amount returns to earth in 

precipitation (Eriksson 1958). Though the downward process 

and the composition of precipitation have been thoroughly 

documented, little Is known of the upward process, and the 

minor consltuents of the "salt" are inadequately known. 

Rossby (1959) has observed that the chemical constituents of 

precipitation "leave the sea in different proportions than 

those characteristic of sea water", and suggested the 

importance of surface chemistry In this process. 

Concomitantly with production of aerosols, bubbles are 

responsible for phase transitions of organic material from 

solute to colloidal micelle or Interfacial monolayer, and 

there is reason to suspect that chemical reactions of 

positive AG may occur during bubble rupture. These 

processes may have been Important in biogenesis, and are 

certainly important In marine ecology. 
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In any event, without a molecular description of the 

Interface and of the hydrodynamic flow patterns during 

rupture, little can be predicted about the composition of 

the ejected droplets save that It Is not necessarily 

Identical with the parent liquid. Conversely, the nature of 

the droplets can provide Insight Into the molecular detail. 

Sea water Is too complex a solution to yield meaningful 

Physicochemical data. In the hope that studies of simpler 

solutions could lead to an understanding of factors which 

are Imporant In large-scale oceanologlcal processes, sea 

water was approximated by a simple solution containing 

radioactive P-32 and Na-22. The present work reports on the 

P04/Na ratio of the spray from bubbles breaking on such 

simple solutions. 

PLAN OF THE WORK 

Chapter I calls attention to a problem little 

appreciated outside the small coterie of atmospheric 

chemists, which Is that Ian mi^i In lit marine atmosnh.r. 

am nflt Identical Ifl Hiaan af sea water, and relates this 

fact to a number of surface-chemical phenomena which can 

change Ion ratios In the (molecular) surface of the ocean. 

Chapter II proposes a mechanism whereby bubbles 

breaking at the surface of the sea can take the molecular 

surface-wlth a minimum of bulk tlquld-and eject It as 

droplets Into the atmosphere. 
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Chapter III discusses the particular interaction of 

phosphate and bubbles In sea water, and suggests that more 

than one type of reaction Is possible. 

Chapter IV describes experiments designed to elucidate 

the physical and chemical mechanism of phosphate enrichment. 

Chapter V reports on incidental supporting work. 

Chapter VI gives the details of flow around a rising 

bubble needed for an analysis (not undertaken) of molecular 

diffusion In a previously not-wel1-character I zed region of 

Reynolds numbers. 
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CHAPTER I 

ION RATIOS IN THE MARINE ATMOSPHERE 

The transport of salts from sea to air Is 
by no means a simple mechanical process. 

C.-G. Rossby 

V 
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ION RATIOS IN THE MARINE ATMOSPHERE 

INTRODUCTION 

The atmospheric chemist seeking to disentangle the 

sources and reactions of the trace constituents of the 

atmosphere is faced with a quandary. 

Clearly, the two primary sources of "foreign" material 

In the air are the continents and the oceans. (Secondary 

sources include meteor I tic accretion from above the 

atmosphere, vulcanlsm, volatile organic material from 

vegetation, and human activities. None of these Is 

unimportant locally, but all of them are small compared to 

the major sources.) To a first approximation, the ocean 

contributes material whose Ion ratios are those of sea 

water; the continents contribute finely divided material 

which Is highly siliceous, and far lower In sodium than sea 

water. 

The presumptive origin of raindrop nuclei has 

oscillated from continent to sea to continent, and each 

swing has been marked by data supporting the chosen source. 

In such matters, ton ratios have been important factors, and 

the abandonment of the ocean as the major theoretical source 

of nuclei was brought about largely by the observation that 

the observed Ion ratios In rainfall demanded the presence of 
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continental dust. Lately It has become evident that there 

are some anomalies In purely marine environments/ and that a 

second look at the ion ratios In areas over the ocean which 

are free of continental contamination Is In order. 

The traditional approach to the study of atmospheric 

constituents has been the examination of what comas down at 

Isolated stations. This method has been broadened to 

contInent"wide long"term studies which are of much greater 

value/ since now It Is possible to pinpoint local and 

regional sources of particular Ions. For North America/ 

Junge & Werby (1958) have given year 1y-average Isopleths of 

Ion ratios for the more common Ions/ and from these It Is 

possible to make some estimate of the "background11 ion 

ratios which would obtain In the absence of land masses. 

These maps do not extend over the oceans, and our marine 

data Is dapendent upon such places as Bermuda, Hawaii, and 

New Zealand, plus selected coastal stations with favorable 

wind-circulation patterns which minimize contamination by 

continental dust* 

However, ion ratios at these near-shore stations bacome 

Indistinguishable from sea water during storms, and this 

effect persists In both time and distance. Yearly averages 

of points tens of kilometers from the shore still reflect 

the addition of bulk sea water to the atmosphere (Miller 

1961). Our interpretation of the "background" oceanic 

contribution to the atmosphere Is based largely upon 

measurements which are known to be contaminated by 
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quantities of bulk sea water. 

It Is becoming Increasingly clear that an important 

mechanism for the transport of material from sea to air Isa 

quieter phenomenon than breaking surf and storm-driven 

spray. Most material which remains airborne Is derived from 

the breaking of whltecap bubbles in moderate winds over 

immense areas of the ocean (ßlanchard 1963, Moore & Mason 

19S4)• 

And this Is the quandary: There are no ion ratio data 

from precipitation which are characteristic of the major 

portion of the earth's surface. From the data which are 

available. It Is difficult to assess the undlsturh^H marine 

component. 

The approach taken in this work represents one way out 

of the quandary. It proposes to study what goes ud--1n this 

case from the surface of simple artificial solutions, but In 

principle from the surface of the ocean. The Idea is not 

new, for Ktfhler & Bâth (1952) have attempted to measure Ion 

ratios in spray with similar intentions, Sugawara (1959) has 

reported on halogen ratios in spray, and Komabayasl (1964) 

has studied Ca, Sr, and Ba In spray. Gast (1959) has 

examined the evaporation of boric acid from the surface of 

the sea, and Miyake & Tsunogai (1963) have examined the 

possibility of the photo-oxidation of Iodine directly from 

the sea surface. 

The Importance of this type of work Is best brought out 

by comparing the situation with that of a chemist who Is 
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givtsn the products of a reaction and asked to describe the 

reaction mechanisms/ without having knowledge of the 

reactants. The models and assumptions of atmospheric 

chemists are greatly Influenced by the reactants which they 

postulate. 

As an example of differing Interpretations of the same 

data (obtained from precipitation studies)/ the data of 

Junge A Werby will he analyzed with a set of basic 

assumptions different from those the authors used. It will 

be seen. In this analysis, that the choice of reactants 

modifies the conclusions reached by examining the products. 

The authors' set of assumptions Included one which made the 

Ion ratios of the marine contribution be the Ion ratios of 

sea water, whereas the assumption made herein will be that 

this Is not necessarily so; and an attempt will be made to 

estimate the supramartne Ion ratios. 

ION RATIOS FROM JUNGE & WERBY 

The necessary data are collected In Taole 1-1, which is 

an abridgement of the original data. Many points not 

germane to the ensuing discussion, and are Ignored. The 

data are expressed as mg/l of the respective Ions, and 

represent concentrations averaged over a year's 

preclpltutlon. 

The data of Table 1*1 are divided Into two main groups. 

The first are near-shore, liLKlrconcentratton stations, which 

should most nearly reflact the marine contribution. The 
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second are near-shore/ low-concentration stations which are 

more subject to continental contamination. The 

mid-continent average Includes 26 stations from the Rocky 

Mountains to the Mississippi River which lie Inside the 

steep slopes of the Isopleths In a more or less uniformly 

flat retlon--whlch Is as typical of continental ratios as 

can be found. Finally/ sea water Ion ratios are included 

for comparison. 

Examining the Cl/Na data/ we find them uniformly below 

the sea water value of 1.80. This can be explained either 

as loss of chlorine or as gain of sodium, and It appears 

that Junge has wavered between the two Interpretations at 

various times. In the present Instance, the authors 

attribute the low ratio to a gain of sodium by contamination 

with continental dust, with a Cl/Na ratio of approximately 

0.61. This clearly moves the ratio In the right direction. 

Closer examination, however, suggests that It Is asking 

for extraordinary amou.its of Midwestern dust In the rainfall 

on the Olympic Peninsula and Bermuda, where the absolute 

values are high, to bring the ratio down from 1.80 to the 

observed 1.66 average. The next problem which arises Is 

that other locations with less rainfall show the sane 1.66 

value; according to the dust hypothesis, the ratio should 

have been reduced even further by similar amounts of 

contamination. 

It Is not possible to duplicate exactly the recorded 

ratios by simply adding dust with the average mid-continent 
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ratio to sea uater, but It is instructive to show where such 

an approach would lead. For example/ the Bermuda ratio can 

be gotten If about 6£ of the chloride is continental. 

However/ 6* of Bermuda's chloride is 0.72 mg/l,f which must 

be compared with the mid-continent average composition of 

0.17 mg/1, in other words, with this method we find that 

there is approximately 5 times as much continental dust in 

the rain of Bermuda as there is in the rain of Kansas. 

This line of thought suggests an alternative 

explanation, which Is that the insular a*d coastal value of 

1.66 is a true estimate of the supramarine value and has not 

been appreciably contaminated. (The effect of contamination 

of the marine ratio is then seen in the 1.57 average of the 

low-concentration coastal stations.) The problem then 

becomes one of explaining why this ratio is not identical 

with the ion ratio of sea water. 

CHLORINE 

The problem is further complicated by some additional 

observations of Junge (1957), who reports that approximately 

50% of the chlorine content of the Hawaiian atmosphere Is 

not In the aerosol phase, but is gaseous. This observation 

has been confirmed by Duce et al. (1965) and found to hold 

true for bromine also, it does not change the fact that we 

must explain a difference in ion ratios, but It changes the 

sign of the discrepancy, since the gaseous chlorine 

component presumably does not enter the atmosphere as a gas 

,V 
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from the sea surface/ but is expelled from aerosol particles 

after chemical reactions In the atmosphere (Rossby A Egner 

1955). This means that the extra chlorine has to enter the 

atmosphere In a small droplet ejected from the sea 

surface--and a small droplet in which the ion ratio is twice 

the value which is observed for the aerosol when It comes 

down as rain. That \s, the Cl/Na ratio of the material 

leaving the sea surface must/ under these assumptions/ be 2 

X 1.66/ or 3.32. This is 1.7 times its sea water value. 

This figure Is implausibly high/ and may be reduced by 

noting that most aerosol particles smaller than 0.5 u 

escaped measurement In Duce's work (Duce/ personal 

communication). These small particles contain an 

appreciable fraction of the total chlorine/ and their 

Inclusion in the particulate fraction would reduce the 50t 

gaseous component to perhaps 30*/ lowering the Cl/Na ratio 

to 2.16 (assuming that the Cl/Na of the small particles Is 

equal to 1.66 also). The ratio could be lowered by finding 

another route for gaseous chlorine to enter the atmosphere/ 

or by finding continental contamination to be enriched In 

chlorine. 

The burden of this thesis is that of making som» 

increase In the Cl/Na ratio over the ocean appear less 

Implausible than It does at present. We shall continue with 

an analysts of further data from Junge & Werby. 
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EXCESS SODIUM 

Explaining the observed deviation of the Cl/Na ratio by 

an excess of Na added from soil, the authors plot isopleths 

of "excess Na" ("observed Na - observed Cl/1.80). This plot 

(column 4 of the Table) has the curious feature of requiring 

concentrations of continental dust in the rainfall over 

Bermuda, Newfoundland, and the Pacific Northwest, greater 

than that over Oklahoma. This is a serious drawback, and 

not at all in accord with experience; it disappears 

completely If one accepts the oceanic excess as a real 

marine phenomenon. 

It is true that the percentage of excess sodium is high 

In mid-continent, where some 60 to 70% of the sodium present 

has come from the land, but this is largely due to the 

washout of marine sodium with increasing distance from the 

sea. A high percentage of excess over the land is quite a 

different matter from a high absolute amount of terrestrial 

dust over the oceanl 

POTASS I UM 

The potassium distribution parallels the excess sodium 

distribution faithfully, and is subject to the same 

interpretations. The K concentration is uniform across the 

continent, except for small local sources, at a value of 

0.20 mg/1. But the oceanic value is roughly twice this. It 

is again unreasonable to ask the continent to export more 

dust than it keeps. This difficulty disappears If oceanic 
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aerosols have a K/Na ratio of 0.053 Instead of the 0.036 

value of sea water. 

CALCIUM 

The Ca/Na ratio data are not easily Interpreted. There 

Is clearly a major source of CaCO, In the arid soil of the 

Southwest, and presumably a local source In the limestone 

Island of Bermuda. Of all the coastal stations, only the 

Olympic Peninsula shows any sign of not being grossly 

contaminated by continental calcium, and It Is hardly worth 

noting that this one point also shows a greater Ca/Na ratio 

than sea water. (However, there Is greater reason to expect 

differences In rulo between Ca and Na than between K and 

Na, and Ca/Na ratio measurements over the undisturbed ocean 

would be of great interest.) 

Miyake and Tsunogal (1965) have begun such rneasurments, 

sampling from an Island station near Japan. They attribute 

the excess Ca to soli contamination on the basis of Ca/Fe 

data. On the other hand, Suglura (1965) finds a twofold 

enrichment of Ca In the aerosol fron sea water enriched with 

"sea weed extract". Much work remains to be done with 

calc!urn. 

SULFATE 

The one remaining Ion discussed by Junge A Werby Is 

sulfate. Their Interest clearly lies with Industrial 

i. 
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pollution/ and they regard the oceanic excess as being 

unimportant. However, they do compute, from additional 

"unpolluted" data, an average value of 0.53 mg/1 of excess 

sulfate which can be attributed to the oceans. (This Is an 

excess referred to that most uncertain of indicators, the 

chloride Ion, and therefore of dubious reliability. 

Nonetheless, 0.53 mg/1 is about one quarter of the total 

excess sulfate In the atmosphere--whlch is an appreciable 

contribution from the oceans.) 

OTHER DATA 

Unfortunately, Junge ft Werby do not discuss phosphate. 

Equally unfortunately, the data from the European 

precipitation network (Eriksson 1959) are of uncertain value 

for estimating the marine contribution to ion ratios, since 

they all He leeward of Industrial Britain. Nor do they 

report phosphate. 

Eriksson's Hawaiian rainfall data from Project Shower 

(1957) appear to corroborate strongly the hypothesis of a 

marine enrichment. However, he emphasizes that the chief 

Interest In Project Shower was the assessment of the total 

salt content of rain, and not Ion ratios. His collectors 

were left uncovered for 24 hour periods, apparently on the 

ground near a road, and It would appear that a large part of 

the enrichment seen Is In fact terrestrial dust. (Eriksson 

observes that this is Indeed true for one set of samples 

collected near an unpaved road, and did not publish ion 
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ratlos for that set.) It should be mentioned In this 

conectlon that the collectors employed by Junge & Werby were 

kept closed except during precipitation. 

Finally we cite Oddle (1962) who found enrichment of K, 

Mg/ and Ca In precipitation at cloud level which was 

reportedly not contaminated by land. His values for the 

fractionation ratios of these ions, 

■ÜUIia)âanp,l£ 
(M/Na)sea w. 

are respectively 12.5/ 5, and 75/ all of which seem 

remarkably high. 

DISCUSSION 

It appears from the foregoing that all Ions are 

enriched with respect to sodium/ and indeed one can find a 

theoretical justification for this In almost any given case. 

Calcium and magnesium/ for Instance/ are known to be 

adsorbed with 50- to 200-fold preference to sodium as the 

counter Ion on surfactant solution (Judson et al. 1953/ 

Walling et al. 1957/ Shlnoda & Ito 1961); and the effect Is 

purely electrostatic (van Voorst Vader 1960)/ and In fact Is 

as familiar as hard-water scum. Anions are accepted more 

easily than cations by the surface dipole structure of water 

(Guest & Lewis 1939/ Randles 1957); Iodine exists In large 

organic molecules which show surface activity; and specific 

Ion interactions and mechanisms can always be Invoked to 

explain individual peculiarities. 
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In seeking a unifying orlnclple for all marine 

atmospheric ion ratios/ Komabayasi (1962) has taken the data 

of Sugawara (1958/1961) and found a logarithmic enrichment 

of heavy Ions which Is correlated strongly with the Ionic 

weight/ appearing to hold true for Nat Mgf K/ Ca? COj / Sr? 

and I*. This Is most unexpected/ and has led Komabayasi to 

speculate that "Some isotopic fractionation mechanism like 

thermo-grav!tatlonal effect is suggested to be important for 

the ionic enrichment at the air-sea surface." He considered 

several alternative mechanisms also/ which were: (1) 

Selective negative surface adsorption of cations at the 

surface; (2) Biological mater Ial--whlch appeared to him 

unlikely in view of the uniformity of the fractionation 

effect and the wide variability of biological activity In 

the sea; (3) Electrophoretic motion in the gravitational 

field; (4) Fractional crystal 11zation durlng dehydration In 

the atmosphere; (5) Gas phase fractionation of volatile 

materials; and (6) Sugawara's (1959) unexplained 

"synfractlonatlon". 

Komabayasl's skepticism toward the contribution of 

organic material to this process Is not widely shared/ and 

perhaps the prevailing belief Is the one held by Eriksson 

(1959): "Some fractionation process seems to take place at 

the sea surface (possibly Involving organic matter derived 

from surface films)." 

Probably the truth lies somewhere between these views/ 

with both organic and Inorganic effects contributing. The 
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one common denominator Is the agreement that some surface 

mechanism Is at work. 

It Is perhaps difficult to see how a physicochemical 

surface phenomenon^ acting only over molecular distances/ 

could affect the large scale transfer of matter from sea to 

air. An equivalent difficulty Is that of visualizing the 

"surface" of the ocean as having a different composition 

from that of bulk sea water. This is particularly true 

among classical oceanographers/ to whom "surface" has meant 

any sample collected in an open hucket Instead of a Nansen 

bottle. 

Nevertheless/ we hope to show herein that such 

microscopic effects completely dominate this transfer/ and 

that It does Indeed take place in such a way that the 

composition of the molecular surface Is of Importance. We 

begin by considering some of the evidence for organic 

material of marine origin In the atmosphere. 

AEOLIAN ORGANIC MATTER 

Evidence for a marine contribution to tha organic 

content of the atmosphere is growing. Woodcock (1948) noted 

that sufficient quantities of the pigmented product of the 

dinoflagellate flymnodlnlum were found In the air in times of 

"red tide" to cause distress to sensitive people. From 

studies of snow In New Zealand/ WlIson (1959) concluded that 

the only probable source of the organic nitrogen was the sea 

surface. Munckzak (1960) has found atmospheric amino 
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acld-llke material of unknown origin. The highest altitude 

life zone of barren mountains forms an ecological region 

known as the "aeollan" zone# since it produces no primary 

food of its own, but supports a considerable arthropod 

population with a food chain based upon wind-blown material 

and the organic material from melting snow. Much of this 

nutrient may come from the sea surface. 

Blanchard (1964) has observed surface active organic 

material In the aerosol downwind from breaking surf, and 

Goetz (1965) reports that kelp leaves exposed to sunlight 

metabolleally produce bubbles to form a "distinct foam" 

which ejects a "prolific quantity of organic material" into 

the atmosphere. 

Dean (1963) assumes that the chloride in New Zealand 

rain is derived from sea water, but that the iodine comes 

from the debris of plankton and algae which can be seen 

microscopically In the rainwater. On this assumption, he 

estimates that the rain contains 0.5 ml of sea water, and 4 

mg of dry plankton and algae per liter, and finds that this 

accurately duplI cates both the organic nitrogen and the 

phosphate content of New Zealand rains. 

This Is a remarkable result, and suggests that any 

discussion of the significance of Ion ratios in the 

atmosphere must consider the probability that many marine 

anomalies arise from the Injection of biological material 

Into the atmosphere. Since the K/Na, Ca/Na, and Mg/Na 

ratios of biological material differ appreciably from sea 
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water, one might expect that Dean's approach, extended to 

these Ions, would help explain the observed anomalies, 

A closer look at this raises question. Ordinarily sea 

water contains ca, 4 mg/1 of dissolved plus particulate 

organic matter (Duursma I960), Dean's recipe calls for no 

less than 8 erami per liter, or 2000 times as much organic 

matter as expected, A discrepancy of this magnitude oftc.i 

suffices to relegate an hypothesis to the Umbo of lost 

causes, but It need not do so here If we require that the 

airborne component be removed from the organically enriched 

surface of the sea. 

"SURFACE THICKNESS" FROM DEAN'S HYPOTHESIS 

In fact, we can obtain an order-of-magnltude estimate 

of the thickness dt of the "surface" by assuming that In 

this surface one half of the organic material Is particulate 

and one half Is dissolved. (This Is a higher ratio of 

particulate to organic than Is commonly found In deeper 

water, but Is partially justified by Dean's microscopic 

observation of planktonic debris In rain.) We will suppose 

that the "dissolved" material has a molecular weight of 10G, 

and forms a monolayer at the surface containing 2.5 X 10'4 

molecules/cm*. We wish to put 4 grams or 2.5 X lof* 

molecules of the monolayer Into a liter of drops, with 

another 4 grains of particulate matter being carried aloft by 

the same mechanism. 
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Thus we have 

—X 1¾1_nolec/1 
2,5 X 1014 molec/cm 

of surface per liter of ejected sea water/ or 

dt * (10 cm,/l)/(10*cmz/l) ■ 10 5 cm ■ 0,1 micron. 

This Is a rough approximation Indeed/ but In the 

chapter we shall try to show that this thickness Is at 

one order of magnitude too small/ and may actually 

rather good estimate for the surface thickness ejected 

breaking bubble. In Chapter IV we shall argue that 

are additional mechanisms for enrichment of certain 

which make the thickness requirement less stringent. 
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CHAPTER II 

BUBBLE MECHANICS 

All at once and nothing first 
Just 'Ike a bubble when It bursts 

011 ver Wendel 1 Holmes 
Ihfi- OMfiOflila Masterplnen 
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THE GENERALIZED BUBBLE 

A view of a 1 mm bubble, and the two types of drops 

which it produces when It breaks. Is shown In Figure 2.1. 

The numbers are Intended as background Information, and are 

to be understood as order-of-magnltude values. 

The two kinds of drops made by the bubble are quite 

distinct, and arise from different mechanisms, which will be 

discussed In detail. However, not all bubbles make both 

kinds of drops. Film drop production ceases below 300 

micron bubble diameter, while jet drops from bubbles larger 

than about 2 mm are too large to remain airborne. Thus It 

is possible to separate the two kinds of drops by avoiding 

bubble sizes near 1 mm. 

m&LL RUPTURE 

JET FORMATION 

No adequate theoretical treatment of the collapse of 

the bubble cavity under the influence of surface tension and 

gravity is available. A remotely similar cavity was 

considered by Naude & Ellis (1961) In their examination of 

the collapse of a hemisphere of vapor against a flat plate* 

Studying cavitation. In which the driving force is largely 

hydrostatic pressure, they were able to Ignore surface 

tension and arrive at an analytic solution which predicted 
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the existence and energy of the resulting jet. They made no 

effort to describe flow patterns during this process. 

Nor Is there much experimental evidence relating to 

flow patterns during bubble rupture; the best work Is that 

of Worthl.igton & Cole (1898/ 1900) who took spark photographs 

of the cavities formed by falling drops and solid spheres 

Impacting on a liquid surface. There are noteworthy 

features of their work which bear on the collapse of the 

bubble cavlty. 

When they dropped milk Into water/ they observed that 

the tip of the jet which resulted fron the collapse of the 

cavity contained nearly all of the original milk. This 

Indicates that little mixing took place/ and that the entire 

process up to this point Is largely reversible. 

REVERSIBLE FLOW 

This observation does uat Indicate that the drop 

retained Its geometric Integrity during descent Into the 

liquid and return In a process which might be likened to 

elastic rebound. It does Indicate that whatever flow the 

drop underwent was reversed midway through the cycle/ so 

that the Input material (aside from some inevitable mixing 

at the Interface) was returned with energy and mass 

conserved and momentum reversed. In particular# It may mean 

that the drop flattens out while also forming a cavity In 

the substrate liquid# and that the fllllng-In of the cavity 

also causes the original drop to reform to some extent. 
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Figure 2.1. The generalized small bubble. A 
relevant Information about bubbles and the 
produce. 

summary of 
drops they 
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SECOND JET DROP—►O 
1/2 NANOLITER 
6cm EJECTION 

HEIGHT 

TOP JET DROP: 
100/i DIAMETER 
3 X 1011 WATER MOLECULES AT SURFACE 
1/2 NANOLITER VOLUME 
200 POSITIVE CHARGES 
30 NANOGRAMS OF SALT 
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10 m/sec EJECTION VELOCITY 
1/2 erg KINETIC ENERGY 

0 FILM DROPS 
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) 20/x DIAMETER 
n ABOVE SURFACE 

ILM CAP 
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3xl0V2 AREA, OR 3 x 1012 WATER 
MOLECULES AT SURFACE LAYERS 

t RISE VELOCITY 10cm/sec 

A ONE MILLIMETER BUBBLE AND THE DROPS IT PRODUCES 

V Ml Bit 
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Consider the Impact of a drop with a rigid plane. The 

flow pattern after Impact Is that of a spreading disc 

running radially and horizontally as In tne cross section 

shown In Figure 2,2-a. This flow Is clearly Irreverstble. 

