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Chapter 14
Birth of a Bubble: A Passage to Maturity

Seattle winters often bring gloom. Clouds pervade the sky, dumping their contents regularly enough that old-timers seem to have acquired webbed feet. Welcome respites come when the sun finally pokes through the clouds. When those sunny periods do arrive, nighttime temperatures will often dip down close to freezing.

As I approach my car on those cold mornings I often note a fine mist accumulated on my car window. The mist looks like frost but it’s made of fine liquid droplets that can be wiped away with a cloth. Oddly, the mist appears on the driver’s side only, and not on the passenger’s side. That difference puzzled me for years.

The passenger’s side faces my neighbor’s home, whereas the driver’s side faces the cosmos. I’d understood that radiating toward the frigid cosmos meant losing heat, which could bring condensation; nevertheless, I couldn’t understand several aspects of that phenomenon: why the condensation appeared as droplets; why those droplets clung so tenaciously to the window; and most of all, why the droplets consistently failed to form on the side facing my neighbor’s house. Was it perhaps my neighbor’s radiant charm?

This chapter deals with questions of condensation, and with droplets and bubbles more generally. It begins where the previous chapter left off: the similarity of droplets to bubbles. It builds on that similarity, raising the question whether the similarity might be functionally meaningful. I argue that droplets are the progenitors of bubbles.

Questions that will arise along the way include the following: How do small liquid droplets build inside a bath of water? How do multiple droplets merge to create larger droplets? By what mechanism could those droplets transition into vapor-containing bubbles? How does the fusion of multiple bubbles lead to boiling? The chapter will also extend beyond those fundamentals, dealing with related everyday issues: Why do kettles make loud clattering noises as the water inside heats up? Why do those noises finally give way to the familiar teakettle whistle? And why, when you enter a kitchen, can smell the soup?

The Embryonic Bubble Concept
Bubbles contain gas. We must know where that gas (or vapor) comes from in order understand how bubbles form.

I recall pondering that question several years ago while traveling by a sleek modern train from Vienna to Graz. The transatlantic bubble questions (Chapter 13) continued to haunt me. What plausible mechanism could draw all of those gas molecules toward distinct spots to form those isolated bubbles? And if the gas molecules could manage to get there, then how might they pierce the bubble membrane without causing the bubble to burst?

Lulled into a reverie by the pastoral scenery, I finally had my Eureka moment. Suppose the gas molecules didn’t actually need to get there. Suppose the process that created the EZ sheath simultaneously created the gas inside? If so, then both issues might turn moot: the gas molecules might not need to cross any membrane; nor would those gas molecules need to find their way. 
While potentially solving both problems, the idea nevertheless seemed contrived. What process could create an EZ sheath out of water? And how could that same process also create the internal gas — presumably water vapor? Those challenges seemed formidable. Yet, the concept seemed promising because it neatly circumvented all the problems that had lent confusion. It seemed worth considering.
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Then came a second Eureka moment: Droplets and bubbles both contain EZ sheaths. Because of this similarity, one entity could conceivably convert into the other. Suppose a droplet formed first. A hydrophilic surface beneath the water could nucleate an EZ; if that EZ could somehow curl itself into a sphere, then we’d have an EZ-sheathed droplet. Step-1 seemed plausible.

Next came step-2 — bubble formation. If the droplet could absorb enough radiant energy, then the water inside the droplet could transition into water vapor. The droplet would then be a bubble. By the time my train pulled into the station, I was so pregnant with this new possibility — almost giddy — that I couldn’t wait to find time to think further.

Creating the Embryonic Bubble

To create an EZ sheath you first need an EZ-nucleating surface. Nucleators considered so far differ from those in a cup of water in at least two ways. First, the cup of water will inevitably contain dissolved solutes and suspended particles. Water is a universal solvent, so even “pure” water will contain abundant junk. Those junk molecules remain dissolved/suspended specifically because they nucleate EZs around them (see Chapter 8).