Photographs by Professor Edgerton show that if the plate Is 

covered by a thin layer of liquid, the disc flow of the 

rigid plate Is deflected upward Into "cup" flow, forming a 

thin corona of film which again Irreversibly breaks up into 

drops. However, a portion of the flow reverses to form a 

central jet. "Cup" flow before any reversal occurs is 

Indicated In Figure 2.2-b. If the depth of the liquid is 

increased, we come finally to the pattern found by 

Worthington & Cole, and It Is reasonable to propose that 

there is a continuum of flow patterns connecting the 

Irreversible ill-sq flow to the highly reversible flow which 

returns the Input drop at the top of the jet. This proposal 

leads to a picture such as Figure 2.2-c, which shows the 

maximum spreading of the drop before flow reversal begins. 

Qualitative non-photographic experiments, dropping Ink 

Into water of varying depth, tend to support this 

conclusion. The distribution of colored drops from the 

corona, which travel radially and upward and may be examined 

by capture on a cylinder of paper. Indicates that there Is 

always some material lost by Irreversible flow into the 

corona, but that this loss decreases with Increasing water 

depth. There Is no sudden transition from "disc-flow" to 

rebound. 
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The Implication Is that In deep 1tqu!d/ the drop does 

spread In laminar flow outward and up the sides of the 

cavity It Is creating. This must be followed by a similar 

flow In the reverse direction down the slope of the crater, 

reforming most of the original drop, as shown In Figure 

2.2-d. 

This Is an unexpected Implication, and one which 

requires corroboration. (However, consider the behavior of 

waves on an Ideal liquid. Here one normally expects energy 

to propagate without frictional dissipation, to reflect 

reversibly from solid Interfaces, and to leave behind an 

unmixed liquid.) Some experimental support is given by the 

second feature of Worthington A Cole's work, this time from 

observations of the cavity made by solid spheres. 

EXPERIMENTAL SUPPORT 

When dropping solid spheres Into a liquid, they 

arranged to have two streams of very small bubbles (small 

enough to follow but not disturb flow patterns) rising near 

the sides of the cavity. It can be seen (more clearly on 

their original plates than on the published reproductions, 

according to the authors) that these streams of small 

bubbles turn downward near the cavity and begin to follow 

the flow down the slope as In Figure 2.2-e. 

The drop- and sphere-cavtties are not Identical, nor 

can they be held to be overly similar to a bubble-cavity. 

Nonetheless, both the drop- and the sphere-cavities reach 
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Figur« 2.2. Flow patttrns In su 
(D) represent the cavity formed 
(E) that by a solid sphere/ and 

rface cavlties, 
by a falltng 
(F) by a bubble 

(A) through 
liquid drop/ 
e 
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(A) KNOWN PATTERN ON 
RIGID PLANE 

(B) KNOWN PATTERN IN 
THIN LIQUID FILM 

9 e 

(C) HYPOTHETICAL PATTERN 
IN DEEP LIQUID AT POINT 
OF MAXIMUM PENETRATION 

BEGINNING OF JET 
FORMATION 

(D) HYPOTHETICAL REVERSE 
FLOW REFORMING 
ORIGINAL DROP 

(E) OBSERVED REVERSE FLOW 
DOWN SIDE OF CRATER LEFT 
BY SOLID SPHERE 

(F) HYPOTHETICAL REVERSE 
FLOW DOWN SIDE OF 
CAVITY FORMED BY 
BREAKING BUBBLE 

FLOW PATTERNS IN CAVITIES IN LIQUIDS 

•*» » 
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configurations In which the shape and the energy 

distribution are similar. When the cavity made by the drop 

Is at Its maximum depth, the kinetic energy of the system Is 

at Its lowest, and the potential energy at a maximum. 

Similarly, when the cavity closes behind the solid sphere. 

It may be considered no longer to belong to the system, and 

the energy distribution of the cavity alone is quite like 

the drop cavity. The situation In a bubble-cavity Is a 

little different but perhaps can be made to look like the 

others (Figure 2.2-f) If one notes that while the mode of 

formation of the cavity is quite different, the amount of 

energv which has gone klnetlcally into spreading the walls 

of the sphere Is probably about the same as that Imparted by 

the falling object, while the potential energy is almost 

I dent I cal. 

Now, If a time-dependent solution goes through a 

configuration which does not depend strongly upon the 

initial conditions, the solution at all subsequent times may 

be taken as an approximation fo.* any set of Initial 

conditlons. 

Thus we may conclude with some confidence that the 

collapse of a bubble cavity Is similar to the collapse of an 

Impact cavity, and In particular that there is surface flow 

down the s'des Into the jet, so that the jet drops consist 

in large part of the Interior surface of the bubble. 

Blanchard ¢1963) found that jet drops would carry off 

surface films of "Indicator oil" In amounts up to 200t of 

1 
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the drop surface area. This Indicates that the driving 

force which moved the oil Into the fresh surface exposed by 

rupture was some force other than the spreading pressure of 

the oil Itself/ which would drop to zero as complete 

coverage was attained. Although the disruption of the jet 

Is accompanied by a decrease In surface area, this Is 

Insufficient to compress the surface film by a factor of 

two. The presumption Is that the additional oil is drawn 

Into the forming jet by the flow of surface liquid. 

THE RELATION BETWEEN JET DROP DIAMETER AND BUBBLE DIAMETER 

Figure 2.3 shows the relationship found by Blanchard 

(1963). We need to extrapolate below his minimum size (at 

the point Indicated by the break In the line); this Is done 

by extending the linear portion of his curve. The analytic 

expression for this linear section Is 

d ■ 0,46 D*7* 

where both the drop diameter d and the bubble diameter D 

are measured In microns. We will assume that this relation 

holds for drop sizes 0.5*d*10 microns. 

THE SURFACE THICKNESS INCORPORATED INTO JET DROPS 

We need to know what fraction a of the bubble surface 

goes Into ë jet drop/ and what the thickness dt of this 

"surface" may be. A mass balance between drop volume and 

bubble surface gives 
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Figure 2.3. Jet drop diameter vs. bubble diameter. The 
dashed line is an extrapolation fron Blanchard's 
experimental curve. 
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(tr/ô) d* * -rrD1« dt 

Inserting the analytic expression assumed above gives 

0.10irD*/6 - irD2a dt 

or 

<xdt ■ 1/60 micron. 

At this point, we can neither make any estimate of the 

separate values of a and dt/ nor predict how their 

relationship may vary with bubble size. Furthermore/ the 

relation Is based on a rather tenuous extrapolation/ and at 

this point these numbers must be regarded as a guide and not 

as a mandate. 

It Is reasonable to suppose that as the bubble size 

changes/ and the relative importance of gravity and surface 

tension changes/ there will be concomitant changes In the 

flow pattern which affect a and dt. For the size range of 

bubbles used In this work (D<300 p), such changes may be 

quite small/ since surface forces are overwhelmingly 

domlnant. 

Reviewing what little Is known, we find that Blanchard 

(1964) has found surface coverage (at zero surface pressure) 

up to 10 times the drop surface area, which indicates a 

highly compressed film. This can arise only from a value of 

a>l. From earlier work by the same author (1963), a 

tentative relation between a and D may be derived: 

a * (D/2650)4** 1000 ;i<D<300a /i 

There is no basis for extrapolating to D < 1 mm with this 

form, which has a*l for a bubble of D-2.65 mm, and ctaO.015 
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for D«1 mm. (Because of the well-known tendency for all 

experimental numbers to approach 11 near Ity when plotted on 

log-log paper, no particular significance beyond an order of 

magnitude estimate Is Intended to be drawn from this 

relationship.) Worthington & Cole's work (1898) suggests 

that the surface layer In motion Is no more than 10t of the 

bubble diameter, an'4 Is probably much less than that. In 

any event, this requires dt * 10 microns for a bubble of D - 

100 microns. 

A momentum balance requires that the upward jet 

formation be accompanied by a similar jet directed downward 

in the bulk liquid. This can sometimes be observed at the 

edge of a small raft of bubbles, for occasionally a bubble 

in this situation will break and eject a jet horizontally, 

so that It remains entirely in the water. It Is visible In 

the form of a pair of vortices, having dissipated Its 

translational energy quickly. Simultaneously, the entire 

raft of bubbles Is observed to move slightly In the opposite 

direction, showing that the reaction has been distributed to 

the whole assemblage. 

If the velocity distribution In the flowing surface 

layer of the cavity increases linearly as it approaches the 

surface (starting from some assumed surface of no flow) it 

can be shown that only 0.3 of the total moving thickness can 

go Into the upward jet. If, as Is Intuitively more likely, 

the flow Is parabolic (being accelerated at the surface by 

surface tension, and viscously retarded In deeper layers). 
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the upward-directed fraction reduces to slightly over 0.2. 

Thus, In the case of a 100 micron bubble, we can expect a 

jet to be formed of nothing thicker than the 2-micron 

surface layer. 

UNIFORMITY OF JET DROP FORMATION AT A CLEAN SURFACE 

To Indicate both the consistency of the jet drop 

formation mechanism and the ease with which the details of 

the process are modified by surface films, the author's one 

experience with unequivocally clean water will be described. 

This experiment shed some light on the criterion of bubble 

life as a measure of water purity, suggesting that It is a 

more stringent and far simpler test than surface tension 

measurements, when the surface tension approaches that of 

pure water. 

In this experiment, an 8 ml polyethylene vial 

(previously cleaned In nitric acid, and kept In contact with 

"clean" water for some weeks) was pierced from below by a 

fine glass capillary through which bubbles would be blown. 

The open end of the vial, covered temporarily with a 

protective cap, was inside a continuous diffusion cloud 

chamber (Schaefer 1952). Condensation nuclei rained out for 

nearly an hour after the 10 X 10 X 20 cm chamber was turned 

on, and only when the air was swept free of particulate 

matter In this way was the vial uncovered, rinsed, and 

filled. All such manipulations were eflÇcted with flamed 

platinum wires, or through cHtffied polyethylene tubes. 
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Inserted Into the chamber through a large hypodermic needle 

used as an entry port. 

The filling solution was 0.5 M NaCI, using water from 

the still described below and reagent grade salt which had 

been kept at 500° C for some hours In a muffle furnace. It 

had been observed previously that the polyethylene filling 

tube. If pushed several cm below the surface of the liquid, 

would remove a monolayer of contamination from It upon 

withdrawal. Thus, final cleaning of the surface could be 

accomplished through the small diameter entrance port. 

A heated collector located above the capillary tip 

served to catch and dry jet drops, 100 microns In diameter, 

from 1 mm bubbles blown at the rate of 4/sec. This 

collection was continued for 36 hours. 

Midway In this process, a stalactite of salt 1 mm In 

diameter and 10 mm long had grown down from the collector 

toward the point of bubble rupture (Figure 2.4), In shape 

It was a rough-surfaced but uniform cylinder, and contained 

the dried residue of some 5 X 10s jet drops. Surrounding 

Its base was a faint halo of salt something less than 3 mm 

In diameter. 

It should be noted that the surface of the solution was 

slightly concave because of hysteresis of contact angle on 

the polyethylene as evaporation and transport lowered the 

surface level. Thus, the central spot was not a stable 

position for bubbles, and If they persisted for any length 

of time, drift towards the perimeter would begin. 
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Figure 2.4. Salt stalactite formed by evaporation of 10* 
jet drops, On the original photograph# three rising bubbles 
are visible In the micro-ocean.) This Is the second 
(conical) stalactite mentioned In the text. The narrower 
cylindrical stalactite formed earlier is hidden behind the 
cone. 
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Evidently shutting off the gas flow to make the above 

Inspection caused sufficient disturbance to the system to 

alter its surface behavior, for when It was next examined, a 

second stalactite had grown beside the first. This one 

arose from a point In the halo surrounding the first, and 

was In the shape of a slender but somewhat ragged cone. 

Indicating a gradual Increase with time In the dispersion of 

jet drop ejection direction. 

The interpretation of this phenomenon Is that It 

represents the displacement of the bubble by one 

bubble-diameter before rupture. (Some minor asymmetry of 

the capillary tip would account for the uniform direction of 

displacement.) This means that bubble life had risen 

sufficiently to allow the following bubble to reach the 

surface and move the surface bubble aside before It 

ruptured, and thus that surface life had Increased to 

something on the order of 0.25 seconds. 

The total weight of salt collected (25.0 mg) checks 

well with the bubble production rate, allowing two jet drops 

to reach the collector per bubble. 

In conclusion, one can say that 5 X 105bubbles broke In 

a completely reproducible manner, with lifetimes much less 

than 0.25 second, and that an additional equal number were 

only slightly less reproducible after some small 

perturbation of the system. This remarkable uniformity 

suggests the possibility of developing a measure of surface 

contamination based upon bubble surface lifetime, or upon 
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jet drop behavior/ which would be simpler/ faster/ more 

reliable/ and more sensitive/ than surface tension 

measurements. 

The importance of cleanliness In this process Is 

emphasized by the fact that up to the point at which the 

stalactite was observed/ the experiment had been thought 

Identical with several others that had preceded It/ In which 

the collected sample was normally distributed over a 2-cm 

circular area. When radioactive tracers were added to this 

run/ the same pattern of random deposition appeared. 

This happened In spite of the extra care taken with the 

tracers. Being 10 mlcrocurles each of K-42 and Na-24 as the 

chlorides/ they were mixed with hot nitric acid-hydrogen 

peroxide and evaporated to dryness three times In the hope 

of destroying any organic material present. Nevertheless, 

by the time they were added to the micro-ocean/ 

contamination had been added also, and the normal pattern of 

drop ejection returned. 

i 
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IU£ LUJA £AP Of. A BUBBLE 

AREA ESTIMATION 

It is convenient to be able to estimate the total 

surface area which Is available for drop formation in a 

population of bubbles of assorted sizes. Fortunately this 

is possible without any knowledge of the diameters except 

that they lie between 1 and 10 mm. 

Toba (1959) has calculated the shape of bubbles resting 

at the surface; one of the values he tabulates is S, the 

surface area. Of several analytic representations which 

closely approximate his numerical data, the most convenient 

Is 

S - tr(D*0.08a)3/6 (cgs units) 

where D is the diameter of the equivalent spherical bubble 

and a is the capillary constant 

Since a«0.38 for water, the correction term to D is 300 

microns, and for any bubble which is much larger than this, 

the surface area approximation becomes 

S ■ -rrOVe - V 

Thus, if we know the gas flow in ml we can estimate the 

total surface area of the resulting film caps. 

A parenthetical remark is in order here on the shape of 

bubbles below 1 mm in diameter. These are adequately 

approximated by the assumption of sphericity except for the 

film ¿AB/ which has a radius R of twice the bubble radius 

r. This is easily seen by considering the excess pressure 
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Inside the bubble, which must be the same under the 

two-sided cap as Inside the one-sided bubble* That Is, 

AP ■ ly!r - ky/R 

While Toba's values blend smoothly with this flattened cap, 

not all authors seem to have made this correction for the 

cap radius (e.g., Allan et al. 1961). 

THE MECHANISM OF FILM CAP RUPTURE 

Before Inquiring how a film cap bubble breaks, we ask 

why It doesn't break. A pure liquid cannot foam or form 

metastable lamellae, and a persistent film cap Is evidence 

of the presence of a second component. On a structured 

surface such as water there may be a short term stability 

conferred by the Intrinsic double layer of the water 

surface, but Its relaxation time Is comparable to the 

rotational time of water molecules, and far too short to be 

observable In this context. The presence of an Ionic double 

layer Is sufficient to Increase foam stability slightly, and 

truly permanent foams arise with surface active materials 

which form monolayers at each surface of the film. 

Such a film thins rapidly to the equilibrium distance 

of double layer repulsion. If thinning continues. It Is 

largely by evaporation, which on the open ocean amounts to 1 

cm/day, or roughly 0.1 mlcron/sec. This Is sufficient to 

ensure that any bubble on the ocean will break within a 

dozen seconds. If nothing Interferes. The Interferences 

that arise are simply the lower activity of the remaining 
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water In the film, and the increase in transport resistance 

across the monolayer on the outer surface. 

There Is general agreement that the film caps of ocean 

bubbles are 2 to 3 u thick, and this is supported by the 

observation that Interference colors are seldom If ever seen 

on bubbles In sea water. These colors begin at 1.5 microns, 

and this sets a lower limit on possible film thickness. 

There are two wel1-developed theories of hole formation 

In thin films. Scheludko et ai. (19G3) consider failure by 

buckling of the film, which occurs at a film thickness near 

0.03 micron, and Is not applicable here. De Vries (1958) 

considers the formation of a hole in the film and shows that 

this requires an activation energy 

* 0.73^t2 ergs 

(where ^ Is surface tension and t the film thickness) 

because the hole has at first a greater surface area than 

the unpierced film. The possible sources of energy are 

thermal fluctuations, acoustical and mechanical vibration, 

and variations In surface tension in the film Itself. In 

toto, they may be considered to form a disturbance with a 

white noise spectrum of frequencies. 

Once a hole has been formed, it expands with velocity 

V ■ Hyzlpt)'1* 

(Rayleigh 1891) Independent of hole diameter. This velocity 

exceeds the velocity of capillary waves In the film, so that 

the hole always grows Into undisturbed film. A hole in a 

2-mlcron film spreads at about 12 m/sec. 
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The material from the hole gathers Into a toroidal rim 

(Facy 1951). This process has been photgraphed by Ranz 

(1959)--not/ however. In a bubble, but In a horizontal film 

of large area punctured by an electric spark. In the 

absence of disturbance, the toroid would continu» to grow 

until It reached the rim of the film cap, smoothly carrying 

with It the entire surface. 

In the presence of noise, Rayleigh (1878,1892) showed 

that a cylindrical jet of diameter d would break up Into 

drops in a configuration that minimized the total energy, 

surface and kinetic. The spacing between the drops Is 4.5d. 

In the case of the toroid rim, which Is stabilized by the 

mesentery-1 Ike membrane of the film around Its periphery, 

the wavelength should be longer, and Indeed Ranz's 

photographs show that It lies somewhere between 4.5 and 6.5 

d. A complete dynamic analysis requires toroidal harmonics, 

and although these are known (Bateman 1962), the effort Is 

hardly justlfled. 

Hole expansion Is too rapid to allow circumferential 

communication of a dominant wavelength around the torus, 

which is thus free to break up asynchronously, under the 

Influence of local forces In the film. This is far too 

complex to attempt to follow, but we may approach the early 

stages and perhaps estimate the number and size of the 

Initial drops that are produced. 

Consider a general case In which the film thickness t 

is a minimum at the center and Increases at a constant angle 
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t. We require a mass balance between the materia! removed 

from the hole and the material added to the rim. This fives 

(b-a)c(t+2(b-a)6/3) - 2ab(fra-2(t*b0)) 

where b Is the ring radius and a the generating radius, so 

that (b-a) Is the radius of the hole. 

If we assume that the Initial breakup of the torus Is 

uniform and occurs within a few microseconds after hole 

formation, or, which Is the same thing, within a few 10's of 

microns of rim travel, we obtain a certain number n of drops 

of radius r from the torus. The circumference breaks up 

Into pieces with a wavelength separating them of 

X* - 2 X a 

where X lies somewhere between 4.5 and 6.5. This results In 

n ■ tí b/A a 

and a maximum drop radius 

r ■ (3A/2),/* a 

assuming that all of the material In the torus goes Into the 

drops. 

The relation between these quantities Is shown in 

Figure 2.5, which plots r vs. b for a family of t's In 

the region of Interest, for the specific case 6*0 and X> 

2ir. Lines of equal n fan radially from the origin. As 

mentioned before, we cannot Impose a circumferential wave on 

the torus to assure that It will break up Into uniform 

drops. 

However, as this breakup occurs, the surface area must 

pass through a local maximum, again representing an energy 
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of activation for the process. When the generatlnc radius 

a Is close to the film thickness t, this enercy Is hlgh/ 

and, without making this quantitative, we may suppose that 

the torus will not break up until a ■ l.St. It can be seen 

from Figure 2.5 that this line behaves exactly as do the 

n-lines, so that the net result Is nearly the same as 

Insisting that the torus break up Into four drops. 

COMPARISON WITH EXPERIMENTAL RESULTS 

From counts obtained In a cloud chamber, which Is 

Insensitive to drop size, Blanchard (1963) tabulated the 

total number of film drops produced, as a function of bubble 

surface area. His data show a spread of two orders of 

magnitude, but It Is the maximum production that Is of 

Interest In this context, and this number Is plotted In 

Figure 2.6. This line may also be taken as Day's (196¼) 

mean drop production value. 

Also shown are the theoretical numbers predicted by 

racy (1951) and the numbers obtained here for film 

thicknesses of 1 and 2 p. 
It will be seen that the observed number Is much 

greater than the predicted number, and. In fact, that the 

predicted number increases as the square root of the hole 

diameter, whereas the observed number Increases linearly. 

This Is not totally unexpected, and may be attributed to two 

facts. 
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Figure 2t5. Radius and number of Initial film drops. A 
section through the growing hole Is shown In the lower right 
corner, together with the relevant quantities and the 
equations relating them. (The graph Is drawn for •■O*. 
Very slight changes are caused by assuming any reasonable 
angle for 9.) For a given thickness 1, the torus can break 
up Into a drops of diameter 4 when the hole has reached a 
diameter of (b-a) ¿i. 
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Figure 2.6 Film 
2.5 vs. (b-a), 
Blanchard's (and 

drop production. This plots a of Figure 
and compares the drop production with 

Day's) experimental values. 
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Firstly* the calculations consider only the major 

drops. All photographs taken of liquid threads breaking up 

Into drops show the existence of one or more small drops for 

every large drop. Thus It can be claimed that the points 

connected by arrows In Figure 2.6 are In exact agreement* If 

one Includes an extra small drop (which would be counted by 

the cloud chamber) for every large drop. 

The second factor is the escaping air from the bubble. 

Shortly after the appearance of the hole* the excess 

pressure within the bubble will drive the air through the 

hole with sufficient force to begin blowing drops off of the 

expanding torus. Why this should result In a linear 

relationship with hole size Is not clear. 

DISCUSSION 

The most important part of this Is that we have taken 

the thinnest portion of the bubble cap* and turned it into a 

relatively small number of surprisingly large drops* which* 

In the experiments described later, will show up on the 

so-called 8-mlcron Impactor stage* and will be seen to have 

the anomalously high phosphate enrichment. Further 

speculation as to the connection between bubble rupture and 

phosphate enrichment will be put off until the experimental 

results have been presented. 
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FURTHER EXAMPLES OF DROP FORMATION 

There ere two additional occurrences of drop formation 

by bubbles which seem not to have been reported before, and 

which are Interestlnc In their own right. Furthermore, 

since the parameters of interest can be varied over large 

ranges In these systems, they are well suited to 

Investigations of the mechanics of bubbles. 

Jet drops (and possibly film drops) are not limited to 

the alr/water Interface, but occur at the Interface between 

any two Immiscible liquids (subject to some restrictions 

upon viscosity and Interfacial tension). A 1-mm drop of 

ether, rising through a water layer, stops at the Interface, 

rests a moment, and then breaks, ejecting a jet drop of 

water about 2 mm Into the ether layer. The drop appears to 

be slightly larger than comparable jet drops at the 

alr/water interface. 

Such systems offer advantages In testing theories of 

flow into the bubble cavity, since interfacial tension can 

be varied without the presence of surface-active material. 

A two-dimensional analog of film drop formation Is 

available within the structure of the thin film Itself. 

When newly formed, such a film Is not In gravitational 

equilibrium If It Is possible for It to drain. Because 

drainage is fastest at the edges, where the excess material 

between the two surfaces can most quickly escape, a wide 

vertical film thins from the bottom up. That Is, thin spots 



64 

form first at the bottom edge, but, since their surface 

density (gm/cm*) Is lower than the surrounding thicker film, 

they rise like bubbles until they reach a zone of equal 

surface density* 

When the film thickness drops to less than one-quarter 

of the wavelength of light, the film becomes non-reflectlve 

and virtually Invisible, forming so-called "black spots"* 

The boundary of a black spot Is a discontinuity of 

thickness, so that there Is a sharp visible "interface" 

surrounding It. 

As a vertical film continues to thin, a black region 

accumulates at the top, separated from a bright 

straw-colored area below by a horizontal "Interface". This 

discontinuity possesses many of the character Istlcs of a 

real Interface, Including a "surface tension" and the 

ability to propagate capillary waves. 

Rising black spots behave exactly like bubbles, pausing 

at the Interfjce to form film caps. These caps break at the 

thinnest point, and since the effective viscosity is so 

great, the resulting breakup Into film drops proceeds at a 

leisurely rate and it can be seen that the retreating edge 

of the film beads up Into a large drop which frequently, but 

not always. Is shed to become a film drop before the rim 

contracts to the junction with the bulk liquid* This 

behavior is In complete agreement with the theory presented 

earlier. 
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* 

i 

It should be mentioned that In this hlfh-vlscoslty 

situation the film caps themselves drain fastest at the 

bottom/ so that rupture occurs not at the top/ but near one 

end of the arch. This agrees well with Allan et al. (1961) 

who observed the same edge-thlnntng behavior In the film 

caps of three-dimensional bubbles in glycerine solutions. 
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CHAPTER Ml 

THE BAYLOR EFFECT 

•••You Itavê the mixture for in hour, and 
then bubble air through It. The blue 
stuff has combined with the gold to make 
a red compound« This Is a surface active 
substance, and It all comes Into the 
froth which you blow off the top* You 
dry the froth, add a little acid, and out 
comes the gold. 

J. B. S. Haldane 
Rig. Qold-Mikftn 
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THE BAYLOR EFFECT 

Baylor et al. (1962) and Sutcliffe et al. (1963) have 

described the following phenomenon: When bubbles are blown 

through sea water, the "inorganic" phosphate disappears. It 

is found (1) In the spray, (2) in the bulk solution as 

dissolved "organic" phosphate, and (3) in both solution and 

spray bound to particles of organic matter which have been 

created by the bubbling. 

(The quotation marks indicate that the differentiation 

between organic and Inorganic Is that made by the 

oceanographers' standard molybdenum blue analysis (Ketchum 

et al. 1955), and that the exact forms are somewhat in 

doubt. It is clear, however, that the "organic" fraction 

must be autoclaved with sulfuric acid before it will give a 

visible reaction. ) 

It was this work which stimulated the investigation 

undertaken here--although the direction has changed somewhat 

since. The original questions addressed were two raised by 

Baylor: "What classes of organic compounds are responsible 

for binding phosphate?" and, "How does a bubble transform 

dissolved organic material into particles?" Though neither 

of these questions has been fully answered, each has left 

its imprint on the plan of the work. They greatly 
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Influenced the choice of organic additives In the 

experimental section of Chapter IV. 

EARLY EXPERIMENTS 

The first experiments performed were designed simply to 

verify the Baylor effect with a different analytical 

technique. This was done In the following manner: 

250 ml of sea water containing 10 microcuries of P-32 

as HSP(X| were vigorously bubbled, and all of the spray 

collected. The resulting distribution of P-32 after 

bubbling Is compared with that of a similar experiment of 

Baylor's In Table 3-1 • 

Table 3-1. Distribution of Phosphate After Bubbling 

Sutcliffe et al. MacIntyre 

CfiQnfiforQSol (camiU/mUflcr. 
(conc)solutlon (counts/ml)sol. 

Original Sea Water 1.00 1.00 

Residual Sea Water 
after bubbling 0.87 0.87 

Spray 1#41 1.5% 

Particulate 1.08 0.88 

0.33 0.66 Soluble 
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Figure 3.1. Time dependence of phosphate removal. All 
points are referred to the original composition of the sea 
water, and not to the concentration prevailing at the moment 
of drop formation. 
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There is seen to be More chan qualitative agreement 

between the two sets, in spite of widely different 

experimental conditions. 

In other preliminary work it was noted (again in 

general agreement with Saylor) that P-32 transport Into the 

spray decreased more or less exponentially with time. The 

results of two such experiments are shown in Figure 3.1. 

The sample used In these experiments was 0.4 ml of 

spray, out of perhaps 0.5 ml which were collected in 5 

minutes of violent bubbling. Thus, the ordinate may be read 

as time or as volume of spray. The bubbler was a glass 

frit, which led to a wide spectrum of bubble sizes, and the 

solution surface was covered with an assortment of bubbles, 

some breaking quickly, some forming stable film caps, with a 

thin head of foam around the periphery of the container. 

EXTENT OF REACTION 

It is evident that some agent is at work which can 

convert phosphate Into particulate natter. The details are 

most easily observed in Experiment A of Sutcliffe et al., 

where the division between organic and inorganic products 

may be followed. Beginning with 100 parts of total 

phosphorus in Mi 111pore-f11tered sea water, and blowing 

bubbles through this, they arrive at the results shown In 

Table 3-2. 
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Table 3-2 

Transformat ion of Phosphate by Bubbles 

Original Spray 
Sea Water Total-P 
Dlssolved-P 

Spray 
Particulate-P 

Organic 24 33 
Inorganlc -Z& JU 

26 
JLL 

Total 

SUMMARY 

I nput 

Organic Soluble 24 
Inorganic Soluble 76 

100 

Output 

Unchanged Altered 

07 17 
-11 

21 79 
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Had the residual sea water been analyzed further/ it 

too would doubtless have been found to consist largely of 

particulate organic phosphate. Even in the absence of such 

information about this largest reservoir in the system/ we 

note that the state of at least 80i of the phosphate has 

been altered by bubbles. Not only has 70i of the original 

soluble organic phosphate been gathered into particles/ but 

80i of the ionic phosphate has been attached to organic 

material/ at least some of which is particulate. 

THE BUBBLE AS A MICELLE 

Although normally one thinks of micelles as being 

submicroscoplc in size and containing something less than 

100 molecules/ it Is instructive to consider the bubble 

surface as though it were a giant micelle. The same driving 

forces are at work in both cases/ and the free energy of 

each system is lowered by 750 cal/mole of -CH2- groups which 

are removed from contact with water. The size and mobility 

of a bubble lower the effective critical micelle 

concentration (cmc) at which this energy decrease can be 

taken advantage of/ so that bubbles will collect monolayers 

at concentrations below the normal cmc. 

Colloid chemists use a number of terms to describe the 

various sorts of interactions between organic compounds in 

colloidal systems. One of these is "solubilization" 

(Klevens 1950)/ whereby aqueous solutions of surfactants at 

low concentrations dissolve water-insoluble compounds. A 
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closely related term is "comlcel 11zatlon" (Valkes & Epstein 

1957), which is a solubilization below the cmc and one In 

which the insoluble component is incorporated at a greater 

than 1:1 ratio. An example of such comlcel 1izatlon is the 

solvation of trI polyphosphate by sodium decyl sulfate at a 

ratio of 4 phosphates per sulfate. The phenomenon of 

"Interpenetration" In monomolecular films is analogous, and 

Goodrich (1957) has found that the free energy of mixing In 

two-dimensional films can be as much as -300 cal/mole for 

1:1 mixtures of sodium hexadecyl sulfate and hexadecanol. 

. We may expect the bubble surface to display no less 

diversity of possible reactions than a micelle or a 

monolayer; thus we may anticipate a certain complexity to 

the organic material-phosphate-bubble system. 

PARTICULATE MATTER 

AMOUNT FORMED 

The total amount of particulates which can be produced 

by bubbling approximates the organic content of sea water. 

(This is particularly effective if the bubbles are formed by 

electrolysis of sea water.) The flocculent grey 

"snowflakes" are produced in large number and will 

alternately form rafts supported by small bubbles at the 

surface, or sink to form a sludge at the bottom. The total 

weight from 100 ml of sea water Is on the order of 0.1 |tg. 
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INORGANIC PARTICLES 

Such snowflakes are not the only type of particle 

formed/ and the picture is complicated hy the occasional 

production of apparently Inorganic particles. (These 

neither char In a flame/ nor dissolve In 1 N HC1/ ruling out 

the possibilities of organic material and also of 

carbonates, which might be expected to form after driving 

the C0t from COj saturated sea water.) 

The concept of "surface nucléation" or "two-dimensional 

nucléation" (Walton 1965) has, since the work of Frank 

(1959)/ been taken to mean growth at a screw dislocation or 

other crystal-surface Imperfection (Nancolla & Purdie 1964). 

It is suggested here that there Is an additional sort of 

two-dimensional nucléation on the surface of a bubble which 

arises because the local concentration sufficiently exceeds 

the solubility product to induce spontaneous nucléation. 

Since planar surfaces do not produce this effect (except 

through evaporation)/ nucléation itself may be aided by the 

peculiarities of flow patterns during rupture. Although 

Hunt & Jackson (1965) have reported nucléation arising from 

the collapse of bubbles/ these last were cavitation bubbles 

in an undercooled pure liquid. The authors attribute their 

results to a lowering of the melting point of the solid 

because of the high pressure (105 atm) reached during 

collapse. It may be that there Is an analogous 

two-dimensional surface pressure during the collapse of a 

bubble which assists In nucléation. 
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These Inorganic particle' do not aggregate Into flakes, 

but remain suspended to cause an opalescence. They can, 

however, be centrifuged Into a grey-brown precipitate. 

Their relation to phosphate Is not known, as their 

production appears to be an uncontrollable event peculiar to 

particular samples of sea water. Their mention serves 

chiefly to alert the reader to unresolved complexities In 

the process, and they will not be further considered here. 

ORGANIC PARTICLES 

The nature of the organic material of the flakes has 

not been determined, but they appear to contain the bulk of 

the organic material present. Daylor and Sutcliffe (1963) 

have shown that no other food source Is necessary for brine 

shrimp, and Riley (1963) believes such ”carhon-rIch 

aggregated particles" to be of oceanic ecological 

slgnlfIcance. 

Still, there is a relatively small number of candidates 

for the phosphate-binding components, so It seemed feasible 

to attempt to find a class of organics which, when added to 

artificial solutions, would duplicate the results obtained 

In sea water. 

The requirements for such a material are (1) some known 

affinity for PtXj, (2) some degree of surface activity, and 

(3) an oceanic concentration roughly approximating that of 

phosphate at 10"* M. The possibility that more than one 

substance Is Involved must be considered, for It may be that 
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the phosphate-binder Is not itself surface active/ but 

adheres to a monolayer of sone other material. 

Suspicion falls at once upon proteins, for the 

metaphosphate-proteln reaction has been known since 

Berzelius (Briggs 1940, Drablkowsk! 1963). This reaction, 

which exhibits a sort of equilibrium constant involving the 

chain lengths of the reactants, has been used (Katchmann & 

Van Wazer 1954) to separate mixtures of proteins by 

selectively precipitating the high molecular weight 

fraction. Presumably the attraction between the 

metaphosphate and the reactive sites on the protein extends 

to single PO Ions, oven though there Is insufficient bond 

formation to lead to crossllnklng and precipitation. The 

locus of attraction on the protein has not been specified, 

and the phosphate may be N-bonded, 0-bonded, or attached to 

a side chain. 

Gllmcher & Crane (1964), studying the reaction of 

phosphate with collagen in vitro report several types of 

binding. They suggest that one form may be attachment to 

the sugars present. Similar bonding between the sulfate of 

sodium lauryt sulfate and the sucrose moiety of sucrose 

monolaurate has been observed by Ossipow et al. (1957)# who 

also observed a negative Interaction between the sucrose 

ester and lauroyl diethanolamine. 

Sebba (1962) has categorized the process of adsorptive 

Interaction between a charged surfactant and a dissolved Ion 

as "Ion flotation", and shown that It can be commercially 
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feasible to extract certain valuable metals from extremely 

dilute solutions by adding the correct "collector" and 

blowing bubbles. He reports no experiments with phosphate. 

SURVEY OF POSSIBLE REACTIONS 

The simplest possible reaction between phosphate and a 

surfactant which may be reflected In bubb1e~surface 

composition Is Sebba's Ion flotation with a cationic 

surfactant R*: 

nR* ♦ PO;’ ■ R„P0*‘" 

and a corollary lack of reaction with an anionic surfactant 

R": 

R” ♦ PO? ■ n.r. 

Similar In principie, hut perhaps distinguishable 

klnetlcally. Is the reaction involving a preformed micelle 

or micelle-like structure on the bubble: 

pr ♦ pc/ ■ MPoim> 

where the net charge Is left undefined. 

The metaphosphate reaction may take any of several 

forms. Perlmann (1955) has demonstrated the existence of 

orthophosphate crosslinks R-0-P0¡-0-R In pepsin and both 

pyrophosphate links R-0-P0¡-0-P0¡-0-R and phosphoamlde links 

R-O-PO^-NH-R* In or-caseln. Oncley (1959) suggests that R 

should be serine (-CH^-OH) or threonine (-CH(CH3 )-0H), and 

R* arginine (-CHj-CH,-NH-CH(NHa)-NH¿ ) or lysine (-(CH¿)4 

-NHJ). In the special case of collagen, R would be 

hydroxylysine (-CH2-CH(CH£-N*)-0H) (where N* Is the peptide 
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bonded N), and hydroxyprolIne (-(CHÄ)g-CH(0H)-CH,- NHj), 

which latter Is also an R' candidate. (These two residues 

are found only In collagen/ and together make up one-third 

of the molecule.) Terminal linkages R-O-POj are known to 

occur raturai 1 y, but R'-NH-POj has not yet been found In 

biological systems. 

Esterification of sugars can occur on a wide spectrum 

of material likely to be found In sea water. Hassid et al. 

(1943) showed that there is an equilibrium between 

polysaccharide chains and phosphate mediated by the enzyme 

phosphorylase 

PO? * (C4Hu0* ♦ glucose-l-P04 

which allows phosphorylase (known to be present In sea 

water) to behave as an amylase or as a polymerizing agent/ 

depending upon the concentrations involved. Presumably^ 

being a ternary reaction, this mechanism would be extremely 

rare In the ocean. Nevertheless, if an enzyme can lower the 

activation energy for the reaction, so night the bubble 

surface act to attach phosphate without necessarily 

splitting the glucoside linkage. 

Polysaccharides are also known to form complexes with 

borate (Deuel & Neukom 1949) and with sulfate (Jirgensons 

1962) without the necessity of enzymatic aid. 

Of polysaccharides known to jeeur in sea water, 

cellulose and chttin (and their decomposition products) 
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'0 s 

ch2oii 

n H NHOOCH, n 

chltin 

are cited because they are among the most easily formulated. 

There is an endless variety of Mucopolysaccharides/ 

mucoproteins/ and glycoproteins which offer similar reactive 

sites. 

In addition to such inorganic-organic reactions/ there 

exists the possibility of more complex reactions between 

monolayers and dissolved organic species (Arnold ik Pak 

1962). 

flUBRLES AND THE MARINE PHOSPHATE CYCLE 

The relevance of these artificial experiments to 

oceanologlcal conditions nay be questioned/ since the 

bubbling rates used are higher than those generally found in 

the open ocean. However/ North Atlantic storms at times 

entrain enough bubbles to make the water virtually opaque to 

sonar to a depth of 60 fathoms/ and this occurs over large 

stretches of the ocean. Sutcliffe et al. (1963) discuss 

the less spectacular aspects of the interaction of phosphate 

with surface active material in sea slicks/ and draw some 

interesting ecological conclusions. 

In any event/ It is difficult to assess the conrlbutlon 

of a portion of a cycle until it has been defined. Our 

- 
\ 
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understanding of the marine phosphate cycle is still 

insufficient to permit its description in more detail than 

is given by Harvey (1960)/ who leaves it schematic and 

non-numerical. The Important point is that there is but one 

"classical" route from phosphate ions to a form in which 

phosphate is accessible to zooplankton, and this is through 

the photosynthetic activity of phytoplankton. 

We wish here to call attention to the existence of the 

second upward path, from inorganic ion to soluble organic 

phosphate to particulate organic to sea slicks, mediated by 

the surface of the rising bubble. The importance of this 

route derives from its three-fold opposition to prevailing 

trends. 

Firstly, it is upward In a physical sense and opposes 

the constant gravitational settling, perhaps serving to keep 

the level of available phosphate higher in the euphotic zone 

than it would otherwise be. 

Secondly, this path is upward in accessibility of 

phosphorus both to zooplankton and to higher forms such as 

surface-eating fish. It opposes the mineralizing agencies 

of bacteria on the surface of particles and the 

dephosphory1 at Ing enzymes present In sea water. 

Thirdly, this path opposes the normal flow of entropy 

by acting as a concentrating agent and as a 

structure-butIder. 

Historically, this last may have been its most 

important contribution. From the ubiquity of the QgjobJLAJlfi 
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as a component of cellular organelles we nay suspect that it 

arose early in acellular (or prebiochemical) evolution. The 

first self-reproducing chemical structures may well have 

been shielded by a similar membrane. 

A bubble possesses three features not shared by a flat 

surface. The first is that small bubbles/ convectively 

carried downward to regions of greater hydrostatic pressure# 

will go Into solution# leaving their surfactant coat behind 

1 I ke a deflated balloon--or like the ghost of a red blood 

cell. In addition to forming proto-membranes# breaking 

bubbles offer the intriguing possibl1ity of converting the 

mechanical energy of rupture into chemical bond formation in 

the surface film# which Is rich In reactive sites and 

perhaps oriented in energetically favorable configurations 

by surface forces. Finally# when a bubble breaks and ejects 

a portion of its film into the atmosphere# it provides 

further scope for reactions induced by partial drying# 

radiation# and interactlon with similar aerosol particles 

through aggregation. 

Fox (1960) notes that phosphate exerts an activating 

effect upon protein biosynthesis# and Vegotsky A Fox (1959) 

have shown that the temperature necessary for polymerization 

of amino acids Into polypeptides can be lowered from ca. 

150°C to 70°C by the addition of a polyphosphorIc acid. The 

demonstrated affinity of phosphate and organic material for 

the bubble surface strongly suggests that this combination 

may have played a crucial role In biogenesis. 
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(Not« added In proof) 

Miller (1963) calls attention to a problem In the 

necessary preblologlcal creation of organic phosphates/ 

citing Gultck's (1955/1957) fears that the solubility of 

calcium phosphate In contemporary sea water (and thus the 

phosphate Ion concentration) Is too low for meaningful 

phosphate-organic reactions to occur. Gullck/ seeing a 

continuing need for easily accessible phosphate In early 

biological evolution/ would Increase the dissolved Inorganic 

phosphate by Invoking the "hynoohosohlte hypothesis" 

--hypophosphlte being stable In a Precambrlan oxygen-free 

atmosphere/ and much more soluble than phosphate. 

Bubbles create organic phosphates from contemporary sea 

water with such efficiency that the fears of Miller and 

Gullck now appear exaggerated. Early self-reproducing 

systems were presumably too simple to use photosynthesis for 

energy/ too primitive to orey on each other. That IS/ they 

were neither "plants" nor "animals"/ but more like 

heterotrophlc fungi/ requiring pre-formed high-energy 

food--not dissolved Inorganic phosphate/ but particulate 

organic phosphate. Bubble experiments In hypophosphlte 

solutions would be of great Interest In this connection. 

Gullck/ A./ 1955s Phosphorus as a factor In the origin of 
life. Amer Sel. ü/ 479-489. 

Gullck/ A./ 1957: Phosphorus and the origin of life. Ann. 
N.Y. Acad. Scl. SÚb 309-313. 

Miller/. S. L./ 1963: "The origin of life"/ pp 845-865 In The 
Sea. Vol ILL/ ed. M. N. Hill/ Interscience/ N.Y. 
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CHAPTER IV 

EXPERIMENTAL RESULTS 

Some thought them physical 
And some thought them chemlc 

And some found the whole affair 
SIIghtly academic. 

Frederick Wlnsor 
Itlfi. $Qfl£C Child1« Mother Goose 
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EXPERIMENTAL RESULTS 

THE BASIC EXPERIMENT 

In the simplest terms, an experimental run consisted of 

adding 100 mlcrocurles of P-32 as sodium phosphate and 100 

mlcrocurles of Na-22 as sodium chloride to 90 ml of water, 

blowing bubbles In the solution, catching the resulting 

spray by size classification In an aerosol Impactor, and 

determining the P/Na ratio of the several drop size samples 

by means of beta- and gamma-countlng. 

APPARATUS 

An overall diagrammatic view of the equipment used to 

do this Is shown in Fl-ure 4.1. The entire working area Is 

enclosed In a modified "Micro-Void" dust-free enclosure (1) 

as a first-stage protection against contamination. In this 

amber Plexiglas enclosure, a blower (9) takes 2 m3 /min of 

air from the room and forces It through a 2.5-cm bed of 

activated charcoal (10), a Cambridge "Absolute" filter (11) 

which retains particles larger than 0.3 microns, and out 

through the access opening (12) at the front. Although 

tobacco smoke (0.5 micron) is completely stopped by the 

filter, not all of the large gaseous molecules responsible 
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for the odor of cigar smoke are retained by the activated 

charcoal, and It Is presumed that some of the normal gaseous 

pollutants of an Industrial atmosphere will also find their 

way through. When a cigar was moved throughout the normal 

working area, smoke would not remain within the enclosure, 

but was blown out without forming eddies. (This was 

carefully checked because the area of the opening had been 

Increased fourfold by extending the height of the enclosure 

IS”.) This outward current gives considerable insurance 

against adventitious contamination reaching the critical 

area. 

The working volume (2) which encloses the "micro-ocean" 

(8) Is supported on an Instrument rack (3) Inside the 

Micro-Void. The rack also supports minor electrical gear 

(4) required for generating gas bubbles (5) and powering 

heated jet drop collectors (6). 

The working enclosure is shown In greater detail in 

Figure 4.2, in which It can be seen that It supports the 

aerosol Impactor (7) In close proximity to the micro-ocean. 

An aspirator supplies the vacuum needed by the Impactor 

(which draws In air filtered by the Micro-Void), and the 

flow rate Is monitored by a vacuum gauge (13) and flowmeter 

(14). The enclosure also provides a nodal point for an 

oscillating horizontal capillary (15) which Is bent Into a J 

to dip Into the micro-ocean. The loudspeaker driving unit 

which vibrates the capillary is shown at (17), while (16) Is 

a magnetic stirrer for the micro-ocean. 
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Figure 4.1. Experimental apparatus. See text for details. 
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Figur# %«2. Th# "nlcro-oc#anM and Its enclosure, 
ovar 100 jj can b# co11#ct#d on a heated surface 
over the mlcro-oc#an. Inserted through the slot 
shown occupied by the electrode leads. 

Jet drops 
dlrectly 

which Is 
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Of crucial Importance/ If one wants to watch the 

movement cf drops Into the Impactor entrance/ Is a 

microscope Illuminator. Drops as small as one micron can be 

seen by forward scatter Inc. 

Above the micro-ocean is a curved surface which serves 

to catch larte jet drops and return them to the container. 

This complex shape Is easily made by stretching a piece of 

Parafllm over a thimble-shaped form--ln this case, a 

polyethylene tubing protector. The Parafllm was replaced 

before every experiment/ and was cleaned In hot nitric 

acid-hydrogen peroxide mixture before use/ as was everything 

else that came In contact with the solution being studied. 

The disposition of the platinum gauze electrodes used 

to produce bubbles by direct electrolysis can be seen/ 

whereas the device which holds the oscillating capillary at 

a nodal point are not indicated. This was simply a brass 

ring holding three radial nylon screws which located the 

capillary. Although this construction Introduced 

considerable damping/ It was In general satisfactory. 

SAMPLE COUNTING 

The physical form of the sample obtained from the 

Impactor Is a small deposit (perhaps Invisible) of dry salt 

adhering centrally to a 2.5-cm disc of 0.025-cm cellulose 

acetate. Upon removal from the Impactor/ the discs are 

Immediately sprayed with "Krylon" lacquer/ saturating the 

salt deposit and binding It firmly to the disc In a coating 

' 
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which welfhs 0.2 to 0.3 mg/cm1. (Both the total thickness 

and Its variation are small compared to the 100 mg/cma of 

the aluminum used as a beta-absorber.) 

The tracers used are fully described In Table 4-1, 

where It will be seen that although P-32 Is a pure 

beta-emltter, Na-22 produces both gammas and positrons. 

Furthermore, In practice, the gamma scintillation counter 

Interprets bremstrahlung of the high-energy P-32 betas as 

gammas, so that both nuclides In effect emit mixed 

radiation. 

The gamma counter used was a Technical Measurement 

Corporation 400 channel pulse-height analyzer fed by a 5-cm 

well-type scintillator of Nal/Tll. Bremstrahlung was 

reduced by 1.5 cm of aluminum, which also served to locate 

the sample disc accurately above the crystal. The question 

of whether to count the Na photopeak only (0.40 to 0.66 Mev) 

or the entire low energy spectrum (0.03 to 0.66 Mev) with 

Its higher low-energy background contribution was answered 

by doing both until It became clear that the higher counting 

rate of the whole spectrum provided better statistics and a 

slightly lower error estimate. 

Beta counting was done with a standard end-window 

proportional counter shielded by 100 mg/cmft of aluminum to 

absorb the Na-22 positrons. This counter sits above the 

gamma crystal, allowing simultaneous counts to be made. 
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Table 4-1. Radiochemical data for nuclides used. 

Nuclide Half- Energy Production Specific Purity Chemical 
Life Mev Method Activity Form 

Na-22 2,58 y 0.54 Na-23(n,2n)Na-22 1 mc/gm 98+% NaCl 
1.28 

P-32 14.3 d 1.71 S-32(n,p)P-32 
no 

Carrier 99+% Na P0 
free 
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RAW DATA 

The raw data for a run comprised two sets, beta and 

famma, each consisting of an even number (2 to 6) of 

repetitive five-minute counts of the seven Impactor samples, 

a Na-22 and a P-32 standard, a duplicate pair from the bulk 

solution, a blank, and separate and combined counts of a 

"split standard", counted over a period of six to e ght 

hours. 

DATA REDUCTION 

The raw data Is converted to useful numbers by 

computer, with the program given In Appendix B. Back¬ 

ground Is subtracted from the recorded beta and gamma 

counting rates to give corrected rates and • These 

form a pair of simultaneous equations 

Na^ + Pfi • Cf 

Har ^ Py * Cy 

Counting standards provides the further relationships 

Nar ■ a,Nas 

Pr • a,P, 

where the a't are absorption coefficients for the aluminum 

absorbers. Combining and solving In terms of beta counts 

per minute, we have 

Na^ ■ (Cr-a^C^)/(a4,-a, ) 

Pt ■ -(Cy-a^C^J/Ca^-a^) 

In practice, a, ■ 30, aF ■ 0.1, so that, roughly 

speaking. 
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Na¿ ■ Cr/30 or Nar * Cr 

• Cß or Py Ä O.IC^ 

Thus, as might be expected, the determination of Na-22 

depends chiefly upon its 0.5 Mev gammas, while P-32 is seen 

by its 1.71 Mev betas. 

In the process of solving these equations, the counting 

rates of the two isotopes are separately corrected back to 

zero time. Including a correction for the decay of the 

sample during Its collection. (Some runs required 48 hours 

to co11ect--an appreciable fraction of the 14.3-day 

half-life of P-32.) 

The absorption coefficients needed in the simultaneous 

equations are computed for every run from the standards 

counted with the samples; a check of the over-all accuracy 

is obtained by counting the two halves (Na and P) of the 

"split standard", then counting the combination and 

subjecting It to the same data processing as the unknown 

samples. The errors found in this check are that the Na 

count Is about IX low, the P count 0.5t high. No reason is 

known for this variation, but since its effect is almost 

entirely removed In normalization, no serious effort was 

made to eliminate It. 