A second nucleation source may be the cup itself: If the material is hydrophilic glass, then the surface itself can nucleate, especially at local asperities. If the surface is hydrophobic, then charged substances in the water may cling as they induce opposite charge on the container surface. The clinging substances serve as asperities, which can then nucleate EZ formation.
With abundant nucleation sites, EZs can build in the usual manner, layer-by-layer. However, those layers can also grow laterally. Lateral growth is regularly observed in the laboratory when dealing with surfaces of restricted size: the EZs will build not only normal to the surface but also laterally, extending beyond the nucleator’s corners (Fig. 14.1, left panel).
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EZs generate protons in the usual way, which quickly convert into hydronium ions. Some of those hydronium ions disperse because positive charges repel one another; others remain close to the surface because of their attraction to the negative EZ (see Chapter 5). The attraction goes both ways: Hydronium ions draw toward the negative EZ, while the EZ, small and flexible, may draw toward the hydronium ions. Thus, the EZ, should deflect continuously toward the center of gravity of the positive charge (center panel, Fig. 14.1). As the EZ grows, it deflects.
An inevitable consequence of continuous deflection is curvature (right panel, Fig. 14.1). As lateral growth and hydronium-ion buildup continue, newly built regions of the EZ will continue to deflect toward the hydronium ions. The EZs should eventually meet, creating a spherical structure. That structure is a small droplet.
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The newly formed mini-droplet will have a negatively charged EZ shell, enveloping liquid water and hydronium ions (Fig. 14.2). The hydronium ions’ positive charge creates a repulsive force, which exerts pressure on the EZ shell and therefore confers roundness. A bubble is not yet born, but an embryonic unit has been conceived.
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It is worth pointing out that those interior charges are present in numbers not necessarily equal to EZ charge. Equal numbers might be anticipated a priori. However, hydronium ions will inevitably escape during vesicle buildup because of repulsive dispersal. The closed vesicle should therefore bear net negative charge. Therefore, the vesicle is not neutral.
The vesicle’s net charge may help explain why bubbles stick to cups. Vesicle charge induces an equal and opposite charge on the cup’s surface. If the charge separation is sustained, then the vesicle will cling. That’s why you may see bubbles clinging to the inside of your plastic cup as you wake from your transatlantic slumber.

From Droplet to Bubble

The embryonic structure described above will be the key to what follows. That structure may look stable, but it is not.
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If the vesicle absorbs radiant energy, then dynamic events may bring change: The EZ will build, and if the EZ builds, then so will the vesicle’s internal hydronium-ion concentration. More hydronium ions will raise internal pressure. If the pressure grows beyond a critical threshold, then the EZ may be unable to sustain the load; EZ layers will the shear past one another and the vesicle will expand (Fig. 14.3).

What happens then?
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Consider what the liquid water molecules inside the vesicle experience. The water molecules are bystanders; the active pushing is done by the hydronium ions that are scattered in amongst those water molecules. They do the work. As those protons expand the vesicle, the bystanding water molecules find themselves in a larger space; they experience a pressure reduction.
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Pressure change can induce a change of phase. For example, pressurizing a vapor may turn that vapor into liquid; relieving that pressure may convert the liquid back into vapor. The same principle applies here: As the vesicle expands and diminishes the pressure on the liquid water, that liquid may convert into a vapor.
With vapor inside, the droplet then becomes a bubble (Fig. 14.4).
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It seems we have made some progress. We began with the inevitability of EZ formation next to surface asperities. From EZ formation came the inevitably of droplet formation. Then, if the droplet absorbs enough radiant energy, internal charge may elevate the pressure until the droplet expands, driving the transition to vapor, and giving rise to a bubble. In this way, a bubble is born.

The question is whether this scenario is a whimsical fancy or whether the sequence of events really does take place. Having established the presence of EZ shells, we ask the remaining critical question: do the spaces within those shells really contain the required positive charges?