Other checks upon the resolution of the method were 

those occasions when the P-half of the split standard was 

treated as though it were a mixed sample. For this 

presumably pure P-32 sample, the data reduction program 

reported 1 cpm of Na to 12000 cpm of P--a fact which gives 

i 
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credence to the samples which show 1 cpm of Na to 1000 cpm 

of P. 

Further data processing Is limited to a determination 

of the various derived quantities discussed elsewhere/ and 

to a determination of the standard deviation of all the 

numbers reported. 

If the reader shares the author's mistrust of graphical 

data presented with no estimate of error/ he will appreciate 

the standard deviation bars drawn at * 1 sigma on the graphs 

herein/ and may perhaps wonder at the large variability In 

thelr length. 

These bars are a true estimate of the error of each 

Individual point/ and are not based upon an assumed error 

from counting statistics. They reflect background/ 

absorption coefficients calculated from the standard counts/ 

counter drift—In short/ all errors In the counting process. 

DESCRIPTION OF RUNS 

This information Is summarized In Table 4-2. 

RUNS WITH NO SURFACTANT ADDED 

In order to establish a base line for evaluation of the 

effects of surfactant additives/ it Is desirable to know the 

behavior of pure water. This goal has been approached but 

not reached/ although efforts were m^de In a number of runs. 

With a few exceptions/ these runs contained ca. 0.01 M K¿S0¿ 

to provide sufficient conductivity for the generation of 
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oxyhydrogen bubbles by electrolysis. In the exceptions 

(Runs 3, 4, 8/ 9, and 34), bubbles were blown only with 

capillary tips, and conductivity was not required. The 

water used In these particular runs was from the still 

described In Chapter V, considered the purest available. 

Unfortunately, there Is little consistency among these 

five runs save that 3-9 show almost no enrichment. Since 

all runs below 10 were preliminary In nature, (neither 

counting procedures nor data analysis had been optimized), 

these low enrichment values must be considered tentative. 

INORGANIC SALTS PRESENT 

The first runs of every suite were Intended as blanks, 

with no surfactants added. Runs 10-1S, 19, 20, and 24-27 

fall In this category, containing KtS04/ trace amounts of 

NalP04 and NaCl. Runs 12-14 were 10'4 M In NaCl, while 13 

and 14 were originally 10’+ M In Na¿HP0*. Run 24 tested the 

effect of phosphate concentration, with NajP04 varying from 

10',#to I0's M. Run 26, at constant P04 but In all other 

respects Identical to 24, tested the possible 

time-dependence of enrichment. 

No typical behavior which can be attributed to the 

presence of Inorganic salts was found. 
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IONIC SURFACE ACTIVE AGENTS 

As pointed out In Chapter III, the presence of a 

charged surfactant should affect the adsorption of phosphate 

at the surface. Anionic sodium lauryl sulfate, "SIS", (Runs 

16-1S) and cationic cetyl trlmethyl ammonium bromide, 

"CTAB", (Runs 21 and 22) were chosen as standard 

representatives to test this hypothesis. The concentration 

was 10"* M, for a 100-fold excess over the phosphate present. 

NON-1 ON 1C SURFACTANTS 

Several runs were designed to test the possibility of 

specific Interactions between phosphate and sugars (Run 35), 

and the metaphosphate-proteln reaction (Runs 28-31). Again, 

the concentrations used were 10~* M. 

"Mavpon” 

The material used to investigate the metaphosphate 

reaction Is known as Maypon 4C, and was furnished by the 

Stepan Chemical Company. It is not a well-characterlzed 

compound, being the reaction product of coco-acid chloride 

with hydrolyzed collagen, and the resulting material 

contains 2 to 5 amino acid residues attached by a peptide 

bond to a long hydrocarbon chain which confers surface 

activity. Apparently the only analysis is that of Naudet & 

Desnuelle (1948), who report 130 parts protein to 100 parts 

acid. If the acid is lauric, the effective molecular weight 

Is 460, and the generalized structure of Maypon Is 
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OH OH OH O 
Il II II II 

C,,-C-N-CH-C-N-CH-C-N-CH-C-OK 
Il I I 

►y: CHt (ch»), h 
V I 
CH HC-OH 
I I , 
OH JyC-NHj 

with the understanding that the amino acid sequence Is 

random among the constituents of collagen. 

In spite of Its uncertain composition, the material has 

two advantages. It allows either N-blndlng or 0-blndlng of 

phosphate (both of which occur In nature), while possessing 

less foam-stabilizing tendency than true proteins at the 

same concentration. It is also much more surface-active 

than protein, and more easily collected by bubbles. 

"STRactin" 

This material, furnished by Stein, Hall A Co., Is a 

poly(arabinogalactan) obtained from the gum of larch trees, 

having the approximate composition 

In terms of possible phosphate binding sites, this is 

similar to agar, carrageenln (the polysaccharide of Irish 

Moss, Chondus crlsous). and algin (from kelp); and to 

cellulose/ chltln, starches and glycogens, all of which 

occur naturally In sea water. It was chosen because of its 

low viscosity, good electrolyte compatibility, high gelation 

concentration, and high surface activity. 
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EXPERIMENTAL RESULTS 

NOMENCLATURE AND DERIVATIONS 

The basic data obtained In these runs are 

N« ■ cpm Na-22 per impactor stage a * 

P* ■ cpm P-32 " 

N,. ■ cpm Na-22 per 25 mlcrollters of bulk solution 

Pu, ■ cpm P-32 " 

From these are obtained the Ion ratios R„ and the 

fractionation ratios 1¾ for each stage or: 

R« - P* /N^ 

Ru, * Pw/Nu, 

F ^ ■ R^ / R u, 

This Is the point at which atmospheric chemistry must 

stop, and most atmospheric data are presented In one or the 

other of these forms. Here, however, additional derived 

quantities may be obtained from the data, which are: 

V« ■ (N„/NM)25 ■ total volume of aerosol 

collected per stage, mlcrollters 

dVil ■ the volume-average diameter of the drops 

collected on stage of 

■ the surface-average diameter of the drops 

collected on stage « 

(See Appendix A for the derivation of these.) 

n* ■ V*/(ird¿/6) ■ the number of particles of 

diameter dv collected on stage or 

A* ■ n^nds* » the total surface area of drops of 



102 

dlam«t«r d, collected on stage a, cm*. 

We postpone the definition of further quantities until 

after discussion of the sodium results. Since the 

Interpretatlon of the phosphate results depends to some 

extent upon the Interpretatlon of the sodium results, we 

begin with the analysis of the latter. 

SODIUM RESULTS 

The assumption Is made (and justified below) that the 

Na-count of a given sample accurately represents the 

original water content, and that there Is no change In 

concentration during whatever processes are operative In 

drop formation. 

The information contained In a particular Na-count Is 

thus the total volune of the liquid collected upon a given 

Impactor slide. 

Implicit In this assumption Is another, which holds 

that there Is no appreciable loss or gain of water by the 

drop between Its genesis and Its capture. Early experiments 

used dry nitrogen Instead of air as the gas which swept the 

working volume Into the Impactor, and attempts to humidify 

the nitrogen seemed to cause more problems than they solved. 

With complet!y dry gas and a sufficiently high drop 

production rate, one finds that liquid has dripped off every 

collector slide In the Impactor, Indicating rapid 

humidification of the gas before reaching the first stage. 

Ultimately the drop production rate was adjusted to provide 
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dtposits which (If one were quick about dttatfemblInf the 

Impactor after a run) would be seen to dry as one watched. 

(The only truly satisfactory approach would be to monitor 

the humidity of each stage of the Impactor to determine 

evaporation loss as a function of transit time, which would 

be a major undertaking.) 

The volume distribution curve, subject to the above 

assumptions, from both jet drop and film drop runs Is shown 

In Figure 4.3. Also shown Is a summation of several runs of 

both types, which accentuates the uniformity of the volume 

distribution curve In spite of th« drop production 

differences. 

It should be noted thot the filter-stage of the 

Impactor (the Isolated point at 1/4 micron) has been divided 

Into two portions which are smoothed into the tall of the 

curve. 

PARTICLE NUMBER 

If the size range collected upon a given slide Is 

known, the volume-average drop diameter dv can be obtained 

(Appendix A) and thence the number of drops of this diameter 

required to fill the observed volume can be computed. 

(Since dv Is a function of the drop size distribution, which 

changes somewhat with every run, these average diameters are 

computed for every case. The range of 8V found on each 

collector Is Indicated by the width of the points In Figure 

4.6) 

r‘»> n ' ' ’■'W 
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Figure 4.3. Volume of eerosol 
per stage above the 501 cutoff 

col1ected/ 
diameter. 

Total volume 
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The number so obtained Is the particle number, n* , 

which Is plotted (as log n) vs log dv In Figure 4.4. 

The values are normalized to remove the effects of 

variable collection time. Furthermore, both jet-drcp and 

film-drop runs are plotted together, although In total 

numbers per run there are one or two orders of magnltude 

more jet drops collected. This normalization emphasizes the 

remarkable similarity of size distribution between the two 

types of drops, even though the mechanisms which generate 

them are presumably quite different. 

Both end points of the volume curves are uncertain. At 

the large end, the 32-mlcron stage will collect all 

particles over 32 microns. Ocasionally very large drops, 

too heavy to remain airborne, are ejected obliquely toward 

the Impactor entonce. A few of these will greatly 

Influence the apparent particle number on the 32-^ slide, 

and this effect is undoubtedly the cause of some of the high 

values for this end of the curve. 

The small-particle end of the Impactor Is an 0.45 

micron membrane filter which catches everything smaller than 

1 micron because of the high electric field strength at the 

corners of the pores. (A backup filter of 0,10 micron pore 

size was never found to have appreciable activity on It, and 

was abandoned since It served only to reduce the flow rate.) 

Thus, the membrane filter stage Is a cumulative stage, 

and there Is little justification for treating It as though 

It were representative of the same two-fold Interval which 

«MWHPr T '^‘X0VV 

I 
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character Izes the other states of the Impactor. On the 

other hand/ It Is convenient to do this/ and can be 

partially justified In this way: 

The volume calculated from the membrane filter can be 

attributed to two or more size classes/ as was done In 

clfure 4.3. It may be assumed to comprise the total of the 

1/2 to 1 micron range/ plus the 1/4 to 1/2/ plus the 1/8 to 

1/4/ etc. The only available criterion Is the smoothness of 

fit to the tall of the volume curve. The particle numbers 

calculated from the smoothed curve have little effect upon 

the shape or slope of the particle number curve/ and since 

the smoothing Involves subjective judgement while producing 

little effect/ It seems better to treat this datum uniformly 

with the others/ remembering always that It Is suspect. 

8-MI CRON MINIMUM 

There Is In these curves a pronounced minimum at 8 

microns which deserves comment. Since, as will be seen, 

this corresponds to the phosphate enrichment maximum/ an 

apparent lack of sodium raises Important questions of the 

possibility of sodium depletion rather than phosphate 

enrichment being responsible for the observed Ion ratios. 

A microscopic examination of the collecting slides 

verified the volume minimum at the point of collection/ and 

since the minimum persists when flow rate through the 

Impactor Is changed to cause this size fraction to Impact on 

an adjacent slide, the minimum cannot be an artifact of the 



108 

Figur# 4.4. Paralele 
bubbles. Jet and film 
remove Inequalities In 
fit the same curve. 

number distribution 
drop runs are shown/ 
collection time. Both 

from breaking 
normalized to 
types of drops 
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collector. 

THE CONSTANCY OF THE SODIUM/WATER RATIO 

There Is a fundamental difference between positive and 

negative surface adsorption which arises from the absolute 

amounts of material which are available for transfer from 

bulk phase to surface phase. Negative adsorption can only 

remove material from the 10 Ä surface. Considering a 

one-micron cube at the surface of a solution which Is 

1/6X10’5 M In a certain Ion, with 1000 Ions per cubic micron# 

complete negative surface adsorption will reject all--l.e., 

from the 10 Â surface. Even If this Ion Is removed 

completely from the cube and returned to the Interior of the 

solution# the concentration change In the cube has changed 

only by 1 part In 1000. 

Positive adsorption Is not limited to removing what Is 

there at low concentration# but can proceed until the 

surface Is covered# the bulk solution depleted# or some 

lesser demand of epullibrium is met. As a counter example 

to the complete negative adsorption# consider the formation 

of a monolayer from the same 1/6X10"5 M so1utlon--a not- 

uncommon occurrence In practice. At 10'* molecules per cm*# 

we have added 106 per square micron# which Is a 1000-fold 

enrichment over the original composition averaged into the 

volume of the cube. 

Since the effects of Incomplete positive adsorption can 

easily be 106 tlmei as great as the effect of Incomplete 
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negative adsorption. It will be assumed that whatever 

negative adsorption sodium Ions undergo may be safely 

neglected, at least In the real ocean, and no significant 

errors of InterpretatIon will arise from considering that 

the sodium/water ratio Is constant until the drop Is 

airborne and evaporation begins. 

With this In mind we return to Interpret the particle 

number plots. 

HIGH-WIND AEROSOL DISTRIBUTIONS IN NATURE 

Since natural marine aerosols arise from the same basic 

mechanism of bubbles. It Is natural to compare the 

distribution observed here with the particle size spectra 

found over the ocean. Those most suitable for our purpose 

are some presented by Eriksson (1959) from the Hawaiian data 

of Woodcock (1953). In essence, these plot particle number 

against the square root of particle radius as a function of 

Beaufort wind force. There Is a break In the lines at 

approximately 4 microns. Indicating that heavy particles do 

not remain airborne In light winds. Above Beaufort Force 3, 

the particle number lines turn upward. Indicating a larger 

number of heavy particles as the wind picks up. This 

behavior Is shown In Figure 4.5, taken from Eriksson. 

In Figure 4.6 the particle numbers from this 

investigation are plotted In the same coordinates, and It Is 

seen that while the break occurs at a different diameter 

(which may be partly accounted for by the different 
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Figure 4.5, Oceanic aerosol distribution as a function of 
Beaufort wind force. Note the effect of high wind In 
keeping large drops airborne. 

Mr' y 7t*w- 1 
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Figur« 4.6. Laboratory aerosol distribution plotted against 
square ro<,c of drop radius. Note the similarity to Figure 
4.5. 
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humidities prevailing during the two collections^ there I 

a strong correspondence between the marine distribution and 

the laboratory distribution. The slope of the 

sn.1-diameter steep portion of the curve Is in good 

agreement/ suggesting that bubbles break In much the same 

way In both the laboratory and on the ocean. 
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PHOSPHATE RESULTS 

As can be seen from Figure 4.7, which plots phosphate 

content P* vs. drop diameter d, there Is little correlation 

between the absolute amount of phosphate collected an4 the 

drop size* The aerosol fractionation ratio F« Is at once 

more regular and more meaningful, and can be reconstructed 

simply from subsequent graphs of E (»F-D whose 

Interpretation requires further quantities defined below. 

ADD ITIONAL NOMENCLATURE 

We first define the "excess phosphate" P,* as the total 

amount (In cpm) on a given collection slide minus the 

product of the bulk solution concentration (■P*«?^ /25) and 

the volume collected on the slide. Thus 

Px, ■ P*- P*V« • P*- N«Rm . 

We next define a "droo-surfac« excess phosphate" r4 as 

r, ■ \m /a. 

In which we attribute all of the phosphate discrepancy to 

the surface of area A*. Though the name Is formidable, this 

definition Is the usual thermodynamic definition of the 

surface excess (Gibbs 1171, Lewis et al. 1961). 

Me will find It convenient to consider a different sort 

of excess called the "drop-voluma excess phosphate" rv , 

defined oy 

w 
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Figure 4.7. Phosphate content of aerosol/ PM . 
Na data/ there Is no regularity to the amount 
collected. 

Unlike the 
of phosphate 
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rv ■ ?%J\ - V«- P^F^-l) - P°Eo, 

where E«# called simply the "enrichment"/ may be thought of 

as a "normalized excess"/ being the added phosphate per 

phosphate expected from the bulk solution value. (I.e.: A 

value of E«2 means that there are 3 phosphate counts In the 

volume where 1 was expected.) 

All these quantities are defined In terms of counts per 

minute, which Introduces no conversion constants. Direct 

measurement of concentration Is difficult because of the 

tenuous relation between the high activity and the small 

volume of the tracers as used/ and the simplest approach 

requlres a knowledge of the decay constant X of P-32 

A ■ ln2/tVÄ - 3.366X10"5/minute/ 

and the counter efficiency 6/ which Is on the order of 0.05. 

From these we have the bulk concentration of P-32 In lons/ml 

c*, ■ 1(^/256 ■ l.lSXlO^/e * 2.5X107 Pw 

and In moles per liter 

c„ • lo’e./N ■ 1.97X10'" p„/e * W10'14 P„ 

where N Is Avogadro's number. From these we obtain a 

drop-volume excess phosphate rc In terms of concentration 

re ■ c^E« * 6X10* rv 

which may be seen to be the number of "unexpected" phosphate 

Ions present In the volume considered. 

EXCESS PHOSPHATE DATA FROM JET DROP RUNS 

The first and most logical assumption to test Is that 

the observed enrichment of phosphate In drops arises from a 
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turfact excess which Is expected not to vary with drop 

diameter. But fi# plotted vs. lot d. Is not constant/ but 

Increases linearly with d. This can be seen from Figure 

4.8/ which presents the results for the jet drop runs. 

The conclusion which must be drawn from these data Is 

that the enrlchment--wherever It may come from--does not 

arise from a surface effect which Is related to the drops 

OtL 1ft* 

The slope of Pj vs. log d Indicates that the 

drop-volume excess ry (or/ equivalently/ E) Is constant with 

respect to d. This Is shown In Figure 4.9/ where/ fo. 

reasons which will become clearer further on/ E has been 

spilt Into two components. One of these/ here called the 

"linear enrichment" Ë/ Is nearly constant for all drop sizes 

In a given run# and always present/ while the second Is a 

log-normal peak centered about a drop diameter d«15 p. It 

will be referred to as the "peak enrichment"/ ¢, and It may 

be absent. 

Figure 4.9 emphasizes the linearity of Ê by showing the 

experimental values minus an estimated peak enrichment t for 

certain runs. Thus/ the observed date for Runs 11/ 16/ and 

19 are the sums of the two curves shown. 

Support for this arbitrary division of the enrichment 

Into two components comes from the film drop runs. 
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Flnirr U,Ä, FxpAr l^ntAl 
s'irf^r#» »xr^ss^ 

nrnn-stirf*p#* #xr#»ss phnsp^^t#». 
I r» rpn/rn‘ at l*ft, 

ln Inns/^p*^ Is shown at •'l'rht, Thas» valuos ar« has®d tipo« 
an assurpt Ion of r arr I «r-f tp« P-î?/ anH an astl’^at»' of 
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drop wnlupat pot to tb*» surfaca. 

—~T 1 
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Fleußt 4.9. J«t drop runs. The data are presented 
craphlcally to emphasize the relative Importance of the »o’ 
bars. The "parabolas" of E are In fact log-normal curves. 
Where two curves are shown for a single run, the observed 
date can be reconstructed by summing the two curves. 
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PEAK ENRICHMENT Í FROM FILM DROP RUNS 

Flgurtt 6.10 through 6.16 glvt tho rttults for film 

drop runt/ and aro to ba comparad with Figura 6.9 (jat drop 

runt). Tha mott obvlout dlffaranca It tha unaqulvocal 

domfnanea of t, which juatlflat Itt aubtractlon from tha jat 

drop runt avan though It wat not obvlout In tham. 

Tha data pointa ara thown at obaarvad/ and t hat baan 

drawn by tubtractlng a linear E datarmlnad from tha 

amal1"dlamatar and of tha curva. (In toma catat othar 

criteria ware uaed. Including (Run 31) tha circular one of 

chootlng an Ë which mada £ log-normal.) In all catat/ If E 

and E ara lummad/ tha ratult will ba teen to lit within 

axparlmantal arror. 

Tha Maypon tul ta It thown In Figura 6.12/ with tha 

axcaptlon of Run 30/ which naarly ovarlapt 21. Run 27 It 

tha rafaranca run and contaInt no Maypon. 

Two Indapandant tea water runt (from the tame S-llter 

eample) are thown In Figure 6.13. The tmalI-diameter end of 

Run 32 (a vibrating capillary run) tuffered from email 

tarnple tlze and alto from fluctuation! In radioactive 

background/ making the ttandard deviation of theta countt 

exeatsIva. 

Figure 6.16 thowt a blank run 36 In which the dropt 

with d*l6 ji were combined/ at were dropt with d*6 ji. The 

remaining tarnple at ! ¿i contained let! than 1 cpm of Na In 

the pretence of nearly 1000 cpm of PO4 (at did the tame 

tarnple In Run 33/ containing STRactan). Thut thete two 
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points ar« subjact to considerable uncertainty# which Is 

compounded with the background fluctuations mentioned above. 

Although they show no error bars# they are perhaps the most 

unreliable data of all. The dashed lines Indicate averages 

over size classes# and Run 35 has been averaged for direct 

comparison wlth 3¼. 



Fleur# (»•IO. Film drop runs. £ now predominates. 
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Figur« 4.11. Film drop runs. í must somttlmos be skewed to 
fit the deta. 
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r 

Figur« 4.12. Maypon runs, 
27t Bas« run. Vibrating capillary. Mixed jet and 

drops. 
28: 10 Maypon addod. Electrolytic bubbles/ jet 

Large volume of sample, 
30: Not shown. Similar to 28, Small volume, 
31: Large bubbles/ film drops. 

film 

drops. 
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i 

! 

Figur« 4.13. Sea wat«r runs. Not« that the t maximum has 
shifted towards small drops In both of th«se runs. 



MEAN DROP DIAMETER dy.^t 
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Figur« 6.1¼. STRactan runt. 
36t Bata run, no Intantlonal additiv«. 
33t 10‘" M STRactan addad. 
Thara Is no significant dlffaranca batwaan tha runs, and 

no satisfactory explanation for tha high E In tha basa run. 





138 

DISCUSSION 

INTERPRETATION mi 

Table 4-2 summarizes much of this Information. 

The sequence of runs 10-12, with no Intentional organic 

additive, shows a decrease In both Ë and t with time, which 

may Indicate that some trace substance present In the Input 

water Is being depleted by removal. This Is an 

InterpretatIon which Is not contradicted by any subsequent 

evidence. 

The pair 13-14 (not shown graphically) were run from 

the same micro-ocean as 10-12, with the addition of 10“* M 

Na4HP04 , In an attempt to investigate the effect of 

non-trace amounts of P043. Unexpectedly, the acid phosphate 

attacked a stainless steel hypodermic needle In the 

solution, yielding a flocculent green precipitate of large 

surface area. This precipitate did not greatly lower the 

P-32 activity of the solution, but It completely suppressed 

any enrichment. (Ë for the two runs averaged only 0.02, and 

Ê was absent.) This finding Is consistent with the removal 

of organic material by adsorption onto the large surface of 

the floe. 

Runs 15, 19, and 20 duplicated 10-12, but with variable 

E's. If this reflects uncontrollable differences In the 

Input water composition, the enrichment Is an 

extraordinarily sensitive indicator of trace materials! 

Runs 16-18 contained sodium lauryl sulfate, 21-22 

contained cetyl trlmethyl ammonium bromide, and the 
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Table 4-2. Summary of runs. 
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O «k 
it 

1/) 
ft) 
4-1 
0 
2 

3 C ? St 
4 C ? St 
8 C ? St 
9 C ? St 

10 F F L 
11 E M L 
12 F F L 
13 E J L 
14 E J L 
15 E J L 
16 E M L 
17 F F L 
18 F F L 
19 E J L 
20 F F L 
21 E J L 
22 F F L 
24 E F L 
26 E F L 
27 V M L 
28 E J L 
30 E J L 
31 F M L 
32 V F Sea 
33 E M Sea 
34 V F St 
35 V F St 

XX-- 
XXX — 
XXX —- 

X - - SLS 
X - - SLS 
X - - SLS 
X - - -— 

X - - CTAB 
X - - CTAB 
XXX —- 

1.0 —none-- 
1.0 —none-- 

0.5 at 32 
0.2 at 16 

9.0 630 at 15 
6.5 8.6 at 13 
2.1 20 at 15 
0.1 —none-- 
- -—none-- 
0.75 —none-- 
0.29 0.64 at 14 
0.2 1.45 at 17 
--- ---none-- 
1.9 0.6 at 14 
12.5 720 at 10 
12.0 —none-- 
14.5 110 at 15 

.8 
1.1 

.7 

X - - — 0.52 
X - - Maypon 0.38 
X - - Maypon 0.95 
X - - Maypon 20 
-XX — 1.3 
-XX- 8.8 

--- STRactan 1.5 

—none-- — 
—none-- --- 
—-none-- - 
150 at 22 .6 

0.78 at 6.5 .9 
46 at 4.5 .7 

940 at 16 -?- 
940 at 16 .5 

—— (1) 
—— (1) 
---- (1) 
—— (1) 
56.0 
12.6 
4.29 
1.11 (2) 

(0.93) (2) 
1.79 
1.36 
1.26 

(0.94) (3) 
2.89 
97.6 
13.1 
25.6 
—— (4) 
—— (5) 
1.50 
1.34 1.2ml 
2.05 24u1 
47.4 
2.62 
15.6 
18.7 
18.7 

Abbreviations: C«Capll1ary, E-Electrolytlc, F«FMm caps/FMm 
drops, J»Jet, L»Barnstead still, M«Mlxed, St»Spec!al 
still (Chap. V), V*Vlbrat!ng capillary. 

Notes: (1) Preliminary runs, not discussed in the text. 
(2) Acid phosphate reacted with hypodermic needle. 
(3) Bubbles exploded early. 
(4) POj dependence test. (3 hour run.) 
(5) Time dependence test. No change In E over 3 hrs. 



tentative Interpretation Is that the enrichment Is affected 

In the expected direction by charged material at the 

surface. Thus, negative SIS depressed, and positive CTAB 

Increased, the enrichment. The data are too sparse to allow 

the serious treatment of electrostatic Interaction at the 

Interface which would be required to substantiate the 

interpretation. 

MATRON RUNS (28-31) 

These are shown In Figure 4.12. Run 28 Is noteworthy 

In that the total volume collected was 1.2 ml, or 1.38 of 

the micro-ocean volume. (It shows a slightly lower total 

fractionation ratio Fz for the entire run (1.34) than does 

the subsequent run 30 (F "2.05), identical except that It 

collected only 24 ¿jl.) This shows that enrichment Is an 

equilibrium process which regenerates a surface excess and 

persists until the solution is depleted. 

Run 31 (film drops) shows a high peak enrichment, and 

Is to be compared to the base run 27, before the addition of 

Maypon. Direct comparison Is risky, because the bubbles of 

Run 27 were generated by a vibrating capillary, and were of 

a size to produce both jet and film drops. (It should be 

noted that the jet drop component of this run Is not 

significantly different from jet drops produced by 

electrolytic bubbles. It may be concluded that no visible 

artifacts are caused by electrolysis.) 
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Later runs (32,34/35) using the vibrating capillary 

showed high É's, characteristic of film drops, and It may be 

assumed that there were film drops present In run 27. This 

Is significant, because 27 Is the only film drop run not to 

show a high peak enrichment. Thus Maypon Is the only 

substance Investigated which has affected the enrichment. 

This may be taken as evidence supporting the metaphosphate 

protein interaction as a cause of phosphate enrichment. 

SEA WATER RUNS (32, 33) 

The sea water runs (Figure 4.13) are remarkable chiefly 

for the fact that the t maximum has shifted down to 5 p, 
(Note that this same shift occurred In Run 32 In the 

drop-production spectrum of Figure 4.6.) 

The Important difference between distilled water and 

sea water Is probably not the Ionic strength (which has no 

obvious Influence upon Ê), but the organic content, which 

can affect £ either directly by chemical action or 

Indirectly by lowering the surface tension. 

The peak shift Is not a chemical but a physical 

phenomenon, which suggests that the physical cause Is the 

more probable. We will return to this point In the 

discussion of the origin of £• 

Unfortunately, the surface tension of the sea water was 

not measured, so that no direct evidence Is available. 
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STRACTAN RUNS (34,35) 

Under the pressure of time, the base run 34 (Figure 

4.14) was made with only three stages of the aerosol 

impactor. A typical sample was collected only at the point 

of the exoectrJ t maximum. With a short collection time, 

pooling size-classes in this way produced a normal-sized 

sample at each end of the drop size range but an 

inadequately small sample at 8 p, which perversely had the 

largest (ca. 2000) and most unreliable £ yet observed. This 

is particularly awkward because the water used in this run 

came from the special still (Chapter V) which was newly in 

operation after repairs necessitated by moving to new 

quarters. The water should have contained less organic 

material than any run since 9, but this does not seem to 

have been the case. 

In any event, the STRactan run 35 behaves in exactly 

the same way as the base run, allowing one to conclude, with 

equal probability, that polysaccharides have no effect upon 

the enrichment, or that the micro-ocean was so contaminated 

by unknowns that the trace amount of STRactan added was 

insignificant by comparison. 

SUMMARY 

As a first step in explaining phosphate enrichment, we 

sunvnarize these observations into some tentative effects. 

Beginning with a surmise, and proceeding in order of 

decreasing certainty, these are: 
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(1) Proteln-1Ike substances appear to Increase both Ê and 

t, 
(2) The drop size of maximum Ê may be affected by surface 

tension; 

(3) Ê may be Influenced In the expected direction by 

charged surfactants; 

(4) Polysaccharides apparently do not Interact with 

phosphate. 

INTERPRETATION Q£ £ 

Far more Is known about surface thermodynamics than 

about the details of flow In a breaking bubble, and Occam's 

razor suggests that the concept of surface adsorption should 

not be abandoned just yet. We have only to move the surface 

In question off the drop and back to the Interior of the 

bubble. 

It Is clear that the surface of the bubble Is In 

thermodynamic equilibrium (or nearly so. If sorption 

kinetics are slow) with the bulk liquid. The bubble surface 

has a composition which differs from the bulk liquid. 

All that Is required at this point Is a McBaln 

microtome (McBaln à Humphreys 1932) with which to slice a 

thin layer from the Inside of the bubble—and we have one. 

There Is In the mechanism of jet formation of Chapter 

II a tool which will do just this, removing the surface, and 

only the surface from the Interior of the bubble cavity. 
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This will create a drop in which the drop-surface excess r, 

is meaningless because the drop itself does not have the 

composition of the bulk solution. 

THE DROP-VOLUME EXCESS PHOSPHATE 

rc, on the other hand, will provide a measure of the 

thickness dt of the surface skimmed from the inside of the 

bubble. If we write Px and re in terms of the surface area 

s which goes into a single drop, the surface excess in lii£ 

bulk solution Pi, and the particle number n, we have 

Px * ns Pi 

rc - ( 2.5X10’)Px/V*« nsPs/nsdt « P./dt 

and since 

P, - -0^/d1na)/RT 

Is an observable quantity being the surface tension and a 

the activity), we now have in principle a direct measure of 

dt. 

P; has not been determined for any of the solutions 

studied here for the simple reason that the concentrations 

were so low that the surface tension was indistinguishable 

from that of pure water (by capillary rise and maximum 

bubble pressure methods). 

Making a very rough order-of-plausibi1ity guess, we can 

satisfy the relation between surface excess and drop-volume 

excess with 

<2.5X10’)P„E«- <2.5X10’X2X10* )5 • U.SXIO'1)- Tc 



1*5 

Tc ■ r./dt ■ <2.5X107)/l<f* 

where we have taken dt ■ 1 micron In anticipation of the 

film drop results/ and a median value of rc from the data. 

This value of fj ■ 2.5X107 Is comfortingly low/ since 

complete coverage Is 10'4 lons/cm* , and Is achieved with 

typical surfactants at a concentration near 10’’ M. 

We have related Ë to a universal property of solutions: 

a surface with a different composition than the underlying 

liquid. If/ however/ Ê were a purely inorganic effect/ we 

would expect to find a consistent relationship between the 

solution concentration and Ë. 

THE CONCENTRATION DEPENDENCE OF THE LINEAR ENRICHMENT Ë 

Figure 4.15 plots the linear enrichment Ë against the 

phosphate concentration P*,. Run 2k, to which PQ? was added/ 

Is shown/ as are two suites of runs/ In each of which the 

same micro-ocean was used throughout the suite/ with 

additions of surfactants of various sorts between runs. 

Decrease of phosphate occurs due to removal Into the aerosol 

phase/ and (If the tracer Is effectively carrler-free) by 

decay of P-32. It can be seen that there Is no agreement 

between the various suites/ and that the trends observed do 

not depend upon the phosphate concentration/ but upon some 

variable or constituent which was not well controlled. 

The relatively high enrichment shown by the sea water 

runs should be noted/ although It would be premature to 

conclude that all sea water samples would show high 
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Fleure 4,15. Concentration dependence of the 
enrichment. No significant dependence Is demonstrated 

11 near 
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phosphate enrichment. 

THE 15-MICRON £ MAXIMUM 

This Is the most exciting and least understood feature 

of this work. The evidence suggests that the peak Is 

associated with film drops only, and appears In the jet-drop 

"uns only accidentally. Since the bubbling process converts 

soluble phosphate Into particulate phosphate in sea water, 

the reproduclbl1Ity at 15 p might be caused by 15-p 

particles^ or by 15-^j drops bearing smaller particles, but 

It is hard to see what sort would be formed in each of the 

solutions studied. The "15-^j" peak occurs at 5 In the two 

sea water runs, indicating that the details of the peak 

enrihment can be modified by unknown factors. 

It has been shown that a 2-p film cap will initially 

break into a small number of 15-|i drops. This fact offers a 

mechanism for converting the thinnest portion of the bubble 

apex Into the enriched drops. 

Attempts were made to show that a two-sided 2-u film 

could have its surfaces interact with each other to enhance 

phosphate enrichment. These failed because of the short 

range of surface forces. Thus, sodium exclusion might be 

nearly complete in a 20 4 film, but it would require a 

1000-fold Increase In the range of Intermolecular potentials 

to drive the sodium from a 2-^i film. Appealing as this 

hypothesis of svnerxistic surface Interaction may be. It 

does not seem able to work in the range required. 
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If thinness per se Is not sufficient/ other possible 

mechanisms Include: (1) electrostatic effects, drawing 

negative phosphate Ions to the bubble apex. There are two 

objections to this. First/ both the solution and a platinum 

wire 3 cm above It were grounded/ so that there should be 

but little field available. Second/ film drops in general 

carry a small charge which averages to zero, and there is no 

evidence to suggest that these drops carried any particular 

excess of charge. (2) Steep temperature gradients produced 

In the 2-jj film by radiation and evaporation might cause 

chemical redistrlbut Ion (Soret effect)--but presumably It 

would be In a direction perpendicular to the film surface/ 

which would not be reflected In the drop composition. 

(3) If the phosphate responsible for the peak Is 

associated with regions of low density (e.g./ by attachment 

to an organic molecule) it might literally float to the 

bubble apex. This requires time/ since the small 

gravitational force must move the molecule against viscous 

forces. One interpretation of the absence of enrichment In 

3un 18/ in which film caps were broken shortly after 

formation (by explosion of the oxyhydrogen)/ Is that there 

simply had not been time for phosphate to collect In this 

manner. 

One might suggest that the same material Is responsible 

for both the peak and linear enrlhment/ but that the peak 

arises from a local concentration of material at the point 

of bubble rupture. This "point"/ as can be seen from from 
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Figure 2.5, will be about 35 ¿j In diameter/ and its 

concentration of phosphate roughly 100 times that of the 

normal surface. Thus it must represent the accumulation 

from the interior of a 1 mm bubble--or from a similarly 

small area of the large film cap. 

To ensure rupture at the point of phosphate 

concentration/ it seems necessary to postulate a concomitant 

weakening of the film at this point/ perhaps caused by a 

surface tension lowering. (Knelman et al. (1954) have 

photographed a film cap rupturing by the formation of a 

secondary bubble protruding from just such a weakened area.) 

The analysis of film cap rupture of Chapter li supposed 

minimization of surface area to be a prime consideration in 

the breakup of the torus/ which led to a small number of 

large drops. If the surface tension is low/ so that small 

drops no longer carry the energy penalty/ the preferred mode 

of disintegration may be into more numerous small drops/ 

thus accounting for the peak shift in sea water. 

There is agreement (within an order of magnitude) 

between the number of initial drops produced (i.e.: 

estimated number of film caps broken X 4) and the number of 

drops collected which show the maximum ê. This lends 

credibility to the connection between £ and the point of 

rupture. 
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CORRELATION BETWEEN Ê AND Ê 

Fleure 4.16 plots Ë and E for all runs/ Including those 

for which E was not observed. When both are present/ the 

two types of enrichment are seen to be coupled. The 

relation between them can be empirically expressed by 

log Ê = 2.4 1og(Ë/0.8) 

with a correlation of 0.6. (Only slightly poorer fit Is 

given by ê-Ë*.) In view of the experimental uncertainties 

and subjective evaluation by which Ë and Ë were separated on 

each run/ this correlation Is sufficiently high to represent 

a real effect. 

This supports the interpretation that there Is but a 

single chemlcal mechanism responsible for the two modes of 

enrichment/ with two physical processes corresponding to the 

two mechanisms of drop formation. This Is far more 

acceptable than Invoking two distinct surface-chemical 

mechanisms/ particularly given the variety of surfactants 

which had no effect upon the existence or size of the peak 

enrichment. 
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Figure 4.16, Correlation between í and ¢. 
present^ Its magnitude depends upon ï. 
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ERROR ANALYSIS 

It seems advisable to conclude the discussion by noting 

the possible sources of error which have been considered and 

corrected for In these experiments^ particularly as the data 

have seemed controversial to some people. 

To begin at the easiest point of attack/ we return to 

the solution of the simultaneous equations which separate 

the Na counts from the P counts. All of the numbers which 

went into the solution came from measurements of 

radioactivity/ with its well-known statistical fluctuations/ 

and it became evident early in the experiments that a 

measure of the reliability of a given number was urgently 

needed tf one hoped to interpret the data. The utility of 

knowing the error limits of individual points rises rapidly 

when points are few and unconnected by theory. 

Since multiple counts were taken/ the standard 

deviation of each sample could be obtained. From these/ it 

is possible to express the standard deviation of, say, the 

Na beta count In the following form: 

«•(Na,.) * [[(ÄC^MNa,)* ♦ cta^HC,)' ♦olC^)]/(a^-a,)1 

♦ [«'(a,) ♦ «'(a^jJÍCCr- a,q,)/(av-a„ 

where tf^x) Is the variance of x, the a's are the 

absorption coefficients/ and the C's are counting rates. 

Further treatment of the data results In similar 

expressions for the error. Not only are these 

time-consuming to evaluate by hand/ but they are also 
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sufficiently complicated to be troublesome to program. 

Feeling that this was the sort of drudgery at which the 

computer excels/ the author (MacIntyre 1965) wrote an 

extension to the MAD programming language which 

automatically computes these error terms (Appendix C). 

Known as "FUZZ"/ this feature will follow the propagation of 

error through any arithmetic processing and through special 

functions as needed/ requiring only that It be given the 

standard deviation of the input data. FUZZ provided an 

error estimate for every number obtained in this study/ 

except for the early runs which were processed by hand. 

Although this accounts for the vagaries of counting 

statistics/ it tells nothing of systematic or procedural 

errors/ to which we now proceed. 

COUNTING ERRORS 

Assuming that all major sources of error in counting 

have been corrected (e.g.: see the section on Counting 

Eccentric Samples)/ we may look for minor errors in 

counting. However/ these were largely guarded against by 

the fact that standards and a known sample were counted 

concurrently with each set of samples. Furthermore/ 

normalization removes many oossibe errors of this type. In 

particular/ the count-ratios are very insensitive to 

apparently large errors which were/ on occasion/ Introduced 

by mispunching data cards. Absolute changes of 10t in the 

beta activity (of all counts) In a given run produced only 
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O.li changes tn the reported fractionation ratios F of the 

several samples. 

Systematic errors include dead-time corrections for the 

detectors/ and errors arising from simultaneous events being 

seen as single events. These are unimportant at low 

counting rates/ but an occasional sample would show 

exceedingly high activity requiring correction. An estimate 

of dead time (20 microseconds) based on previous experience 

was used for the beta counter. The gamma spectrometer 

corrected for its own electronic dead time/ and summation 

events were effectively removed by rejecting the spectrum 

immediately above the 0.5 Mev photopeak of Na-22. 

Simultaneous events in the beta counter were more 

troublesome/ and samples with activities over 100/000 cpm 

invariably showed variances up to 500 times the value 

expected for counting statistics. The effect is an 

underestimation of the amount of activity present/ and the 

bias Introduced by Ignoring this condition on the few 

samples in which it was evident can only make the reported 

enrichment of phosphate lower than It was in actuality. 

Errors can arise if the samples do not have the same 

geometry. It was considered that the difference in diameter 

of the aerosol deposits (which range from 1 to 10 mm) could 

be Ignored/ since the deposits were all concentric. To 

bring the reference sample (25 microliters) of the 

micro-ocean into similar geometry/ It was found necessary to 

punch a small depression (with a ball bearing on a lead 
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brick) In the plast’c disc. The standards were treated in 

the same manner. 

SYSTEMATIC ERRORS 

The drop samples and the reference micro-ocean sample 

are collected differently. This permits a systematic error 

which will affect all members of one run equally, but may be 

variable between runs. The micro-ocean sample was 

transferred by pipet, and trouble was experienced with 

adsorption of phosphate activity onto the glass, causing 

variable losses sometimes approaching 50$. This was 

eventually minimized (but not entirely cured) by 

conditioning the pipet with Na3P04 before each use, filling 

all the exchangeable sites with inactive P0?. This reduces 

loss of active PO'j to exchanges between the glass surface 

and solution. 

That gross errors have been avoided is indicated by 

consistencies within the several suites, each of which tends 

to maintain its approximate E as though this were a function 

of the input water. However, it may not be wise to draw 

conclusions about small changes in E among the runs in a 

suite, since these will be affected by any transfer losses. 

r l 
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CONCLUSIONS 

The existence of two types of phosphate enrichment 

corresponding to the two types of drops produced by breaking 

bubbles seems well established. 

JET-DROP ENRICHMENT Ê 

The jet-drop enrichment l Is largely Independent of 

drop size/ Is universally present/ and in magnitude lies 

between 1 and 10. It arises from a thermodynamic surface 

excess--not/ however/ of phosphate/ but of a phosphate- 

binding organic materiel. The evidence favors proteinaceous 

compounds and suggests that polysaccharides are not 

responsible. 

The surface Involved is the interior of the bubble. 

During jet formation/ this interior flows down the cavity 

wall to meet at the center/ and a fraction a is incorporated 

in the jet drops. The thickness dt of the layer carried off 

is 

a dt * 1/60 fj 

Since a is typically greater than 0.01/ dt may be quite 

thin. It Is at least two orders of magnitude thinner than 

the surface microtome can achieve by surface skimming/ and 

opens the possibility of direct chemical investigation of 

surface excesses down to r¡ *10* ions/cm4 , through the 

relation 

’ 
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Ê * r,/Cj dt 

where Ci Is the bulk solution concentration. 

This specificity of surface removal by breaking bubbles 

can be Invoked to explain most of the observed anomalies In 

the Ion ratios of the marine atmosphere/ for It Insists that 

all drops small enough to remain airborne have come from the 

(molecular) surface of the sea, and will not have the 

composition of bulk sea water. 

FILM-DROP ENRICHMENT Ê 

The film-drop enrichment ê is strongly drop-size 

dependent/ being log-normally peaked at 15 p, with a 

standard deviation about the geometric mean of log 1.75. It 

appears only from film caps which have had a lifetime 

measured in seconds. In magnitude it lies between 1 and 

1000/ and when present Is empirically related to Ê by 

log Ê - 2.4 log(É/0.8) 

(approximately with a correlation coefficient of 0.6. 

This correlation Is considered high enough to be evidence 

that there is but a single chemical mechanism Involved In 

both types of enrichment. 

The physical mechanism suggested for Ê is that It 

arises from a local concentration of the phosphate-binding 

material. The nature and cause of such a concentration are 

not known. It may be related to the known partIcle-formtng 

ability of bubbles. Perhaps surface orientation or surface 

hydrolysis Is sufficient to enable "dissolved" protein to 
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dthydratc, forming a "solid" layer at the surface. Or It 

may be that a region of slightly lower surface tension is 

formed by gravitational drift of light material to the 

bubble apex. 

In either case, the result must be that the bubble Is 

weakened at the oolnt of concentration (which need be no 

larger than 35 p In diameter). When rupture occurs, the 

phosphate-enriched material Is found to be upon the small 

number of relatively large (15 ¿j) drops formed by the 

Initial disintegration of the thickened rim of the expanding 

hole In the film cap. 

ENRICHMENT OF OTHER MARINE IONS 

While there Is no evidence for purely Inorganic Ion 

enrichment, the phenomena described are by no means limited 

to phosphate. Any polyvalent Ion In sea water, regardless 

of charge, should find some surface active material with 

which to associate, leading to an aerosol enrichment with 

respect to sodium. 

The f se for univalent Ions Is not so clear, except for 

those which are biologically enriched In the organic 

detritus which Is also ejected by bubbles. 

Specifically, one should expect to find enrichment of 

sulfate. Iodine, organic nitrogen, calcium, magnesium, and 

potassium from one or the other of the above mechanisms. 

The question of the chlor Ine/sod I urn ratio remains open. 
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CHAPTER V 

SUPPORTING WORK 

At unstable as a water bubble 

Lhfi. Panchatantra 

.¾ ] s 
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ON HIGH-PRECISION COUNTING OF 

ECCENTRIC RADIOACTIVE SAMPLES 

There are two widely held beliefs about the precision 

obtainable by beta counting. The naive hope Is that a * VR 

Is the standard deviation which one can achieve. The 

jaundiced view, generally held by those who began with the 

first, is that one Is lucky to be able to count within 1%, 
and that high precision work should not be expected from 

beta counting. 

Early in this work, the naive view was taken. In the 

expectation of seeing 0.1¾ differences In fractionation 

ratios. Although all the recommended precautions were 

heeded, the counting precision attainable was far below the 

theoretical maximum. Eventually the errors were traced to 

eccentric samples rotating at random (by virtue of the 

sample changing mechanism) under a counter with a 

non-uniform response. 

This problem appeared worthy of attention for three 

reasons: (1) non-unlformlty Is a character Istlc common to 

all counters, (2) one cannot guarantee centrally symmetric 

samples In many cases, and (3) contrary to the statistical 

problems In counting, the error Introduced by this 

Imperfection becomes Increasingly Important with higher 
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sample activity. Tnis section reports some theoretical and 

practical considerations on achieving high precision when 

counting eccentric sources. 

It is net ahvays possible to prepare solid-source 

beta-emitters In such a manner that the center of sample 

activity is located reproduclbly beneath the center of a 

counter window. Examples include biological thin sections 

with localize"1 atmospheric filters with active 

particulate matter, and other samples whose deposition upon 

the planchet is not strictly controllable. This unavoidable 

eccentricity can result In highly erratic repetitive counts 

with a variation far exceeding counting statistics. 

Questions then arise as to what confidence one can put in 

such counts, and whether it is wiser to choose the average 

value of the counts, or perhaps their maximum value. Will 

additional knowledge of a particular counter be of 

assistance in making decisions? 

The problem Is perhaos commoner than realized, for It 

appears that no commercial window counter has a uniform 

response across its face. As an example of the subtlety of 

the problem, the reader Is Invited to examine Figure S.l by 

covering all portions except the 60 consecutive counts from 

31 to 91. Although it is easy to continue the shaded trend 

line through this region, disclosing a real fluctuation of 

some 4t, there seems little justification for so doing until 

one has seen the ends of the curve. (When this data was 

first plotted, the trend was not noticed until the upswing 

"V • T 
\ 



164 

Figure 5.1. Eccentric sample free to rotate. Counts 
obtained with automatic sample changer using circular 
planchets. The shaded line marks a trend/ and can be 
continued through the random-appearing central portion. 
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Figure 5.2. Eccentric sample constrained to single 
orlentetlon. Same situation as Figure 5.1/ except that the 
planchet Is keyed throughout the changing cycle and cannot 
rotate. 



C
y
c
le

s
 

th
ro

u
g
h
 sa

m
p
le
 

ch
a
n
g
e
r 

Na22 counts/min 

Ul 
G) 
* 

S 

1
6
6
4
0

 



168 

between 100 and 110 was reached. Up to this point the 

errors appeared to be so random that the experiment was 

almost abandoned.) 

These data were taken with an expensive and highly 

recomnended machine with an automatic sample changer. The 

changer operation is such that the circular planchets may be 

rotated by friction In random amounts between counts. This 

rotation varies from perhaps -10° to as much as 30° per 

counting cycle. 

To prove that sample rotation was responsible, the 

changer was modified to allow positive angular location of 

the planchets during the entire changing cycle. When the 

same sample was recounted, it yielded the convincing 

straight line of Figure 5.2, which Is now within counting 

statt sties. 

It must be emphasized that accurate relocation of the 

sample is not a solution to the problem, and only serves to 

obscure the fact that a problem exists. While any one 

sample nay thus be counted reproduclbly, the recorded count 

is a function of the geometry of the particular sample and 

Its orientation with respect to the counter. This means 

that there is no reliable way of intercomparing samples, and 

therefore no standardization is possible. 

The traditional solution to this problem is an Increase 

in the source-to-wlndow distance, which decreases the 

effects of eccentricity but which also decreases the 

counting rate. Such an approach is not feasible with 

V* ' 
V i 
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samples of low activity. Furthermore, many counters are so 

designed that increasing this distance involves a major 

reconstruction of the apparatus. If accurate counting is 

necessary, another solution must sometimes be sought. 

An inquiry to the manufacturer indicated that the 

detector in question was "state-of-the-art", and had a 

flatter response than other commercially available 

detectors. The manufacturer kindly provided an 

experimentally determined plot of the response, obtained by 

moving a point radiation source across the counter window 

face in a grid pattern. This plot showed a definite 

eccentric peak which bore no evident relation to the 

detector design or construction. 

It appeared that the solution would lie in a counting 

regime which would minimize the effect of eccentricity, and 

to this end a mathematical model was built and analyzed 

numerically. This model is based upon the following 

considerations : 

The response I of the counter is given by 

where 0(r,9) Is the beta flux reaching the window at (r,6) 

from the source, it is determined by geometry only, and is 

Hr,») ■ {.'/(a1* />*)],/* 

where a is the perpendicular distance from the source to 

the window, 4° the flux at this closest point and unit 

distance, and p the projected distance from the source to 

the window at (r,9)• 

1 V 
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S(r,8) is the "sensitivity surface" of the counter, 

and Is given in general form by 

S(r,8) * 1 - Zi b¡ z¿" 

where the b, are coefficients, and the z¿ are coordinates. 

The sum is the measure of deviation of the detector from an 

Ideal, uniformly flat sensitivity. The surfaces considered 

were: the tilted plane (z(-x), the dihedral (zj- /x| ), the 

cone (z¿*r), the paraboloid of revolution (z, *r* ), the 

parabolic trough (Zjaxa), and various combinations of these. 