--- 
BOX: Bubbles in Champagne Glasses
In order to make bubble patterns visually enticing, manufacturers purposefully etch patterned defects onto the insides of champagne glasses. The bubbles issue mainly from those loci.  Loci may also come from asperities situated naturally inside the glass. Those sites produce endless streams of bubbles, as shown in the accompanying figure
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In the case of champagne, the bubbles contain not only water vapor but also CO2. The construction principle is nevertheless the same: Etched asperities form nucleation sites for EZ growth. The associated protons may then draw the negative HCO3- ions that form from the dissolved CO2. The ensuing CO2-rich bubbles will then rise from the asperities.

If the asperities are artfully etched, then the patterns’ charm may tempt you to buy more champagne.

---
Are Protons Really Present Inside Vesicles?
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The most direct strategy for probing the insides of vesicles is simple: collect the contents of the vesicle and see whether it contains protons. We followed this strategy through the expedient of boiling. When water boils, bubbles break at the surface and the contents are expelled as vapor. We collected that vapor, condensed it into liquid, and measured the liquid’s pH. The pH progressively diminished with boiling. This meant that the insides of the bursting bubbles contained positive charge (Fig. 14.5, blue curve). 
Meanwhile, as the container of boiling water loses positive charge, that loss should be reflected in the residual water; its pH should progressively increase. That expectation was confirmed (Fig. 14.5, red curve). Thus protons transferred from the water to the vapor, presumably as the bubbles burst.

A second test of interior protons was carried out using infrared imaging. If the bubble’s interior contained water alone, then that water should radiate not much differently from the water outside. We found, however, that the interior radiated substantially more energy (Fig. 14.6). Extra radiant energy implies active charge movement (see Chapter 10). That feature is anticipated if concentrated protons jitter inside the bubble. 
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A third test for interior protons was to check whether bubble breakage brought proton dispersal. If the high radiant energy inside arose from some experimental artifact, then the radiant energy might simply vanish as the bubble breaks. On the other hand, if the energy came from interior protons, then breakage should bring dispersal. Figure 14.7 confirms the dispersal. As the bubble breaks, the high-energy zone spreads, eventually disappearing as the protons mix with the water.
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From the evidence above, it seems clear that protons (or hydronium ions) do exist inside the bubble. That positive charge is key: it is the critical ingredient necessary for driving the transition from droplet to bubble, and its presence is confirmed.
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Vesicle Interactions: the Zipping Mechanism

We next consider how vesicles fuse with one another. Fusion must be an integral feature of the bubble-formation process because micron-sized droplets cannot transition directly into centimeter-sized bubbles; the gap is too large. Therefore, staged growth is required, and that’s where the fusions come into play. Fusions would create progressively larger vesicles, which may finally transition into the centimeter-sized bubbles, as seen during boiling.
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To understand the principles of droplet fusion, an expedient approach is to consider first what happens with just one droplet. Suppose a single droplet meets a hydrophilic surface. Most hydrophilic surfaces already bear at least some EZ layers drawn from atmospheric humidity; hence, EZ layers line both the droplet and the hydrophilic surface. So the issue reduces to the interaction between a curved EZ and a straight EZ.

Suppose a droplet falls onto a hydrophilic surface. Gravitation pulls the droplet steadily downward, overcoming any EZ-EZ repulsion. As the droplet approaches the surface, what matters most are the localized charges that make up the respective EZ layers (Fig. 14.8). Opposite charges will attract, slightly nudging the droplet’s EZ into alignment with the surface EZ. The droplet will then stick to the surface. 
Sticking occurs only at a single point, however, because the droplet is curved. On the other hand, that tenuous bond is only the starting point: charges flanking that bond continue to attract opposite charges on the facing EZ; hence the respective surfaces will knit together like the closing of a zipper. EZ fusion will therefore create a zone of flatness (Fig. 14.9). 
How much that zipper will close depends on the pressure inside the droplet. Pressure promotes roundness, while zipping promotes flatness. The EZs will continue to zip together until the flattening force balances the force promoting roundness. The result will look something like the right panel of Figure 14.9.