X and r are respectively the distances measured from the 

axis or the center of symmetry of the sensitivity surface, 

which is In general displaced from the center of the counter 

by an eccentricity E. 

Of these surfaces, the paraboloid and the trough are at 

once plausible and provide the best fit to reality. It is 

felt that the paraboloid is suitable to describe end-window 

counters In which the sensing element Is a hanging wire with 

central symmetry, whereas the trough is representative of 

counters having horizontal wires cutting secantly across the 

wlndow. 

These two surfaces (with a cone for comparison) are 

shown in Figure 5.3, which is a plot of the response I of 

the counter as a point source of eccentricity R is rotated 

180° beneath It. The vertical lines In the Figures are 

terminated at the bottom by the average response <l>, and at 

the top by the central response Io, which is the count that 

would be given by the same sample if its eccentricity were 
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zero. We will return to the significance of these later. 

Figure 5.4 provides a feel for the relative effects of 

the parameters b and R, and is drawn for a trough of zero 

eccentricity. This surface« though not eccentric« 

nevertheless has sufficient asymmetry to produce major 

counting fluctuations« as Indicated by the 1% arrow. 

When E>0 and R> E« the two minima of Figure 5.4 are no 

longer the same depth« and a characteristic shape appears as 

shown In Figure 5.5. in Figure 5.6 are plotted some 

experimental data which have essentially this same curve. 

(Admittedly« there is a certain subjectivity which enters 

into drawing the second minimum in the data, but this is 

influenced by much experience with the peculiarities of 

other runs« and is felt to be valid.) 

A contour map of the response I for a trough with b*0.2 

Is shown In Figure 5.7« and compared with an Ideal flat 

response. Lest It be felt from looking at the plot that 

b*0.2 Is an extreme value« recall that 10$ fluctuations were 

observed in Figure 5.1. These require a b approaching 0.2 

for the R value (about 0.3) of the sample of Figure 5.1. 

This suggests that there Is much yet to be learned about 

building flat detectors. 

If it is clear that a problem exists and has been 

adequately described« we can turn to methods of ameliorating 

it. Table 5-1 summarizes some results obtained from the 

model« In the form of 
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Figur« 5.3. Response of various eccentric sensitivity 
surfaces to rotation of eccentric samples. 1° Is the "best" 
value obtainable with an eccentric counter. The "trough" 
and "paraboloid" sensitivities are représentâttve of real 
countars. The "cone" may not be. 
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Figure 5.4. Response of non-eccentric trough to eccentric 
sample rotation. Variable counts arise even when the trough 
axis is a diameter. 
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Figur« 5.5. Response of eccentric trough. When the trough 
exts Is a secant of the detector, an asymmetric response 
develops. 
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Figure 5.6. Experimental data. This is held to be 
circumstantial evidence for a detector with an eccentric 
trough sensitivity. 
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Figure 5*7. Response contour 
sensitivity surface (left) and 
(right). The radial decrease In 

nap for an Ideal flat 
for an eccentric trough 

response Is an effect of 
geometry. 

' 
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7 ■ l#/<l> 

and 

5 . (maximum count - dioo 
minimum count 

It will be noted that 6 is a function of all parameters, 

while yj depends chiefly upon R. 

(R, E, and a are expressed as fractions of the window 

radius, a was chosen to be 0.08, as this was the value for 

the machine in question.) 

Io is the number which we obtain from a counter with an 

accurately centered sample (regardless of the defects of the 

particular detector), and is thus the best estimate which 

can be obtained from the counter. It is the number to which 

we should like to correct a given count or set of counts I. 

To do this, we need to know at least 0) and R. 

It will be noticed that for R 0.2, there is little 

advantage in knowing rj, since <l> is within 0.5% of Io for 

almost all cases. This Is true even though 6 ranges above 

6$. But there is an advantage to knowing <l) even in this 

case. 

For the paraboloid surface, <l) Is the average of any 

pair of diametral counts, and will be accurately given by 

any counting system which counts the sample in such 180° 

pairs. In particular, two diametral counts will give a more 

reliable estimate of <(l) than will three random counts. 

(The author has had considerable success in manual counting 

using an end-window detector with four 90° counts, obtaining 

0.58 accuracy from (known) samples even though the cr for the 
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set of four was 9 times the expected deviation.) 

For a trough configuration, (I) Is no longer given by 

diametral pairs, and the above expedient Is not available. 

In this case, the properties of the sensitivity surface of 

the counter can be estimated (e.g., by counting a series of 

samples of known eccentricity R and Interpolating Into 6 of 

Table 5-1). Then, If a sufficient number of counts are made 

on an unknown sample to allow a separation of <r and b, from 

the 6 so obtained can be gotten an y, and thence a better 

estimate of Io. 

The pains necessary In this latter case are seldom 

justified. An alternative, which seems to have been 

Inadequately explored. Is counting the sample on a turntable 

rotating coaxially with the detector at perhaps 10 rpm. 

This will provide {1) directly, and Is in many cases an 

adequate approximation to Io. 

CONCLUSIONS 

The questions raised earlier can now be answered. It 

Is clear that only limited confidence can be placed In 

uncorrected counts of eccentric samples. The average value 

of a set of such counts will always underestimate the true 

value, while the maximum count will occasionally 

overestimate It. Finally, knowledge of the Individual 

counter can be an excellent guide to corrections, and If, In 

addition, an estimate of sample eccentricity can be made, a 

reliable count may be obtained from Table 5-1. 

■B' V* 
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Table 5-1. Correction factors for eccentric sources. 

Sensitivity Counter 
Surface Eccen- 

trlcl ty 6 * t Fluctuation 

Ampi Itude 
b E 

7 ■ i°/<i> 

Sample Eccentricity R: 0.2 0.4 0.6 

Paraboiold 0. 0. 0. 
1.0052 1.0216 1.0527 

.1 1.57 3.12 4.61 
1.0052 1.0216 1.0529 

.4 3.18 7.32 9.34 
1.0052 1.0218 1.0533 

.0 0. 0. 0. 
1.0091 1.0376 1.0911 

.2 3.17 6.30 9.33 
1.0091 1.0378 1.0917 

.4 7.50 12.91 19.12 
1.0093 1.0385 1.0937 

Troufh 0.34 1.32 3.37 
1.0036 1.0138 1.0347 

.1 1.56 3.48 6. 06 
1.0036 1.0138 1.0347 

.4 3.17 7.30 9.68 
1.0036 1.0139 1.0348 

.0 0.77 3.04 6.75 
1.0052 1.0216 1.0527 

.2 3.15 7.00 12.19 
1.0052 1.0217 1.0530 

.4 6.46 12.44 19.72 
1.0053 1.0221 1.0539 

V rm 



185 

THE MAKING OF BUBBLES 

As discussed previous1y/ bubbles form two types of 

drops. It Is convenient to divide the possible size range 

of bubbles Into two classes corresponding to the two kinds 

of droplets. This can be easily done/ since/ as we have 

seen, bubbles smaller than 300 microns make an entirely 

negligible number of film drops/ whereas bubbles larger than 

2 mm produce no jet drops which remain airborne long enough 

to reach the collection apparatus. 

Clearly two ways of producing bubbles are called for; 

since It Is well to examine the Intermediate range also/ a 

third method Is needed. 

FILM-DROP BUBBLES 

The one requirement for film drop production Is film 

cap area* The diameter of the bubble Itself Is unimportant/ 

and all that Is needed Is a single capillary with a large 

orifice. Various orifices used Included glass and 

polyethylane tubing/ and hypodermic needles of stainless 

steel and platinum* 

The problem Is not at the orifice/ but at tha surface. 

If the solution Is capable of forming a film (as It must be 
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In this case), rising bubbles will coalesce when they reach 

the surface to form one or more slowly growing large 

bubbles. There Is visible In this coalesence process an 

Interesting difference between "surface contamination" and 

"bulk contamination". If the rising bubbles collect 

appreciable amounts of surfactant from the solution, their 

surfaces are separately stabilized, and they do not coalesce 

upon contact with each other. While they form a connected 

raft, they only infrequently break at the inner septa to 

form larger bubbles, but rupture at the evaporating upper 

surface. If, on the other hand, the solution itself is 

relatively clean, the contamination which the bubble picks 

up in its travel will be small, and most of the film-forming 

material will be concentrated In the film cap already 

present. In this case, a bubble breaks as soon as It 

contacts another interface, and only a single large bubble 

Is evident. Each bubble brings a little more surfactant 

with It; breaking Inside the larger bubble, it ejects a 

portion of this material upward. The ejected drops 

frequently impinge on the inner surface of the large bubble, 

stabilizing It further with added film-forming material, and 

Increasing Its life by replenishing liquid lost by drainage. 

GAS SOURCE 

A filter on the laboratory air line revealed so much 

foreign material that no attempt was made to purify the air 

sufficiently for bubble-making. An additional difficulty. 
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shared with bottled gasses of all varieties/ Is excerslzlng 

sufficient control over the flow at the low rates used. A 

harmonious solution to these two problems was provided by 

the electrolytic generation of oxyhydrogen. A generator was 

constructed in the following manner: 

The plunger was removed from a 5-ml hypodermic syringe/ 

and replaced with a Teflon plug with two platinum 

1ead-throughs supporting 3 by 5 cm platinum gauze 

electrodes. These were spotwelded into concentric cylinders 

and separated by Teflon insulators. The plug was held Into 

the barrel by a screw cap/ and the lead-throughs were sealed 

(to 3 atm) by 2-mm soft rubber spheres. The screw cap 

compressed the sealing spheres Into conical seats/ exerting 

a high radial pressure around the lead-throughs. 

A one ampere current through 0.05 molar potassium 

sulfate electrolyte generated about 0.191 ml crol Iters of gas 

per second/ with no appreciable evolution of heat. The 

system requlred refilling every few days/ which was done 

with filtered distilled water (since the electrolyte was not 

consumed). 

A one ampere rectifier driven by a variable 

transformer/ and an ammeter/ completed the gas generator. 

The variée gave smooth and reproducible control over flows 

ranging from O.OOli to 0.¼ microliters per second at 

pressures between zero and 3 atmospheres gauge. 

Early designs used glass plumbing with standard taper 

joints. This proved most unsatisfactory/ being Inflexible 
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and Impossible to seal. Ultimately all plumblnt was done 

with Luer fittings (standard hypodermic taper) and Teflon 

"needles" with Kel-F hubs manufactured by The Hamilton 

Company. In response to an inquiry/ Hamilton agreed to make 

this tubing with Luer hubs on both ends. It is now a 

standard Item/ and nukes a simple/ inert/ and easily cleaned 

piping system for microplumbing which is pressure tight to 

100 psi/ and can be assembled with fingertips. 

The first gas generator used polyethylene insulators to 

separate the electrodes. Polyethylene is slowly attacked by 

atomic oxygen/ producing unknown oxygenated compounds In the 

effluent gas--a1though in extremely small quantities. The 

Teflon separators show no sign of such attack. 

At first/ the electrodes were platinized to reduce the 

overvoltages normally present for both oxygen and hydrognn 

on smooth platinum. This proved to be a mistake/ since the 

mechanical agitation of bubble formation loosened small bits 

of the platinum black. These were carried along with the 

gas stream. The first connecting tube was eventually 

darkened with these particles; even though the gas was 

washed by bubbling through distilled water/ an occasional 

piece of platinum would plug the capillary tip. When this 

occurred/ pressure In the system would Increase until the 

Nernst-law voltage rose so high that gas production 

essentially stopped/ or a Luer fitting gave way and the 

systan was completely emptied of gas and liquid. This 

prob 1'¿m was oversolved by abandoning fine capillaries/ and 

a*,/-' 
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reverting to smooth platinum electrodes. 

JET-DROP BUBBLES 

To make jet drops, large numbers of small bubbles are 

wanted. In quantities far beyond the capability of capillary 

tips, and smaller In size than Is convenient for capillaries 

or possible with glass frits. Since a desirable bubble size 

distribution Is obtained from the platinum gauze electrodes, 

these were put directly Into the micro-ocean, and bubbles 

made by direct electrolysis of the solution under 

Investlgat ion. 

Passlng current through the micro-ocean Immediately 

Introduces the possibility of creating artifacts by 

electrode processes, and It adds the requirement that the 

solution have sufficient Ionic strength to be conductive. 

Complex reactions are possible at electrodes In solutions of 

dllute organic material, and the possibility cannot be 

overlooked that these occurred. On the other hand, every 

feature of the results which changes radically between the 

film drops and the jet drops Is smoothly connected by the 

small capillary bubbles. Indicating that bubble size—and 

not the manner of production—Is the Important variable. 

Electrolysis of chloride solutions (such as sea water) 

produces chlorine even though the potential of the 

chlorine-chloride couple (E* ■ -1.360) Is well below the 

water-oxygen couple (E ■ -0.81S) (Latimer, 1952). This Is 

because the latter has a much higher overvoltage on smooth 
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platinum than does the chlorine reaction. Noticeable 

amounts of chlorine are evolved from 0.5 molar sodium 

chloride, and this could conceivably Influence the results 

from sea water. There is no Indication that It has done so. 

Direct electrolysis produces about 105^ bubbles per 

second, ranging from 10 to 300 microns In diameter, with 

some variation noticeable as the surface tension of the 

electrolyte Is changed. Thus, adding 10~s molar sodium 

lauryl sulfate produced a visible reduction in average 

bubble size—even though the surface tension change was too 

small to be detected by capillary rise or maximum bubble 

pressure methods. 

CAPILLARY BUBBLES 

A glass capillary, drawn out in an ordinary flame, and 

then redrawn to a hair In a 1/8 inch yellow flame, can be 

made to produce nearly microscopic bubbles—but only one at 

a time. By cutting back the tip with a clean pair of 

scissors, successively larger bubbles can be obtained, until 

trial and error finds the correct location for any size 

sought. However, there are two serious limitations on this 

method of making Intermediate bubbles; these are low flow 

rate and the ease of plugging of the narrow tip. 

Professor Kelly kindly pointed out that one might 

Invert the meteorologists' device for making uniform water 

drops In air—which Is a capillary jet vibrated at ca. 4000 

cycles (Wolf, 1961). This process generally produces 
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several streams of drops of different diameters, traveling 

In different directions, but remarkably uniform In both size 

and spacing In any one stream. Drop diameter can be 

accurately measured by microscopic examination under 

stroboscopic illumination. 

A vibrating capillary for making bubbles was built as 

follows: A glass tube, passing through a rubber 0-ring seal 

which acted also as an oscillation node, was Inserted 

through the base of the container. 

Outside the container, this tube was coupled by light 

but rigid aluminum tubing to a loudspeaker driver, powered 

by a 10-watt amplifier fed from an audio generator. The 

high damping of the water lowers the resonant frequency by 

an order of magnitude from the air case, and oscillation 

frequencies are near 300 cycles. 

Inside/ the tube was drawn into a long thin whip, but 

no redrawing of the tip was necessary. The whip was long 

enough to be capable of more than one resonance, although In 

general only the first harmonic (which had one node part way 

down the whip) was excitable because of the damping forces. 

Asymmetries In construction frequently led to elliptical 

oscillations Instead of linear, and there was a range of 

frequencies near resonance which induced a variety of tip 

paths. These were sometimes used to produce changes In 

bubble production. 

Figure 5.9-a shows a typical bubble produced with the 

tip at rest. (The close spacing of the moving bubble and 

* 
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Figure 5.8. Bubbles generated by capillary whip, 
exposure. Diameters computed from flow rate and osc 
frequency. 
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the resting one Is l11usory/ as the stationary one did not 

detach until the moving bubble had risen well beyond tha 

region photographed.) In 5.8-b the capillary is vibrating, 

and the flow rate Is such that a single stream of bubbles Is 

produced at one end of the tip path. The more typical case 

is shown In 5.8-c, with two parabolic horns of very similar 

bubbles rising from the ends of the tip path. In 5.8-d Is 

shown a higher flow rate, which forces hubbies off at the 

midpoints of the swing, generating a larger number of 

slightly smaller bubbles. 

The configurations photographed do not show the full 

extent of patterns. Stable modes with three, five, and six 

"horns" have been observed, sometimes fixed In space and 

sometimes slowly rotating. Also easl1 y obtained Is a mode 

In which the tip oscillation Is nearly circular (just below 

a true resonant frequency). In this mode, bubbles are 

emitted sideways with such acceleration that to the eye they 

seem to appear In a circle about 3 cm In diameter, slightly 

lower than the tip. These are small, numerous and randomly 

distributed around the circle of appearance. They cannot be 

easily enumerated or sized. An additional complication Is 

that a vortex Is generated In the center of the tip path 

which collects a large buble and releases It periodically, 

along with a bevy of satellite bubbles, all of which are 

many times larger than the peripheral bubbles. Thus, the 

size spectrum is not as uniform as for the well-defined 

modes. 
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It will be noticed from Figure 5.8 that the size of the 

bubbles does not appear to be uniform In some of the 

ascending horns. This Is real, and Is caused by 

Interactions between bubbles and the wakes of their 

predecessors, allowing a following bubble to overtake a 

forward bubble and merge with It. This can be avoided by 

stirring the liquid gently to disrupt the Interaction; 

essentially monodisperse classes of bubbles can be produced 

by this method. 

Other configurations of tubing employed Include the 

U-shaped form shown in Figure 4.2. This does not give as 

clearly defined resonances as the simple whip, and generates 

a much broader spectrum. Nevertheless, It Is a spectrum 

which lies between the film-drop bubbles and the jet-drop 

bubbles, has comparable flow rates, and Is free from 

tip-plugging problems. 

ORIFICE PLATES 

An attempt was made to generate bubbles from separate 

but Identical orifices. This proved to be an egregious 

failure, but will be described to discourage Its repetition. 

The orifice plate, kindly supplied by Mr Leo Ghenn of 

American Viscose Corporation, was akin to a rayon spinneret, 

and had 27 holes of 0.0017" diameter on a one-inch circle. 

It was fabricated of Type 405 stainless steel. 

When first Immersed, this device produced synchronous 

pulses of 27 Identical bubbles, rising uniformly In 
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tynvnctrlc circlet. IS minutes later, there remained no 

semblance of similarity from one hole to the next. Some 

holes had stopped, some produced Infrequent large bubbles, 

some emitted copious streams of small bubbles. The range of 

sizes was somewhat greater than that obtained from an 

ordinary glass frit. 

There are two causes for the failure of a multiple 

orifice device. The first Is variable corrosion at the 

orifices (although Type 403 stainless should not have been 

attacked so qulcklyl). A second, more fundamental, cause Is 

that a critical factor affecting bubble size Is the 

molecular condition of the edge from which the bubble must 

be torn loose, and this Is a region subject to rapid 

contamination which is variable from hole to hole. It 

appears unlikely that any multiple-orifice design will 

consistently yield reproducible bubbles In a real liquid. 
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A CASCADE AEROSOL IMPACTOR 

SAMPLE COLLECTION 

A consideration felt to be crucial when working with 

trace quantities Is the elimination of all contact with 

unnecessary surfaces, since selective adsorption may take 

place at every new surface Introduced. Any transfer of 

sample from collector to processing vessel may result In a 

partial separation of the original material. 

With this In mind, a sample collecting scheme which did 

not require removing the sample from Its point of capture 

was deemed necessary. 

For jet drops above 50 yj, which are ejected several cm 

vertically, the simplest collector Is a horizontal surface. 

It Is convenient to use a small disc of glass or plastic 

backed up by a resistance element furnishing sufficient 

power to evaporate the drops as they hit. This builds up an 

adherent deposit of dry salt, and relatively large samples 

can be collected without backdrop Into the parent liquid. 

For film drops and small jet drops, the aerosol 

Impactor was employed. 
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CAPTURE BY IMPACTION 

Th« collection and size classification of aerosol 

particles Is most easily accomplished with a cascade 

Impactor. In this device, air Is drawn through a succession 

of orifices of diminishing diameter, each producing a jet of 

air which Impinges upon a collection plate which deflects It 

radially through a right angle. The particles, being denser 

than the alrstream and possessing greater Inertia, do not 

follow the streamlines of the airflow. If the forward 

momentum of a certain sized particle Is sufficient to 

overcome the sideward air drag. It will hit the collecting 

slide; If not. Its momentum will be Increased In the 

following jet, until eventually It Is captured. 

This process (In the absence of gravitational settling 

and electrostatic attraction—which cannot In practice be 

neglected) can be shown (Ranz A Wong 1952) to depend upon a 

single "Impaction parameter" Ÿ% (A factor of 10ê Is 

Included so that the particle diameter d may be written In 

microns with all other variables In cgs units.) We have: 

t ■ /»vdVlS^DXlO* 

T'may be interpreted as the ratio of two forces, of which 

the first Is that required to stop a particle of diameter d 

and density traveling at velocity v in a distance D/2: 

f, ■ w/sd^vVBD 

The second Is the stopping force available from air drag: 

ft ■ 3rr^4vd . 
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A second Interpretation of ^ Is that It Is the ratio of the 

distance the particle will travel In still air with Initial 

velocity V to the diameter D of the Impactor orifice. 

It proves convenient to work wlthV?, which Is then a 

linear function of the particle diameter d. 

Making simplifying assumptions about the nature of the 

velocity field In the region where the jet Is deflected 

allowed Ranz à Wong to compute collection efficiencies for 

several basic Impactor designs. Of these, the circular jet 

shows the sharpest cut-off range. If there Is a lower 

diameter d which is not collected by a given Impactor stage, 

particles of diameter 2d will be collected with 1001 

efficiency. Thus, a two-fold range In particle diameters Is 

the smallest which can be expected using Impaction 

technlques. 

The efficiency of collection also depends upon a 

dimensionless ratio K of the linear dimensions of the 

device. These dimensions were optimized by Mitchell & 

Pilcher (1959), who give recommended jet-to-collector 

distances (a0.375 D) and wall clearance 01.3 cm). Their 

value of K was such that 50* collection efficiency was 

achieved wlthV>F-0.29 with a wall loss of less than 1|. 

Commercially available Impactors are designed for flow 

rates above 12 1/mln. This flow would have emptied the air 

space In which aerosol was generated entirely too rapidly, 

ar;d the Mitchell à Pilcher design was scaled down to flow 

rates ranging from 0.5 to 4 1/mln. The scaling proceeds as 
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follows : 

Writing the orifice velocity v (cm/sec) In terms of the 

volume flow F (1/mln) and jet diameter D (cm) 

v ■ 10* F/60trD* 

and Inserting this Into (1), there results 

d* - (6XlSX10V^/yDF)DJ. 

If the SOt collection efficiency values are denoted by a 

subscript 50, 

d„ ■ k,.< D* Ipt 

where 

k,. ■ ^‘(6X18X10V^)'/4 - 72.0 . 

This relationship gives the jet diameter for a given 

particle diameter. The two-fold theoretical range of 

particle diameters collected on a single stage sets a 

convenient minimum between collected diameters. The low 

limit of the collection range is determined by the smallest 

jet, which becomes a limiting orifice when the flow rate is 

high enough for v to exceed the velocity of sound in air. 

On the other hand, the flow must be rapid enough to collect 

the largest desired particles from the essentially 

non-moving air above the micro-ocean. (An additional 

consideration Is that the flow range should be at least 4 to 

1, In order to shift the collected fraction by one whole 

stage. At worst, this permits idiosyncrasies of a 

particular stage to be detected more easily; at best It 

provides a certain degree of confidence In the reliability 

of the design and manufacture, particularly In the smaller 
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sizes where calibration Is difficult.) 

These requirements are met by a flow of 4 1/mln (lower 

flow collected few large drops) and a lower size limit of 1 

/1 (which begins to approach sonic velocity In the orifice). 

Thus both operational limits are set. 

The 1-^j stage was backed up by an 0.45-^j membrane 

filter, which did not fit as neatly In the scale-of-two 

sequence as Its nominal size might suggest, since It 

collected smaller particles also. 

The orifice dimensions of the Impactor are shown In 

Table 5-2, along with cut-off diameters dr# for various flow 

rates. Figure 5.9 Is an exploded view of the impactor, 

showing Its inherent simplicity. It was constructed of 

polyvinyl chloride for ease of machining and corrosion 

resistance In salt air. (Later, In an attempt to defeat an 

electrostatic problem, the Impactor was plated with 

chemically deposited copper, 0.0005" nickel, and a rhodium 

protective coat. The rhodium did not prevent formation of 

nickel chloride, nor did the conductive surface eliminate 

the electrostatic problem. In retrospect, PVC appears to 

have been an excellent construction material.) 

The collection slides are located by steps In the three 

stainless steel pins, and are held In place by the PVC 

fairing cone which snaps Into the locating steps. The 

fairings serve to reduce turbulence and thereby decrease 

wall loss. 
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I 

Figure 5.9. Aerosol Impactor. Any number of Intermediate 
stages may be assembled. 
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Table 5-2. Cut-off diameters dSo (p) for aerosol impactor. 

Jet Flow rate X density of particles 
Dlam. (l/min)(gm/m1) 
(cm) 0.5 1.0 2.0 3.0 4.0 5.0 

.0364 

.0578 

.0918 

.1456 

.231 

.366 

.582 

.707 

1.414 

2.83 

5.66 

11.3 

22.6 

45.2 

90.4 

.50 

1.00 

2.00 

4.00 

8.00 

16.0 

32.0 

64.0 

.354 

.707 

1.414 

2.83 

5.66 

11.3 

22.6 

45.2 

.289 

.578 

1.16 

2.31 

4.62 

9.25 

18.5 

37.0 

.25 

.50 

1.00 

2.00 

4.00 

8.00 

16.0 

32.0 

(.224) 

.448 

.896 

1.79 

3.58 

7.16 

14.3 

28.6 .925 
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Th« 0-rlngs prevent leakage and alto provide sufficient 

friction to hold the stages together without need for 

further support. 

BLOW-OFF 

If a stage Is overloaded, the excess material Is likely 

to be blown off. This frequently happens when the orifice 

Is small, and, consequently, the Impaction area Is also 

small. This Is a serious problem when collecting dry 

samples, although It may be minimized by careful design. If 

the radial velocity of the alrstream drops with sufficient 

rapldlty whlle there Is still some component toward the 

collector plate, the blown material Is redeposited In a halo 

around the central spot. Liquid material seldom leaves the 

collector unless It Is driven to the edge. Particles which 

are slightly damp seem to adhere most tenaciously. 

Fortunately, salt particles fall In this latter category, 

and, although blow-off halos were frequently observed, 

redeposition appears to be quantitative. (If blow-off had 

occurred, the particle size distributions would not be 

uniform for i uns which had total particle numbers varying 

over three orders of magnitude, and which left deposits 

ranging from Invisible amounts up to thick central hills 

surrounded by bright halos.) 
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COLLECTORS 

Th« preferred collection plate material Is artists' 

matte acetate, which is ordinary cellulose acetate sheet 

with one surface roughened to take ink. It holds water 

droplets well and Is easy to write on for sample 

I dentification. 

After collection, samples were sprayed with Krylon 

lacquer, saturating the salt deposit to prevent flaking and 

loss of sample In handling. (The lacquer coat weighed ca. 

0.2 mg/cm1.) 

CALIBRATION 

The calibration of an Impactor Is never an easy task. 

The method adopted. Involving neutron activation of nanogram 

amounts of Iodine, appears not to have been used before and 

will be described In detail. 

But first let us dispose of some "simpler" methods. 

Lacking a means of generating drops of known size, the first 

method attempted to use pollen grains, which are remarkably 

uniform In size and easily available (Hugh Graham 

Laboratory, P.O.Box 14197, Dallas, Texas). The flow rate 

through the impactor can be adjusted to compensate for the 

density (paper mulberry and ragweed pollen, 14 ^ and 19 ¿i 

respectively, have a density between 1.30 and 1.32, as 

determined by centrifugation in liquids of known density). 

Using only a single particle size, one can trace out the 

entire efficiency curve of one stage by varying the flow 
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rate. 

Unfortunately/ trlboelectrlfIcatlon during separation 

of the pollen grains from each other left large residual 

charges. Electrostatic attraction was sufficient to cause 

the pollen to adhere to the impactor surface/ and none would 

enter the Inlet orifice. Grounding the Impactor and the 

vessel In which the pollen was suspended had no effect/ and 

the experiment was abandoned. 

Another calibration method considered would have 

measured the blot size of dye drops collected upon the 

uniform surface of membrane filters. Surprlsingly/ the 

correlation between blot diameter and drop diameter seems to 

be unknown and cannot be established without drops of known 

diameter. 

The method used was to collect drops of saturated 

sodium lodate solution for perhaps 4 minutes/ until there 

were some thousands of distinct droplets on the collector 

stages of Interest (16-/ 8-/ and 4-ji), The collectors were 

22 mm glass cover slips stuck to one Inch glass discs with a 

drop of water. (This prevented the cover slips from picking 

up lodate contamination from the three locating pins# which 

touched only the larger disc.) 

The collected droplets—or a representatl ve area 

thereof—were photographed at a magnification of 25X and the 

photographs counted with the aid of a bacteria colony 

counter. (Since large crystals of NalO, are blréfringent/ 

It was hoped that the dried drops would be seen as luminous 
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spots In a field darkened by the crossed polarizers of a 

petrographic microscope. This effect was observed In less 

than 10t of the drop residues.) However, the salt Is 

hygroscopic, so that the apparent size of the drops could be 

increased many times by breathing lightly upon the slide. 

Since no effort was made to use the photomlcrographs for 

Information, but only for numbers, the droplets were 

photographed wet, making the drops easily visible. 

After being photographed, the cover slips were 

immediately sealed Into containers suitable for neutron 

irradiation, and processed In the MIT Reactor. The 

resulting 25-minute 1-131 was estimated according to the 

procedure of Ouce (1964). (The author is grateful to Dr 

Duce and Lester Walters for their kind assistance In this 

determination.) The iodine content was compared with that 

of a known volume of the bulk liquid, and a direct measure 

of the total volume collected per stage thus obtained. If 

the number of particles on the stage is known, the 

volume-average diameter dr Is easily calculated. 

The volume-average diameter of the drops Is a function 

of the particle size distribution which is sampled, and 

hence not a number character Istlc of the sampling device 

alone. However, for present purposes, it is this number 

which is most useful. It has been seen In Chapter IV that 

the size distribution of drops from breaking bubbles Is 

remarkably Invariant with respect to both solution and 

bubble parameters, so that the volume-average diameter 
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obtained In this calibration Is representative of the 

experimental data. The Instrument has been calibrated In 

the same manner In which It Is used, which Is a guarantee 

against systematic errors. 

The efficiency curves of Figure 5.10 were taken from 

the data of Ranz & Wong (1952) and Mitchell & Pilcher 

(1959), and It Is hoped that they are representative of this 

Impactor. The "nominal” dv values at the top of the graph 

are obtained by averaging the results of all collections, 

basing the calculations upon the design values of dJO . The 

"found" values of dv are those obtained from the 

calibration. While the agreement between the nominal and 

found values is not exceptional, the uncertainties are such 

that one does not know whether to believe the calibration or 

the design. The design values have been used throughout 

this work because of the convenience of the power“of*two 

series, and the results show no obvious bias from this 

treatment. The calibration Is taken as a reassurance that 

no gross errors of design or construction were committed. 
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Figure 5.10. Assumed collection efficiency of the aerosol 
Impactor. The shaded area represents the material collected 
on the 2-/J stage. Three dv values found by calibration are 
shown at the top of the graph. 
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A CONTINUOUS STILL FOR HIGH PURITY WATER 

A number of writers (Kitchener 1958, Schenkel A 

Kitchener 1958, Franks 1961) have stressed the special 

precautions necessary for work with surface phenomena, and 

of these none are more fundamental than purity of the 

solvent. With such warnings In mind, a 1 II ter/hr still was 

built following the designs of Ballentlne (1954) and Franks 

(1961). 

DESIGN 

Tap water Is run into a constant-head device (where a 

portion Is wasted) and thence through the cooling jacket of 

the condenser. Flow control, which Is critical, is achieved 

both by changing the pressure head and by a capillary 

constriction in the tubulatlon. These are adjusted until 

the coolant leaving the condenser Is at 90°C. 

This preheated water flows Into a second constant-head 

device, and thence through a solenoid valve Into the first 

distillation stage. Since internal pressure at the first 

stage may be 50 cm of water, the first stage pressure head 

is set at 100 cm. The first stage is a 4-liter reaction 

kettle, heated by a 1-kw Vycor Immersion heater, and 
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equipped with conductImetrlc level controls which shut off 

either the solenoid valve or the heater as appropriate. 

Alkaline permanganate Is continuously added to the feed 

to oxidize organic material. The first stage water reaches 

a steady-state concentration of permanganate and the MnO, 

reaction product, since approximately one third of the Input 

ater Is drained off by a siphon. 

(A word of warning about the alkaline permanganate 

oxidation: the oxidation of Iodide to Iodine Is rapid; of 

Iodine to iodate, slow. This can result in Iodide In the 

feed being converted into iodine, escaping into the vapor 

phase, and redlssolvlng in the product.) 

The second stage Is a 1-11 ter flask of 50% phosphoric 

acid, which Is itself non-volatile and will trap volatile 

baste substances which may have escaped from the first 

stage. Steam is introduced below the surface, and since the 

acid mixture has a concentration-dependent boiling point, 

the level Is controlled by a thermostatic switch (which, 

being encased In Teflon, Is also an efficient "boiling 

chip"). Below 106°C (high water) the first stage heater Is 

shut off; above 120°C (low water), the second stage. 

Following the second stage is a 5-foot Vlgreux column 

which serves more as a spray trap than as a reflux column. 

Separating this column from the condenser is a short 

inclined section maintained at 150°C to act as a film 

breaker. Preventing the existence of a continuous liquid 

film between Input and output is as removing all liquid 



drops entrained In the vapor phase. 

The condenser Is a straight quartz tube/ 8 mm X 80 cm. 

At Its output end Is a water-trapped vent for uncondensed 

steam/ and a Soxhlet head which collects the product and 

directs It either into a system which measures both 

conductivity and surface tension/ or, if the product meets 

these tests. Into a Vycor receiver. 

The entire system Is flushed by filtered nitrogen/ 

Insuring a product free of CO*and/ more Importantly/ keeping 

out atmospheric dust when the system Is shut down. If air 

is admitted/ sufficient surface active material enters on 

dust motes to contaminate the system for several days. 

The surest test of cleanliness Is the presence of a 

smooth meniscus above the water level in the receiver. 

Contamination Is revealed by an unwettable zone whose 

position appears to be a compromise between a hydrophob!city 

which drives It to the Vycor/ and the periodic washing from 

the walls as the Soxhlet empties. Only when this zone is 

absent can the surface tension be expected to rise to the 

desired value (71.8 dynes/cm at 25°C). 

RESULTS 

It required several weeks of "steaming out" before the 

glass had leached sufficiently for the conductivity monitor 

to come on scale at 10 ^jmhos/cm. After 2 years' operation/ 

and if the product Is collected at 90°C/ the conductivity is 

consistently below 0.10 ¿imhos/cm ( > 10 megohm-cm). (The 
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theoretical limit for pure water Is 0.055 jjmhos/cm.) 

This still will sat Isfactor 11 y remove Ions, organic 

material, and particulate material present In the feed. 

However, enough colloidal silica sloughs off of the walls to 

be visible In the receiver as a grey fog by the forward 

scattered light of a microscope Illuminator. No way Is 

known of preventing this sloughing, but If necessary the 

particles can be removed by filtration. 

When 300 /j-curles of Na-22 were put In the first stage, 

and a liter of product collected and evaporated, no activity 

above background was observed. Such sodium (and presumably 

other metals) as are found in the product are leached from 

the glassware, for which there Is no recourse but 

replacement by quartz. 
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CHAPTER VI 

FLOW PATTERNS AROUND RISING BUBBLES 

I have remarked that people working with 
computing machines frequently rediscover 
old mathematics* 

Gilbert King 
Comp. Sem, Proc. 1949 
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INTRODUCTION 

The rise of a bubble through a liquid can produce 

appreciable concentration gradients by virtue of the 

shearing motion of the liquid. Appreciable electric 

potentials can also arise from greater adsorption of an Ion 

with a high diffusion coefficient under the non-equilibrium 

conditions of the moving bubble. Thus a separation of 

charge and a fractionation of Ions nay occur at the bubble 

surface, giving rise to electric fields which are not due to 

equilibrium double layer formation, and to surface 

concentrations other than those expected from thermodynamic 

equilibrium, caused entirely by differences In the diffusion 

coefficient (Haydon 1964). 

For Reynolds nun.uers much larger than 1, the problem Is 

very complex and has not been solved. This Investigation 

was undertaken mainly In order to find the flow pattern 

surrounding the bubble. From this pattern, the diffusion of 

various Ions to the surface can be obtained, as can the rate 

at which the slower Ions are swept past the bubble surface. 

It Is conceivable that a numerical solution to these 

problems can be obtained up to a Reynolds number (Re) of 200 

(the point at which a bubble visibly loses Its sphericity) 

by the methods employed herein. Such calculations should 

cover both fluid and solid Interfaces, and In particular 
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should be valid through the Important transition region from 

liquid to solid, as a motion-preventing monolayer Is 

accumulated. 

This work represents the first stage of such a program, 

covering the range 5*Re«100 for a solid Interface, and 

giving a detailed description of the near-surface flow. 

A more ambitious attempt would Include the effects of 

the presumed variation of viscosity near the surface 

(Lyklema & Overbeek 1961), but neither experiment nor theory 

can furnish much of a guide at this time. 

THE HARD SPHERE AS A MODEL OF AN OCEAN BUBBLE 

To ask about the mechanisms whereby bubbles collect, 

alter, and transport material from ocean to atmosphere 

Involves one Immediately In the egg-or-chIcken question: 

Which came first, the bubble surface or the bubble? To grow 

bubbles on a capillary tip is one thing; to form them by 

enveloping air In a breaking wave Is something quite 

different, and the answers obtained depend on the model 

used. 

In the first case, the Interface is "new", and not in 

equilibrium with the liquid phase. Neither of these 

conditions obtains In the second case. A "new" Interface Is 

fluid and free to flow. This Influences both the 

hydrodynamics of Its movement and the diffusion to Its 

surface. An "old" Interface, already bearing surface-active 

material, will behave like a solid sphere. In short, the 

i if. . 
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"new" bubble will rise approximately 1.5 times as fast as 

the "old" bubble (Lamb, Sec 337). Thus one must postulate 

which sort of bubble is to be examined, and justify this 

choice, before asking further questions of the model. 

In the purest water which the author succeeded in 

making. It was noted that bubbles newly formed at a 

capillary tip rose at terminal velocity for about 15 cm, and 

then abruptly decelerated to a second terminal velocity. 

This can only indicate a rapid transition from free 

interface to solid interface, and must arise from the 

accretion of surfactant material onto the bubble surface 

(this is discussed in detail by Levich, Sec. 83). Though 

the water was "pure", it was in contact with Lucite and in 

diffusion contact with Cambridge air (although shielded from 

direct fallout). Evidently there is sufficient soluble 

plasticizer In Lucite, or sufficient rubber, chocolate, or 

soap In the Cambridge atmosphere to contaminate a liter of 

water rather quickly. 

If "clean" water, under favorable conditions, causes 

bubbles to behave like sol.d spheres within a few 

centimeters, then it is probably safe to assume that anv 

bubble formed In the ocean, regardless of the mechanism, 

will behave like a solid sphere from the outset. Having 

chosen this model, we have answered an important part of the 

question, "How does a bubble collect m?¿erial from the sea?" 

We are restricted to asking, "What secondary material can a 

bubble be expected to accumulate?" E.g.: in considering the 
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organic matter-phosphate Ion relationship, we have started 

by assuming that the bubble is covered with organic 

material, and are faced with determining whether the 

phosphate accompanied the organic at this point, or whether 

the phosphate is swept out of solution as the bubble rises. 

METHOD OF ATTACK 

The hydrodynamics of greatest interest in this 

connection occur Immediately next to the bubble surface. 

Although there is a known corpus of boundary layer theory 

which deals with near-surface phenomena, it is not 

applicable at the low Re numbers considered here. 

Instead, the full, non-linear, steady-state 

Navler-Stokes equation is solved over a sufficiently large 

radius surrounding the bubble to reach a region of potential 

flow in which the solution is known and analytic, 

interpolation will then give answers near the surface which 

depend only upon the accuracy with which the difference 

equation represents the differential equation. These 

answers wM1 bridge the gap between boundary layer theory at 

the high end of the Re range and viscous flow at the low 

end. 

APPROXIMATING THE NAVIER-STOKES EQUATION 

To extend the known region from Re*40 to Re-100, we 

begin by writing N-S In polar coordinates, and splitting it 

s 
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Into two simultaneous differential equations in the stream 

function y and the vorticlty «o . It is reduced to 

dimensionless form by 

r = r'/a, ’f-V/Ua , a^w'a/U, Re = 2Ua/v 

where a is the sphere radlus/ U the free stream 

velocity/ and v the kinematic viscosity. Jenson (1958) 

credits Southwell (Relaxation Methods) with observing that 

this equation is not adequately approximated by a polynomial 

in r, and suggested the substitution r=e* and a numerical 

solution in uniform increments of 2. The resulting 

differential equations are (see Shafrir & Nelburger 1964) 

Ezf = ea* X 

lxt * Re ezsin0 [(òf/òz) (0/09)-(dI / 00) (ò/òz jj *( 2ea‘s l na 0)"' 

wherein 

E* = (ò4/òz*)-(ò/òz) + sln0(d/ò0) [( sin0)"' (Ò/Ô0)) 

and 

1 = 6^e*sin0 

The fourth order difference equations used to 

approximate these differential equations make use of the 

grid point pattern of Figure 6.1/ in which the points are 

labeled with their corresponding subscripts. Expanding th<_ 

differentials and collecting terms/ we obtain 

mwr ’çv- 
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V' ■ [ c.t, *c_. r. *c,v. *ctt ti, 

♦c.,. %1% *C.t T.t f,, -X e‘*J /C„ 

*. * Í ^ t *^0^0 *Qzt tut 

♦O-,. *0., <t ♦Qxïa »Oja 1,. ]/Q„ 

The coefficients C and Q are given by 

C±*x • U6z-1)/126z* 

(9) * Ucote 60 -1)/12601 

C±z - (4*26z)/36z4 

C±fi (0) - (4±2cot0 60)/3604 

C0 - 5(1/604 ♦ l/6z‘)/2 

where 6z* Is written for (6z)2. Writing 

S » Re/2eisln0 

V¡<e,z) - (8(^ -V.A )-(%,, -Hi*, ) )/126x 

we have further 

" C±2x 

(0/Z) * Ct.2fi 

Q*z (0/Z) * Ci* 

(8/Z) * C±f 

Q# (0/Z) - Ce 

» Sf¿ /126z 

^ /1260 

t 3SV^ /46z 

± SSH'x /460 

♦ $(4»; - cote H^x ) 

THE COMPLETE SOLUTION 

Certain questions about details of the full solution 

have not been satisfactorily resolved at the time of 

writing. In particular/ the vortlclty boundary conditions 

In the wake/ which are not known from theory/ affect the 

computed drag coefficients. It Is hoped that a boundary 

tt,* r 



The coordinate system employed. Figure 6.1. 
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condition algorithm can be developed which will give results 

in accord with experiment (the present method is not 

adequate above Re=40), and It would be premature to present 

the best solution obtained to date. However, there are some 

features of the results which are not likely to change 

qualitatively, and which are not obvious from published 

work. These are: (1) The pressure distribution in the wake 

appears to be independent of Re above Re=20. (2) The 

velocity distribution at the equator has an upper envelope 

(outside of the velocity maximum which marks the edge of the 

incipient boundary layer). This envelope is approached soon 

after the velocity maximum, and the point of contact moves 

in toward the sphere as Re increases. 

Furthermore, the details of flow next to the surface do 

not seem to be greatly affected by the vorticlty boundary 

condition. These will be given, somewhat tentatively, in 

the e oectation that the values will not change by more than 

10¾. 

INTERPOLATION TOWARD THE SURFACE 

The f grid must be interpolated near the surface to 

obtain the streamlines, which are contours of equal This 

is done by beginning with the viscous flow equation, from 

which we obtain 

? * ra -3r/2**-l/2r 

to within a constant multiplier at any given angle. 
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Near the surface we can set r-l«-e, and find that first 

order terms vanlsh/ leaving 

y . 3ef/2 

Now, earlier in the solution we set r*ex, from which fact we 

can identify 6 with z. To a first approximation f^Az*, and 

for interpolation we employ 

f = Azx+Bz4 

and fit the polynomial through the points closest to the 

surface. 

This procedure is followed for every B for which there 

are points, and also for an additional cut which begins at 

the front stagnation point and goes at 45° through the 

points (r,0) ■ (1,1) and (2,2) in order to pick up an early 

value near the axis. Figure 6.2 diagrams the interpolation 

scheme, and is Interpreted thus: f - f(z) is fitted through 

the origin, ^(2) and f(3), and then inverted to give z*z(‘fO. 

z¡ m Zj (t¿) is then solved for a family of ^ 's near the 

surface. This process provides the z coordinate for each ^ 

at each value of 0, through which a streamline may be drawn. 

The absolute velocity V along the stream lines 

(available from the earlier solution and at the same grid 

points) is approximated just as is f, so that 

V(z) * A'z^B'z4 

which Is solved for the family V¡ * V(z¡). 

From the computed distance between points along the 

stream line and the interpolated velocity, a dimensionless 

transit time t Is obtained. The relation between t and the 
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Figure 6.2. Near-surface interpolation scheme. Enter the 
Y field at Y, to obtain a z¡; enter the V field at z, to 
find V] . 
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real time t1 Is 

t* • ta/U 

RESULTS! NEAR-SURFACE FLOW AND TRANSIT TIME 

The stream lines and the transit time are shown In 

Fleure 6.3. The bar below the curves Is the distance 

traveled In a scale time of 10a, In the region of closest 

approach to the sphere* Flow Is much more rapid forward and 

aft of this region, where the path Is farther from the 

sphere surface* 

Only a single stream line is shown for each Re number. 

However, If the exponent of ? Is taken as n, the approximate 

values of the exponents of z and t become, respectively, 

(n-l)/2 and (-n-2), at the point of closest approach to the 

surface. In this manner, Figure 6.3 represents, with 

sufficient accuracy for present purposes, the answers 

obtained over the range 3«n*8. (Closer to the surface, 

computational noise sets a limit upon the Interpolation; 

farther away, tha approximating equation Is Inadequate.) 

This range may be confidently extended Inwards to the sphere 

surface. 

The diagram Is misleading In that the separation 

between the wake and the stagnation region Is not the 

Impermeable barrier It appears to be In Figure 6.3. There 

Is undoubtedly eddy diffusion across this zero-velocity 

surface, and a time-dependent solution would show that the 

surface Itself Is not Immobile. 
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Figure 6.3 Is plotted In log r and 0, but in Cartesian 

coordinates/ so that the right edge Is the front axis of the 

sphere/ the left edge the rear axis/ and the surface of the 

sphere is toward the bottom of the graph. Thus/ the 

distance from a streamline to the surface Is given directly 

by the ordinate. 

CONCLUSIONS 

The near-surface flow details of Figure 6.3 give 

streamlines and transit times which are within the region cf 

molecular diffusion to the surface. They form a basis for 

examining the collection of material by bubbles In a region 

of Re numbers which cannot be approximated by either viscous 

flow equations or by boundary layer theory. 

As an aid In Interpreting these curves/ It can be shown 

that the dimensionless radius R of the tube far In front of 

the sphere/ which opens up to become a streamline V, Is 

R » 

Thus/ If molecular diffusion (not particulate 

impaction) is the mechanism by which material reaches the 

surface, the tube swept clean by the bubble is very much 

smaller than the bubble itself. Bubbles would appear to be 

much better scavengers of small particulate matter/ than 

they are of dissolved ions. 

\ y 
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Figure 6.3. Near-surface strean lines and transit tines 
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APPENDIX A 

PARTICLE DIAMETERS FROM Na-COUNTS 

The volume-average diameter Dv and the surface-average 

diameter 5« are obtained from the volume (Na-count) curve. 

The assumptions Involved are (1) each Impactor stage 

collects diameters over a range from a to end (2) In 

this range, a linear approximation Is an adequate 

representation of the volume distribution curve. (Some 

attempt to follow the sudden valley In the volume curve Is 

necessary, but the data do not warrant a better 

approximation than linearization In this way.) 

V and S, the average volume and diameter of a particle 

on a given stage, are then given by 

a 

where w Is the weighting function and W Its Integral. 

From the second assumption 

w(x) ■ Vo ♦ v'x 

where V# ■ V(a)-v'a and v* ■ (V(2a)-V(a))/a. Hence the 

denominator Is just the simple average, and 
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which 

and 

aW J. 
X» 

w(x)dx (V(2a)+V(a))/2 

leads to 

d; l ■ ^ J(V#4v'x)x3dx ■ a3 [26V(a)449V(2a)J/20W 

J(v*4v'x)x dx " ^ fllV(a)^17V(2a)]/12W 
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APPENDIX B 

THE DATA-PROCESSING PROGRAM EMPLOYED 

The main program consists of two lines of MAD, and does 

nothing but call INPUT6, which must be a subroutine because 

of Its additional entry point PANIC. PANIC is a return from 

a rewritten floating point trap (FPT) which allows a dump at 

the point of failure instead of an EXIT. 

"INSERT FILE" is an MIT CTSS addition to MAD, and allows 

the logical insertion of the 850-card FUZZ file (Appendix C) 

at this point. 

INPUT6 reads data cards, computes elapsed time, 

corrects for source-to-wlndow distance errors, gets the 

variance of the counts of each sample, subtracts background, 

and calls FRAC6. 

FRAC6 solves a pair of simultaneous equations to 

separate two isotopes, computes numerous ancillary 

relations, and above all, obtains the variance of each of 

its answers. 

The programs have been in continuous development and 

have not been cleaned up for publication. They harbor minor 

bugs, and compute many numbers which are no longer germane. 
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APPENDIX B.l (Added in proof) TABULATION OF EXPERIMENTAL DATA 

I 

*1 

A 
)2 
U 
• 
4 

1 

* 

A 

)2 
It 
I 
4 

A 
)2 
It 
• 
4 
2 
1 
k 

todlia 
cpa ■ 

nr* 1.4 
) .2 

Fhotphat«, 
cpa F 

!■(••• 
Fhoaphatt 
cp« ft 

1 
X 

1C 

i 

)l 

Î 
.) 
.) 
.2 

:! 

4421 
5747 

11119 
M/1 

ÍK 
17U 

45.3 
43.9 
55.2 
74.4 
42 9 
24.9 
10.• 
24.4 

4)59.01 
5752 2 

11101.7 
M24.0 
)004.3 
904.4 

1540.) 