---

BOX: The Hydrophilic-Hydrophobic Paradox: How Much Do You Love Your Vesicle?
Surfaces that spread water are referred to as hydrophilic, or water loving; the water clings like lovers in embrace. Surfaces that make water bead up into droplets are called hydrophobic, or water hating; they detest water. Sometimes they detest it so intensely that freshly poured water will retract by curling into spherical balls. A classic example of this is the lotus leaf: water dropped onto lotus leaves will recoil into spheres, which promptly roll off, leaving the leaf dry.

In order to classify one surface from another, scientists employ an artifice based on droplet shape. If the droplet remains spherical, then the surface is classified as hydrophobic; if the droplet spreads out (forming EZ layers), then the surface is classified as hydrophilic. That’s simple enough. However, a confounding issue is that droplet shape most often lies somewhere in between those extremes (see figure). The droplet will generally retain a roughly spherical shape, but with flattened bottom and some spread (center panel). 
The accepted solution to the classification problem is to specify the degree of hydrophilicity. Geometry makes this possible: The bottom of the vesicle flattens against the surface; flattening permits easy construction of tangents, which allows you to define contact angles. Smaller angles denote more hydrophilicity (left); larger angles denote more hydrophobicity (right).

Why contact angle is a reasonable measure of hydrophilicity can now be appreciated. If the material is strongly charged and therefore very hydrophilic, then the zipping capacity will be high; the droplet will flatten maximally, yielding a small contact angle (left). If surface charges are sparser, then the modest drawing force will produce more limited flattening (center). And if the material is hydrophobic and no EZ forms at all, then no flattening can take place — in which case the contact angle will be large (right panel). So the contact-angle classification follows from basic understanding.

What emerges even more significantly from this understanding is something implicit: hydrophobicity is nothing more than the absence of hydrophilicity; i.e., the absence of interaction with water. Thus, hydrophobicity is not a characteristic in and of itself; it is merely the absence of another characteristic.

---
Vesicle Fusion
In the previous scenario, we dealt with a curved EZ meeting a straight EZ. More generally, the interacting surfaces may both be curved. Two droplets may fuse into one larger droplet, or two bubbles might fuse into one larger bubble.

Such fusions presumably involve EZ-EZ zipping similar to what has just been considered. However, something additional is needed. The zippered EZs create a plane that bisecs the two vesicles. If a single vesicle is to emerge, then that bisecting plane must melt away.

To get some handle on the melting process, we used high-speed video. Two glass plates were held closely parallel, with a small gap in between. Then, two water droplets were inserted into the gap. Prior to insertion, the plates’ inner surfaces had been coated with material that produced a contact angle close to 90°, so the infused droplets formed straight-edged pancakes. That procedure minimized optical distortion. We could then track the merger of the two pancake-shaped droplets (Fig. 14.10). 
From the sequence of Fig. 14.10 it seems that the two EZ membranes do indeed fuse. The coalescing EZs quickly form a straight boundary between the two vesicles, presumably by the zippering process. It appears that the boundary thickens substantially; however, the thickening may be illusory: any boundary-plane tilt will create the appearance of thickening because of the large optical depth of field. The main point is that EZ membranes coalesce to form a planar boundary.

Then, abruptly, that boundary fractures. The fracture commonly begins near the midpoint of the boundary plane, the planar material retracting toward the periphery.

Fracturing probably results from extreme tension. To understand, consider the equation governing tension on a thin membrane. For thin-walled spherical membranes, tension is given by the Laplace relation, T = Pr/2, where T is tension, P is pressure difference across the membrane, and r is radius. The radius of the boundary is extremely large, practically infinite. That means that even minor pressure difference across the membrane will result in enormous tension. A small differential might arise if, say, one vesicle received more radiant energy than its counterpart. Any minor pressure difference should cause instant fracture. Then… zap! The boundary fractures.