44.2 
5)4 
74.0 
43.2 
25.) 
12.1 
24.7 

Fractlo«acion 
F 

B 10 

l.OOO» .017 
70.107" 3.497 

302.705 171.731 
420.150 10).312 
133.49) 20.40) 
17.212 .414 
10.007 .312 
9.000 .2)4 

Volu» 
colloctad, 

»« V 

34)44 1 23.9 

)171 3.1 
42 1.4 
27 1.2 
31 2.2 

419 12.0 
749 29.4 
04 2.0 
32 1.1 

44011 34.4 
4707 7).4 4097 .O* 77.4 
5012 M.2 3421.7 71.7 

11)14 124.0 10540.9 129.0 
4)0)7 709.1 37734.0 740.0 

157443 1424.0 144390.3 1M2.2 
9441 144.2 0)94.2 140.4 
5400 13).1 4444.5 154.7 

1424 )1.2 240177 1793.2 

A 

)2 
14 
• 
4 
2 
1 
H 

A 
32 
14 

0 
4 
2 
1 
5 

2141 2.4 
13) 1.4 
140 

04 
1)4 
130 

4 
0 

1.7 
.9 

1.0 
1.2 

.4 

.2 

140 
04 

1)4 
130 

4 
0 

41 
47 
92 

106 
41 
)4 

29251 
2)00 
2220 
1205 
2193 
2044 
1)4 
133 

23.0 
42.7 
43.4 
23.1 
19.4 
29.) 
9.5 
4.1 

0<a 499 2.9 10343 74 3 

21)1 2.4 
133 1.4 

1.7 
.9 

1.0 
1.2 

.4 

.2 

1941 2.2 
11) 1.3 

1.4 
4.4 
1.0 
3.4 
1.4 
2.4 

2923^ 
2500 
2220 
1205 
2193 
2044 
1)4 
1)3 

2*).0 
42.7 
45.4 
2. . 1 
19 4 
29.) 
9.3 
4.1 

2.9 1034) 74.3 

2)541 
1200 

700 
321 

1020 
121) 
470 
47) 

30.0 
60.6 
40.) 
50.1 
50.9 
20.9 
21.0 
33.0 

53.9)5 

» 11 
1.000* 

11.002" 
14.07) 
13.14) 
10.499 
14.403 
7.744 
7.160 

12.370 

477.4* 
34.3 
62.6 

332.1 
22.3 
49.7 
51.) 

477.4* 
34.5 
42.6 

332.1 
22.3 
49.7 
31.3 

-120.0» 
- 43.2 
- 50.4 
-102.2 
- 67.4 
- 33.2 

0.7 

55.9 
60.5 
30.8 
36.0 
44.9 
11.2 
6.9 

76.3 
47.3 
73.8 
56.9 
53.2 
20.8 
46.7 

1.402 

.028 
.451 
.7)8 
.7)0 
.304 
.642 
.27) 
.293 

.302 

12 

l.OOO» 
1.226" 
1.016 
1.055 
1.179 
1.011 
1.373 
1.496 

1.100 

Aun 13 
l.OOO» 

53.9 1.226" 
60.3 1.016 
30.0 1.033 
34.0 1.179 
44.9 1.011 
11.2 1.375 
6.9 1.496 

1.100 
Aun 14 

5400 116.6 

l.OOO* 
.914" 
.942 
.912 
.909 
.94 7 
.934 

1.019 

.93) 

.021 

.029 

.028 

.028 

.022 

.022 

.154 

.075 

.021 

.029 

.028 

.028 

.022 

.022 

.154 

.075 

.028 

.054 

.063 

.123 

.050 

.040 

.055 

.101 

25.000* 
.177" 
.06) 
.075 
.189 
.802 
.460 
.7)2 

.168 

.014 

.028 

.022 

.025 

.016 

.02) 

.012 

2.498 .03) 

25.000* 
2.209 
2.123 
4.060 

33.040 
59.081 
4.76) 
4.094 

.368 

.083 

.099 

.186 
1.082 
2.448 

.193 

.110 

111.369 2.695 

25.000» 
12.023 
18.684 
9.768 

15.904 
17.463 

.7)9 

25.000* 
12.025 
18.684 
9.768 

15.904 
17.465 

.739 

.884 

73.469 

25.000* 
9.912 
7.885 
6.066 

11.912 
13.610 
5.340 
4.929 

59.6)3 

.428 

.180 

.304 

.135 

.224 

.252 

.050 

.027 

.313 

.428 

.180 

.304 

.15) 

.224 

.2)2 

.050 

.027 

.405 

.174 

.2)0 

.566 

.188 

.471 

.190 

.308 

r of Fartlclaa 
N 

) 061 09*1.011 03 
6 891 0)~).081 0) 
7.60t 04 9.39E 04 
1.7)1 06 1.21K 06 
6.301 07 1.0)1 07 
2.171 08 2 411 07 
4.401 09 4.371 08 

3.821 04*6.191 03 
2.621 0) 3.931 04 
4.471 06 8.701 0) 
3.461 08 7.101 07 
2.771 09 6.871 08 
2.771 09 3.471 08 
2.1)1 10 1.86C 09 

2.081 05*1.341 04 
2.491 06~1.581 05 
8.861 06 4.421 0) 
1.371 06 7.881 06 
1.1)1 09 3.721 07 
2.941 08 2.401 07 
3.081 09 8.071 08 

2 081 05*1.341 04 
2.491 06~1.581 05 
8.861 06 4.421 03 
1.371 08 7.881 06 
1.131 09 5.721 07 
2941 08 2401 07 
3.081 09 8.071 08 

1.721 05*1.291 04 
9 471 03 7.711 04 
5.801 06 1.371 06 
1.051 08 1.611 07 
8.841 08 9.691 07 
2.401 09 2.331 08 
2721 10 5.001 09 

A 
32 
16 

8 
4 
2 
1 

134* 1.6 
)f4 3.8 
114 

23 
1)2 
324 

76 
87 

140 

1.1 
.3 

1.7 
3.0 

.9 
1.0 
1.9 

2243* 
10772 

2832 
424 

)8)1 
8803 
183) 
1996 
2283 

37.8 
142.4 
48.8 
21.2 
63.7 

115.) 
23.6 
28.0 
39.9 

4961.7* 191.2 
1193.1 
262.3 

1442.2 
4083.4 

7)8.1 
7)0.9 

61.1 
23.7 
81.1 

154.6 
36.1 
40.4 

lu« 176 3.3 30753 204.8 

l.OOO* 
1.834" 
1.719 
1.726 
1.743 
1.865 
1.662 
1.578 
.982 

1.794 

.028 

.048 

.048 

.077 

.049 

.047 

.044 

.042 

.028 

.0)8 

25.000* 
43.174 
18.492 
4.027 

24.620 
52.623 
12.427 
14.105 
25.925 

.363 

.608 

.266 

.094 

.373 

.726 

.192 

.221 

.402 

7.471 05*4.5)1 04 
2.031 06~8.86E 04 
3.351 06 1.671 03 
2.311 08 2.281 07 
3.771 09 2.311 08 
5.321 09 2.291 08 
8.041 10 4.491 09 

169.4 6 7 1.09 6 

A 
32 
14 

1 

A 
32 
14 

1 

A 

134* 1.6 
399 3.8 
114 

23 
132 
324 

76 
87 

140 

1.1 
.3 

1.7 
3.0 

.9 
1.0 
1.9 

13)1 
37 

3 
5 

20 
82 
24 
27 

1)6 

1.1 
.4 
.2 

2.3 
3.2 
1.0 
1.0 
4.4 

2243* 
10772 

2852 
624 

3851 
8805 
183) 
1996 
228) 

37.8 
142.4 
48.8 
21.2 
63.7 

115.5 
23.6 
28.0 
39.9 

2273* 122.1 
?» 33.9 
182 
154 
319 

1451 
4)0 
470 

2213 

22.3 
12.9 
38.2 
63.6 
24.7 
41.4 

103.8 

4961.2* 191.2 
1193.1 61.1 

176 3.3 30733 204.8 

262.3 
1442.2 
4083.4 

758.1 
730.9 

167.9* 
103.1 
86.6 
23.5 

233.) 
66.9 
72.) 

23.7 
81.1 

154.6 
36.1 
40.4 

49.9 
23.5 
14.0 
54.) 

109.6 
34.4 
50.1 

3720 99.) 

Aun 16 

1 .000* 

4.854" 
1.719 
1.726 
1.743 
1.865 
1.662 
1.378 

.982 

1.794 

Aun 17 

1.000* 
1.308" 
2.306 
2.276 
1.080 
1.194 
1.184 
1.182 

.938 

1.233 

.028 

.048 

.048 

.077 

.049 

.047 

.044 

.042 

.028 

.085 

.108 

.336 

.260 

.191 

.102 

.110 

.13) 

.078 

25.000* 
43.174" 
18.492 
4.027 

24.620 
32.623 
12.427 
14.103 
25.92) 

.36) 

.60» 

.266 

. 094 

.373 

.726 

.192 

.221 

.402 

.038 IM.467 1.096 

25.000* 
3.998" 

868 
.746 

3.2)2 
13.368 
3.993 
4.)76 

23.4)3 

.975 

.161 

.066 

.042 

.387 

.646 

.201 

.200 

.999 

30.602 .824 

1)31 4.2 
10 .3 

3 
6 

11 
63 
24 
32 

.) 

.) 

.3 
1.9 
.7 
.9 

13) 2.4 

1421 3.3 
1)0 3.5 
11) 

34 
138 
138 

33 
34 

2.9 
1.3 
3.7 
4.0 
1.3 
3.2 

22731 122.0 
149 )).8 

79 
33 

135 
9)3 
338 
426 

14.1 
20.7 
11.8 
38.1 
16.1 
61.1 

2944 
1137 
3427 
4252 
973 
943 

443 8.0 17491 262.9 

- 6.4* 
4.9" 

-32.) 
-31.5 
- 3.7 
-24.3 
-42.4 

2135 96.6 

12971 46.8 
3794 1)1.4 

33.9 
17.3 
21.) 
16.9 
86.7 
29.1 
68.7 

110.0 
)8.0 

119.8 
144.4 
36.6 
33.8 

2426.0* 148.0 
1915.• 122.1 
824.4 

2163.4 
2805.5 
633.9 
634.1 

41.9 
134.2 
163.6 
40.8 
44.8 

1.000* 
.959" 

1.066 
.618 
.811 
.996 
.933 
.909 

.940 

Aun 19 

1.000* 
2.771" 
2.828 
3.66) 
2.713 
2.939 
3.067 
3.075 

.085 

.2)0 

.2)6 

.247 

.092 

.090 

.077 

.144 

.062 

.168 

.178 

.243 

.168 

.180 

.210 

.344 

25.000* 
1.141" 

.816 

.9)6 
1.836 

10.546 
3.980 
5.133 

.974 

.064 

.036 

.045 

.090 

.426 

.159 

.206 

24.407 .)16 

25.000* 
17.608" 
20.202 
5.979 

24.353 
27.898 
6.116 
3.909 

.871 

.397 

.718 

.266 

.886 

.986 

.272 

.388 

í.m .Ul 101.0]] 1.7*7 

7.471 0y»4.]]t 04 
2.0)1 0« s.att 04 
).)51 0» 1.671 0) 
2.511 0» 2.28t 07 
5.77t 0* 2.51t 08 
5•)7t 08 2.28t 0# 
8.04t 10 4 .48t 08 

6.821 04*1.20t 04 
8.01t 04 1.541 04 
2.2)1 05 1.571 05 
3.20t 07 2.0*t 07 
1.051 08 2.82t 08 
1.74t 08 2.58t 08 
2.481 10 4.15t 08 

1.871 0444.7)1 0) 
8.66t 04 1.851 04 
8.511 05 1.861 05 
1.62t 07 3)81 06 
t.)*t 08 2.0)1 06 
1.78t 08 2.18t 08 
).00t 10 4.461 08 

3.051 0544.44( 04 
2.571 0*~5.2)t 05 
5.10« 06 5.64t 0) 
2.)81 0« 4.68t 07 

Î ÎÜ 2! 1 °* 2.60t 08 2.8)1 0« 
3 281 10 8.)21 08 

Ç2 
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S«apl« todita 
cpm n 

Phoaphat«, 
cp« f 

U2t 1.« 
12 .4 

.5 

.3 

.4 
6 

.4 

7Jtl 
2242 
1045 
»•1 
15H 
• 50 

48 
44 

880 

1221 4.1 
347 14.4 
323 10.5 
114 3.7 
42 1 24.7 

1471 33.4 
Ml 3.4 

71 2.4 
121 4.0 

1042t 33.1 
74131 3404.4 
34441 1480.0 
13140 703.4 
44170 4371.1 

143281 4543 9 
32745 1541 I 
18831 871.3 

878 48.4 

Bacaaa 
Phoaph^* 

Fractionation 

14.1 
32.7 
13.4 
48.8 
24.1 
18.0 
11.2 

9 3 
18.9 

2213.8t 
1040.1 
3377.1 
1324.7 
842.3 
43.7 
88 4 

328 
13.7 
48 9 
24.2 
18.3 
11 6 
9.9 

9533 81.3 

un 20 

l.OOO* 
34.414" 

231 .941 
883 294 
343.4ÔU 
111.124 
22.588 
13.249 
1.171 

.030 
1 411 

K4.411 
Í87.220 
281209 
47.348 
13.714 
4.177 

.038 

44237.4t342 2 
33783.7 1440.3 
14139.7 708.1 
91391.4 4401.4 

124334.7 4443.4 
31301.9 1544.4 
18210.7 872.7 

47.395 8.202 

a 21 
1.000t *088 

13.042” 1.284 
13.712 1.149 
13.437 1.403 
13.084 1.045 
10.427 .872 
21.969 1.861 
29.434 2.474 

.844 .077 

Volta» 
cojlaccad. 

23.000t .383 
1.430 .088 

.132 

.134 

.129 

.252 

.143 

.2M 
24.747 

2.494 

.044 

.089 

.042 

.107 

.098 

.108 

.370 

.230 

3891 (3.9 4198 29 9 1 39.4 13.118 .840 

25.000* 1.141 
78 374 3.345 
63.751 2.924 
23.327 1.337 

181.794 8.294 
329.440 15.033 
33.809 1.646 
13.353 .707 
24.310 1.110 

728.451 17.928 

r of Parrlclaa 
8 

2.51E 04*3.021 03 
1.521 04"l.03t 04 
1.30t 05 2.83t 05 
1.021 04 2.43t 04 
1.78t 07 3 581 07 
6.73t 07 1.14t 08 
1.441 09 2.41t 09 

1.34t 06t2.47t 05 
7.481 06 1.14t 04 
2.031 07 3.081 04 
1.891 09 3.37t 08 
2 30t 10 4.37t 04 
I 441 10 2.041 04 
7.441 10 1.07t 10 

A 

32 
14 

8 
4 

2 
1 

44 
32 
16 

8 
4 

2 
1 

½ 

138t 2.1 
13 

1 
1 
1 
3 
2 
3 

.9 

.3 

.3 

.4 

.3 

.4 

.1 
143 1.9 

23 1.7 

1321 8-3 
0 .2 

-0 
0 
4 

15 
3 
5 

17 

.1 

.8 

.3 

.3 

.3 

.2 

.6 

756* 
1038" 
444 
847 
383 
382 
162 
250 
577 

24.8 
23.4 
12.2 
22.4 
14.4 
12.8 
12.3 
17.1 
22.9 

3344 44.9 

3348t 147 
28 

2 
7 

180 
590 

138 
183 
582 

437.7* 
494.3 
840.1 
378.1 
367.7 
133.2 
233.8 

* 24 

10.4 68 

6.4 
9.4 

24.6 

— 3 
200.8 
49.6 
58.2 

127.0 

...1 
12.3 

17.0* 
0. 

22.6 
14.7 
13.1 
12.8 
17.6 

6.9 
0. 

13.3 
14.9 
33.0 
11.0 
12.5 
38.2 

1 .OOO* 
12.928" 

102.890 
115.013 
53.994 
26 281 
18.179 
15.435 

.740 

.058 

.474 
38.033 
42.937 
23.315 
3.240 
6.897 
4.034 

.043 

23.387 1.941 

a 27 

1 000» 
2.583" 
0. 

.904 
1.613 
1.316 
1.544 
1.439 
1.279 

.073 
1.298 
0. 
1.899 

.180 

.115 

.174 

.121 

.048 

23.000* .528 
1.771” .108 

.141 

.244 

.218 

.441 

.295 

.118 
25.404 

3.724 

.090 

.090 

.102 
043 

.104 

.134 

.520 

.277 

23.000* 1.161 
.831’ .024 
.000 
.032 
.785 

2.743 
.620 
.894 

3.207 

.003 

.104 

.048 

.126 

.037 

.045 

.137 

3.071 04*6.031 03 
I • 59t 04"4.41t 03 
2.54t 05 4.14t 05 
1.87t 06 7.44t 06 
3.42t 07 3.44t 07 
1.40t 04 1.271 08 
3.24t 04 3.66t 04 

5259 152.9 1.110 .073 6.332 1.186 

A 
32 
16 

8 
4 

2 

A 

32 
16 

8 
4 
2 

A 

32 
18 
8 
4 
2 
1 
t 

174+ 3.0 
2432’29.0 
1344 24.1 
1118 17.9 
3163 41.7 

740 12.8 
161 3.8 
143 7.9 

3831+ 132.0 
72437 820.3 

3 
5 

21 
22 

8 
13 
77 

•21 • 
1 
I 
1 
1 
0 
1 

77 

10t 
20 
33 
17 

3 
1 
1 
0 

103 

2.3 
.7 
.6 
.5 
.2 
.4 
.4 
.4 

1.7 

73 1.3 

102+ 6.9 
24 1.7 
72 
73 
19 
2 
1 
1 

4.7 
3.3 
1.9 

.3 

.3 

.3 

97+ 2.8 
4 .0 

(.08) .4 
•1 .3 

.4 

.6 

.6 

.3 

45103 
32795 
94402 
22363 

3149 
6794 

617.3 
479.8 
923.4 
462.1 
174.6 
183.9 

9390 61.0 279283 1340.2 

73+ 6.3 
3 .3 

6 
.9 

1.8 
2.1 
1.1 
2.0 
8.3 

3844t 453.8 
237 33.8 
288 
438 

2079 
2296 
•69 

1371 
3780 

34.3 
34.0 

241.7 
267.1 
101.9 
168.6 
448.5 

5308 
4043 
1561 
•40 
24 7 
225 

2191 

77.3 
36.7 
33.3 
21.9 
2.6 
9.7 

30.3 

12 1.0 31946 471.4 

700 
1263 

701 
148 

27 
8 

13 
1613 

22.0 
31.8 
24.8 
3.8 
4.4 
3.3 
3.0 

41.4 

2639 48.7 

16131 131.7 
4011 363.3 

11144 1017.3 
20933 1906.9 
13399 1233.6 

1317 139.2 
113 10.6 
103 10.6 

31443 2320.2 

1600* 
620 
904 
923 
•62 
339 
98 
70 

79.7 
30.9 
47.0 
36.0 
35.2 
13.7 
7.4 
4.0 

'.>t23; 
10423.1 1337.2 
6013.0 1133.9 

24290.4 2983.0 
6in.3 840.3 
1610.6 237.1 
2321.8 303.6 

100.2t 43.3 
121.4 31.3 

7794 425.3 

4743+ 38.3 
19741 461.6 

211.3 
1018.9 
1173.0 
433.0 
924.3 

19305. ♦ 
52'6.0" 
35/3.1 
1492.1 
829.4 
231.2 
183.6 

79.7 
300.1 
330.5 
131.4 
234.1 

l.OOO* 
1.333’ 
1.301 
1.323 
1.346 
1.376 
1.453 
1.590 

1.342 

i 30 

1.000* 
1.731’ 
1.728 
1.863 
1.961 
2.048 
2.089 
2.431 

.933 

.034 

.055 

.056 

.058 

.056 
063 

.082 

.099 

2.036 .335 

tun 31 

464.1 
79.3 
34.0 
37.0 
25.0 
14.8 
18.7 

1344* 78.4 
405.7* 
777.9 
433.8 
100.3 
16.4 

.8 
11.3 

_'.7 
291.8 
70.6 
42.3 

i.OOO* 
45.352’ 

163.964 
80.326 
22.508 
28.065 
13.573 
3.490 

.496 

.021 
5.214 

89.728 
15.902 
3.440 

10.984 
14.293 
2.154 

.011 

47.402 4.287 

n 32 

29.8 
42.4 
29.3 
7.4 
7.4 
7.0 
6.2 

3402.4* 349.4 
10034.1^028.4 
19749.3 1913.7 
13793.8 1236.4 

1478.1 139.3 
104.3 12.9 
•7.9 11.9 

1.000* 

2.381 
2.604 
2.836 
3.120 
2.392 
1.077 
8.393 
1.033 

2.616 

ff 33 

1.000* 

9.810’ 
9.863 

17.686 
44.392 
38.495 
10.403 
6.876 

.074 

.176 

.163 

.206 

.324 
1.336 

.953 
29.337 

.047 

.134 

.144 
1.589 
1.398 
2.887 
7.891 
9.011 
7.338 
2.383 

333.7t 33.2 

o! 0. 
33.9 
21.4 
14.1 
7.3 

18.634 2.190 

a 34 

1.000* 
9.303’ 
(44«) 
0. 

34.449 
7.123 
3.406 
2.34t 

.073 
1.771 

T 
0. 

24.074 
2.203 
1.403 

.402 

25.000* 
235.223" 
223.143 
160.869 
453.164 
106.425 
23.105 
27.732 

.401 
4.848 
3.140 
3.733 
9.790 
2.385 

.876 
1.237 

.033 1233.444 12.997 

.203 

.439 

.447 

.499 

.400 

.428 

.484 

.597 

.196 

23.000* 2.944 
•394 .113 

1.043 
1.390 
4.896 
7.290 
2.704 
4.202 

25.731 

.213 

.332 

.821 

.928 

.433 

.730 
3.056 

24.341 1.348 

23.000* .317 
1.329" .171 

.171 

.ItS 

.344 

.161 

.084 

.213 
23.173 

.093 

.052 

.035 

.063 

.077 

.084 

.268 

2.791 .246 

23.000 
3.167 
7.841 
3.992 

.744 

.167 

.124 

.023 
24.772 

.766 

.139 

.221 

.131 

.042 

.093 

.099 

.087 

.490 

16.084 .348 

23.000* 2.399 
.^•221 .403 
17.489 
18.324 
4.721 

.610 

.148 

.232 

1.659 
1.799 

.363 

.118 

.113 

.081 

43.783 2.343 

23.000* 1.029 
.617 .110 
afife -102 

•TTJT .u$ 
.117 .099 
.M2 .200 
.376 .144 
.376 .004 

4.07E 04*3.62E 03 
2.78t 07"2.UI 04 
1.32t 08 1.131 07 
4.74E 09 4.42t 08 
5.691 09 3.83t 0« 
9.831 09 7.571 08 
1.391 11 2.391 10 

1.031 0bt8.4lK 03 
1.488 03 1.21K 03 
1.68t 04 1.34B 06 
6.791 07 4.341 07 
4.48t 08 2.051 08 
1.211 09 3.051 00 
2.32t 10 1.74t 10 

2.63t 04*1.271 04 
1.70E 04'1.14t 04 
2.431 05 3.24t 03 
3.041 04 1.09t 04 
9.191 06 7.22t 06 
3.4tl 07 7.791 07 
1.39t 09 2.94t 09 

3.4tl 04*1.041 04 
1.12t 04"1.54K 03 
3.411 06 J.39t 0' 
3.03t 06 7.301 05 
1.09t 04 4.741 06 
6.131 07 1.391 00 
1.14t 04 3.441 00 

7.311 04t300t 02 
2.401 04 1371 04 
1.44t 07 622t 04 
3. III 07 990t 04 
3.141 07 12t! 03 
7.291 07 793t 03 
1.34t 09 27tt 07 

>16 
-8 
<1 

0*1.0 
(.044?) .4 

t 1.1 
97 2.8 

1374t 
1373 
2284 
1014 

40.3 
34.2 
94.0 
90.7 

1423.»t 
0. 

2124.3 

71.2 
0. 

94.3 

a 33 
10.47t* 
(1394)" 
14.333 
1.012 

1.444 
t 

2.034 
.079 

2.04tt .244 
4U M3 

27m .207 
24.921 1.027 

1 
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APPENDIX C 

FUZZ—AN ERROR PROPAGATION MODE FOR MAD 

FUZZ Is an example of the flexibility of MAD as 

described In the Appendices to the MAD Manual. To the 

author's knowledge. It is the most ambitious extension 

undertaken, consisting of some two dozen operators defining 

a double-word Mode 6 (with the second word carrying the 

variance through all defined operations). Working with 

double-word arithmetic has uncovered several bugs In the MAD 

compiler. The fatal bugs have been fixed at MIT, some 

non-fatal ones remain (particularly In the integer 

arithmetic set, which fails to examine both active machine 

registers) and must be written around. 

A write-up of FUZZ is available from the MIT 

Computation Center as Memo CC-249, but the program itself 

has not been published elsewhere. 

Also included are SS and SSS, required double-word 

versions of the MAD subscripting routines .03311 and .MTX 

respectively, together with SIN6 and C0S6, versions of SIN 

and COS which return error estimates. 
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APPENDIX D 

MODEL OF ECCENTRIC RADIOACTIVE SOURCE AND DETECTOR 

This Is an on-line program/ allowing man-machine 

Interaction at various points. 

SHARP evaluates the sensitivity/ flux/ and response/ at 

each point/ and sums the response into a total. (Summation 

Is preferable to integration because of the high pole 

directly above the source/ which cannot be analytically 

treated. Even a Fourier Integration returns 

position-dependent answers.) 

BEutMN rotates the source under the detector and 

monitors the user's wishes concerning the several 

parameters. PICS Is used for prlnt-out of various 

Intermediate results/ and all printing Is done with CIRCLE/ 

which creates a circular map of the detector. 
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