The videos confirm that the material does retract toward the boundary plane’s edges; blobs of material can be seen accumulating at either edge. What becomes of this material is not immediately evident from the videos, but some inference can be drawn. Since EZs stick to other EZs, the retracted EZ material likely builds onto existing EZs. Vesicle wall regions should therefore thicken and become stiffer. This stiffening may explain why, following boundary breakdown, some vesicle wall segments seem to straighten (Fig. 14.10, last panel).

By the sequence of actions described above, two vesicles become one. The process is dominated by shell-shell interactions. Interiors count, but mainly for pressurizing the vesicle and thereby limiting growth of the intermediary boundary. Beyond that, the interiors don’t matter; they could just as easily be liquid or vapor; the fusion process should be much the same. Thus, the same general mechanism should explain droplet fusion and bubble fusion.

This mechanistic universality might explain a curious phenomenon: droplets within bubbles and bubbles within droplets. Droplets and bubbles may fuse into compound structures, such as the one shown in Figure 14.11. The common zipping process may explain their existence.
The main point is that the zipping mechanism can account for vesicle fusion — in both droplets and bubbles alike. Once two vesicles touch, fusion is practically inevitable; the vesicles will merge into a single larger vesicle.. Successive fusions can then generate the larger vesicles needed for explaining large bubbles.
Fusion Enhances Stability

Fusion is important not only because it promotes growth, but also because it promotes stability. The reason is purely geometric. When vesicles of similar size fuse, shell mass increases by two times. Shell surface area, on the other hand, increases by less than two times — which means that some of the shells’ mass must go toward thickening. The new vesicle must have a thicker shell than its progenitors, which makes the larger vesicle more robust. It can withstand higher pressures.

A more robust wall might not help very much if the pressure in the fusion vesicle were much higher than that of its progenitors; however, that’s not the case at all. Pressure depends on charge concentration. When two vesicles with equal charge density fuse, the density does not change: Volume grows two times, but so does the number of charges. Hence, pressure remains unchanged.

The newly formed vesicle should therefore have the same internal pressure as its progenitors, but with thickened walls. So the vesicle will be more stable. Stability continues to increase with each successive fusion event. This may explain why small vesicles can be short lived and difficult to spot, while larger vesicles are easy to track. The bigger guys can fend off the forces of destruction better than the littler ones.

This stability argument applies for droplets and bubbles alike. Small droplets gain stability through merger; and so do small bubbles. All fusions promote stability, and stability in turn promotes the likelihood of fusions. Under the right conditions, then, fusion-based growth should be inevitable; small vesicles will always lead to larger ones.

Bringing Water to the Boil

Fusion is in fact what makes boiling possible.

If you watch carefully as you turn up the heat beneath a pot of water, you’ll witness the succession of growth stages that lead to boiling. First you may see occasional small vesicles, which seem mysteriously to vanish; presumably, they pop. Then vesicles begin appearing in larger numbers. Soon their concentration grows high enough that they coalesce into larger vesicles. Eventually those larger vesicles transition into bubbles, which break through the surface and release vapor into the air. That’s boiling. The event is familiar, but watching the event develop can lend a fresh sense of mystery — like watching the witches prepare their secret brew.

Back to the question: How do micrometer-sized droplets transition into centimeter-sized bubbles? The diameter ratio is about 10,000, and the volume ratio is therefore 1,000,000,000,000 — obviously too much for a single transition. The growth must occur in stages. Here the stability feature comes into play. Since fusion products are more stable than their progenitors, larger units are favored. The larger the vesicles get, the more likely they’ll make it to the stage of the bubble transition without popping.

Whether a droplet can eventually reach that critical point depends on ambient conditions. Success rests on an adequate number of earlier fusions; and that number depends on adequate vesicle concentration. So, for successful transition to bubble, the trick is to get a lot of vesicles forming at the same time. That depends on ambient conditions.

To grow a lot of vesicles, energy input must be sufficient. That’s not necessarily the case early during heating, when the energy comes from the heater alone. As heating continues, however, radiant energy comes not only from the heater but also from the warmed water, itself. Both sources contribute. When the summed energy grows high enough, a threshold is crossed: vesicles then become numerous enough to ensure successive fusions, which confer stability enough to allow successful transition into bubbles. The bubbles themselves may in turn coalesce to form larger bubbles, and boiling is at hand (Fig. 14.12).

From this analysis it would appear that the critical variable in the equation of boiling is not temperature; more fundamental is vesicle density. It may just happen that vesicle density reaches threshold commonly at temperatures close to 100 °C (although not always precisely at 100 °C; see Chang, (2001)). We’ve come to accept the critical point as the nominal 100 °C temperature value, but that might not be universally so. The critical point may depend more on vesicle nucleation prospects.

Curious about the possibility of reaching supra-high temperatures without boiling, my student Zheng Li took a smooth, asperity-free glass beaker and filled it with laboratory-grade, distilled, de-ionized water. EZ nucleation sites should have been rare or absent. He then applied heat. Even when the water was heated to extremely high temperatures, no boiling was in evidence — until he threw in some dirt. Introducing those nucleation sites brought instant boiling. The same happened when he inserted a stirring rod — instant boiling.

It seems clear that temperature cannot be the critical factor. Throwing dirt into hot water must have reduced the water temperature; yet it brought instant boiling. Introducing those nucleation sites evidently allowed for vesicle formation, which then brought the boiling. So, it is not temperature that is the critical variable, but sufficient production of vesicles.

This conclusion reconciles a curious observation made recently on garlic soup. (If you’ve not tasted garlic soup, I can assure you it’s an unexpectedly delicious treat — thick, creamy, and satisfying.) From the bubbling hot soup, we ladled the contents into several roughly textured ceramic bowls. The soup immediately began to cool; however, it continued to bubble. Bubbling persisted even as the soup cooled toward palatable temperatures. Presumably the asperities on the rough ceramic bowl nucleated a sufficient number of vesicles to fuse into the larger bubbles characteristic of boiling — even at temperatures far below the supposedly standard boiling temperature. 

In sum, boiling routinely occurs near 100 °C, but temperature does not seem to be the critical variable; vesicle density may be more fundamental. When radiant energy input is sufficient to produce a critical number of vesicles, then boiling takes place.

That temperature should play only a secondary role should be no surprise considering Chapter 10’s discussion. Temperature is ambiguously defined. Given that ambiguity, it would be surprising indeed if the critical point for boiling were uniquely constrained at some fixed value of temperature.

---

BOX: The Sound of Boiling Water

Heat a pot of water and listen. When you see vesicles forming at the bottom of the pot, the sound begins. As more vesicles appear, the volume increases, eventually reaching a loud clatter. Then, just as the water approaches the boil, the clatter mysteriously subsides into a characteristic low frequency blobbing sound. It is as though the water gremlins violently protesting the increasing hell-like heat finally give up, their protests devolving into a sobbing blob.

We hear these sounds so routinely that we ignore their presence. A good way to refresh your memory is to heat a small amount of water inside a thin-walled metal kettle. The thin walls amplify. The ordinary clatter then becomes a veritable din, which can be ignored only by donning top-of-the-line noise-canceling headphones. The sound can be deafening.

What generates these characteristic sounds?

Sounds come from mechanical vibrations. When water is heated, vesicles begin forming. Those liquid vesicles may either fuse enough times to undergo droplet-to-bubble transition, or fracture during their attempt. Either event will generate mechanical vibrations. Fracturing in particular will generate loud pops, much like those of popped balloons. We interpret those pressure pops as sounds. As vesicles pop more often, the sounds will grow more frequent and therefore seem louder. Thus, hotter water will produce a more intense clatter. 
Once the vesicles stop popping, the clatter will subside. That happens at the critical point, when vesicles can fuse rapidly enough to transition into bubbles. The bubbles in turn produce a quieter sound as they break through the surface and open into the air. Each bubble-breakage event contributes to this blurping sound. 
Finally, there is the whistle. If boiling occurs in a whistling kettle, then the familiar high-pitched sound will eventually emit; your water is ready for making tea. Oddly, no whistle emits even when the water is very close to boiling. It’s only when the water boils in earnest that the whistle begins to sound. That’s convenient — but why is it so?

When bubbles break, they release protons. Those protons build pressure inside the kettle. The pressure pushes the vapor through the whistle at high speed (sometimes the high-speed vapor can be seen emerging from the kettle’s nose), producing sound in the same way as a clarinet produces sound. Those protons appear only as boiling begins. So when you hear that whistle you can be sure the water is genuinely boiling.

---

BOX: Why Can You Smell the Soup?

Whether it’s garlic soup, onion soup, or chicken soup, you’ll smell the brew as you approach the kitchen. Why so? With heat, it’s natural to think that the soup molecules volatilize along with the evaporating water; the volatilized molecules can then reach your nose and permit you to smell the soup.

However, something similar happens where no heat is involved — at the seaside. Often you know you’re at the seaside because you can smell the salt in the air. Some of that salt manages to make it all the way up to the clouds. The quantity up there is sufficient to lead scientists to speculate that the salt can actually “seed” cloud formation. 
In both examples, something from a body of water makes its way to a place distant. The first example involved heating, the second not. If a common carrier mechanism exists, then that mechanism cannot be heat-induced volatilization. A common carrier might be the vesicle. Vesicles certainly form in the soup, nucleated by asperities. Vesicles also exist in the breaking seas, in the form of droplets blown by wind. Might those vesicles carry the suspect molecules?

To see how that might happen, consider the soup. As vesicles build, the EZ shells will encompass whatever liquid happens to lie in proximity. Typically, that liquid is water (with protons); however, ingredients of the day’s soup may also lie in proximity of the newly forming EZ. In that case, the vesicles would contain soup molecules. Grown from those soup-containing vesicles, mature bubbles popping open at the surface may then release the suspect molecules. That may be the main reason why you can smell the soup. Even when the soup (or any food) cools, if vesicles continue to rise evaporatively (Chapter 15), then you may still smell the soup. The vesicles hold the smell.

---

Droplets on Windows: My Neighbor’s Radiance
Early in this chapter I raised the question of droplets accumulating on cold glass surfaces. Orientation mattered. Now that we have some understanding of droplets, I return to that issue to see whether the orientation dependence might stem from my neighbor’s special radiance.

A relevant issue is the nature of the moisture in the air. Although this question is dealt with in the subsequent chapter, let me jump ahead by suggesting that the moisture in the air exists mainly in the form of vesicles. Those small vesicles can’t be seen because they scatter very little light. However, their presence is implied as they condense into visible clouds.

Those airborne vesicles may also condense onto hydrophilic surfaces. Condensation occurs as the respective EZ shells cling (see Fig. 14.8). Any hit of a vesicle, whether random, convective, or attractive, will yield the same result: droplets clinging to surfaces. That’s what happens on the cold automobile window, and perhaps also on the bathroom mirror as you exhale in the morning before the heat turns on. The vesicles stick. If you look carefully, you can see myriad droplets, each one clinging to the glass surface.

Driving those droplets from the surface requires radiant energy. The radiant energy builds EZs, which generate protons within the droplets; the protons build pressure, which promotes roundness. That roundness diminishes the zone of adhesion. Once the zone diminishes toward zero, the vesicle can no longer stick; it then returns to the atmosphere and the window becomes dry.

From this understanding, the car experience follows directly. The driver’s side window faces the cosmos. With no significant radiant input from the frigid cosmos, the droplets remain stuck — but only until the morning sun rises high enough to drive those droplets away. The opposite side of the car, by contrast, receives a continuous flow of radiant energy from my neighbor’s home, which is kept cozy and warm all night. So any droplets that might like to cling to the window are quickly driven off.

In some sense, then, my neighbor’s radiance does matter — although I may have been remiss in failing communicate the good news.

Summary

This chapter dealt principally with vesicle coalescence, with a surface or with other vesicles. EZ zippering was the main protagonist. Zippering creates boundary zones of flatness.

Among the consequences of this flattening, the first is practical. When a droplet rests on a flat surface, the droplet boundary flattens. The more hydrophilic the surface, the more will be the flattening. The more the flattening, the lower will be the droplet’s profile. The variation of profile, measured thorough the so-called contact angle, permits you to judge the degree of surface hydrophilicity.

A second aspect of flattening is the underlying cause: the zippering mechanism. That mechanism creates an intermediary boundary when one vesicle encounters another. The boundary is unstable; it easily gives way, leading to the formation of a single, larger vesicle with thickened walls. Thicker walls confer greater stability. With each successive merger, stability increases, increasing the likelihood that larger and larger vesicles will form.

When vesicles appear in high enough concentration, as they do in heated water, vesicle mergers occur frequently. Each merger increases stability. A point is reached where the vesicle becomes sufficiently robust that successful transition to a bubble is virtually guaranteed. That brings boiling. The critical threshold for that inevitably may depend more on the concentration of vesicles than on the temperature.

Vesicles are critical not only for boiling but also for evaporation. The next chapter shows how. The evidence may dazzle, and if you’ve not yet seen it, then the message may come as a shock.
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Figure: Droplet shape for extremely hydrophilic surface (left), intermediate surface (middle), and extremely hydrophobic surface (right). Contact angle is often used as a measure of surface hydrophilicity.








Figure 14.10. High-speed video images of droplet fusion. See text for description.  





Figure 14.11. Compound vesicles.  Droplets within a bubble. The large droplet at the lower left resulted from the fusion of smaller droplets.





Fig 14.12. Processes leading to boiling.





Figure 14.1. Stages of vesicle formation. Left: EZ grows layer by layer, and also laterally (arrows). Protons build positive charge beyond. Center: EZ deflects because of attraction to positive charge. Right: continued deflection creates vesicle. [GP: different arrows in center and right – they indicate force, not growth.  Center – bend arrows just a bit more toward horizontal. Right: arrows a bit more horizontal]








Figure 14.3. Vesicle expansion. To accommodate the expansion, EZ layers slide over one another to partial overlap.





Figure 14.2. Droplet roundness. Hydronium ions create pressure by pushing against the EZ wall. That pressure promotes roundness.





Figure 14.4. Droplet to bubble transition. Pressure expands the vesicle; water molecules experience reduced pressure, which turns liquid water into water vapor.





Figure 14.5. Results of boiling experiments. Blue curve indicates pH of the vapor, collected after various durations of time. Red curve indicates pH of water remaining in the container following boiling. 





Figure 14.7. Bubble collapse. Similar to Figure 14.6 except that one bubble pops spontaneously. Note the dispersal of the zone of high radiant energy.





Figure 14.6. Infrared image of surface bubbles. Bubbles were created by bubbling air into a TWEEN 20/water solution. Bubble interior (orange) generates more infrared energy than the exterior (blue). Darkness of thin bubble boundaries is expected because EZs generate little infrared energy.








Fig. 14.9. Droplet adhesion through zippering. Through local attractive forces, droplet EZ coalesces with surface EZ, forming a flat bottom.





Figure 14.8. Droplet EZ interacting with surface EZ. Opposite charges attract and align.











