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Abstract

Mucleation from a single cavity has been studied indicating
that cavity gecmetry is important in two ways. The mouth diameter
determines the superheat needed to initiate boiling and its shape
determines its stability once boiling has begun. Contact engle is
shown to be important in bubble micleation primerify through its
effect on cavity stability. Contact angle measurements mede on
"clean" and paraffin coated stainless steel surfaces with water
show that the contact angle varies between 20° and 110° for tem-
peratures from 20° to 170° C. On the basis of single cavity muclea-.
tion theory, it is proposed to characterize th® gross mucleation
properties of a given surface for all fluids under all conditions
with & single group having the dimensions of length. Finally, it
is shown experimentally that this characterization is adequate by
boiling water, methanol and ethanol different copper surfaces
finished with 3/0 emery, and showing that the number of active
centers per unit area is a function of this wvariable alone.



The Role of Surfece Conditions in Rucleate Bolling
by
Peter Griffith
John D. Wallis

IRTRODUCTION

In the pest, many attempts have been made to correlate mucleate
boiling heat flux versus temperature difference data on the basis of
fiuid properties alone. It has not been found possible to do this as
the condition of the surface of the heater has been found, experi-
mentally, to bave a pronounced effect on both the slope and position
of the mucleate boiling curve. In correlations this difficulty has
been circumvented by choosing the best constant value for the slope
for the boiling curve and determining the best value for a coefficient
from one or more experiments. In doing this, there has been little
eppreciation of what surface conditions were important and how they
manifested themselves through the slope and position of the boiling
curve.

Corty and Faust (1) mede gross neesurements of heet flux wall
superheat and the mumber of muclestion sites)unit area for surfaces
of variocus roughness. The experiments showed roughness was important
but did not indicate how one should take cognizance of it in pre-
dicting the performance of a given surface in boiling. Other experi-
menters have varied contact angle with surface active agents and with
varimsoﬂsont@emtwe. Mﬁamobvlmemct, but the
magnitude of the effect was quite unpredictable. Bankhoff (2, 3, L)
has examined the mechanism of bubble mucleation in some detail and has
arrived at the conclusion that in boiling, bubbles originate from
pre-existing vapor pockets in cavities on the surface. He also
indicates the role of comtact angle and cavity geametry. Westwater
(5) has examined a boiling surface under a microscope and has observed
that, in general, the bubbles do originate from cavities or large
scratches on the surface. His observations verify qualitatively the
deductions of Bankhoff.




In geperal, it can be said the surface conditions cen affect the
boiling process in Wo ways; either through altering the bubble shope
and size at departure, and their frequency or through their effects on
the wall superheat needed to initiate the growth of = budble. It docs
not appear that there are very significant differences between engineer-
mmlmnom“msmwamotmmbbmis
concerned. However, it does appear that the sarface conditions can have
& profound effect on the nucleation characteristics of the surfoce. It
is on this second effect that attention will be focused 1in this work.
In particular, two related problems will be comsidered. What are the
conditions leading to the nucleation of a single bubble, and what surface
ond fluid properties must be specified in order that the gross mucleation
charecteristics of the surface will be determined.
MM&M;S&QM&

The discussion of bubble nmucleation from a single cavity will begin
by considering an idealized conical cavity under equilibriun conditions;
M,thometormity@mtryandmtmmwmbe congiderca.
Finally, wnmsorthemtactmmumaenm
1. The Conical Cavity

macmmmity,mhunimstmtedinﬂgurel,vith
& bubble already in it. Iet us further assume to begin that the contrct
sngle between the liquid and solid is 90°. A plot of the bubble radius
otmemmthehmbhmhmhushminﬁg\ml. The
mmwmmnwiunmmmmnabeeme
Mﬂammmimltmlipottheccﬂty, its radius of curvature
begins to decrease with increasing bubble volume. Fimally, when the
mmmmuhmm'mwummmdam@mm
further increase in volume results in an increase in the radius of
curvature of the bubble. This minimm radius of curvature is called
thacritiedrldmr*ammlmmequﬂtothemmsorthecavity
at its mouth. It is this radius vhich determines what the wall superheat
is that is needed to initiate the growth of a bubble. For a wide range
of cavity geometries and contact angles, this is the only dimension that
need be specified to determine the superheat needed to initiate the grouth
of & tubble. The question of the range of cavity geometries and contact
angles for which this is true will be considered later.



The radius of curvature at & curved interface, which is segment
of & sphere, and the liguid superheat at equilibrium czn be relsted as
Tollows.

Ap: ?'-g: (1)'/

Ap is the pressure difference between the inside and the outside of

the bubble. When the bubble is at equilibrium the pressure inside the
bubble and the temperature of the vapor and the liquid must correspond

to those which exsist at equilibrium mcross a plane interface. That

is, the vapor must be at the saturstion temperature corresponding to

its pressure and the liquid must be at the same tempersture. The licuid
is therefore superheated. The excess temperature in the liquid can be
related to the excess prescure in the bubble through the Clemsius-Clapyron
relation. This relation in difference form is as follows:

W’FTA . Do (2) /
s T'fg

When £ p 1s eliminated between equations (1) and (2), a relstionship -
between liquid superheat and interface radius of curvature is obtained

vhich is as follows
20’1"11,
- Wﬁ—y 3)
r X - T' , ( /

When the criticel redius is substituted in equation (3) the temperature
difference becomes the critical temperature difference. This is the
minimum temperature difference vhich ie needed to start the bubble
groving from a cavity with a mouth redius r#,

2. unqsnemm,gmvmmt

With the above straightforward theory, it was felt that a simple
experiment on a specially prepared surface would be sufficient to show
the relistion between the wall superheat and the heat flux. In particuler,
cheremmanﬂnrotidmtiedmitiesouthemfaca,mﬁght
expect that portiom of the boiling curve would be vertical. This is
because a very emall increase in temperature would be sufficient to
activete another caevity thereby substantially increasing the heat flux.
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Furthermore, one would expect that the wall superhest measured in
such an experiment would be directly related, through equation (3), to
the cavity size on the surface.

In order to test this hypothesis, a Yoiling surface was prepared
by polishing & copper heater, about ocne inch in dismeter, with emery
paper and then pricking it with a sharpened gramaphone needle to give
37 holes of uniform size and shepe which were evenly spaced on the
surface. In order to help meintain nucleation from these sites, the
entire surface was washed with a paraffin carbon tetra-chloride sclution
which left a thin film of paraffin on the surface. The method of surface
preparation snd the experimental apparatus are described in greeater de-
tail in Appendix A. A similar surface was prepared in exactly the pame
way except that mo cevities were placed on the surface; that is, there
wvere only the cavities left by the emery cloth om the second surface.
The boiling curves obtained from these two surfaces are compared in
Figure 2.

A mmber of observations can be made from the results of this
experiment. First, the curve for the swrface with the cavities lies
to the left of the other ome until a relatively large heat flux is
attaired as is to be expected. BSecondly, the slope is large, 7 or so,
but the line is definitely not vertical. This is not quite as expected.
Lastly, the wall superheats are of the oxder of 20° F. This is un-
expected.

One would expect from the size of the cavities on the surface that .
the wall superheat would be constaut at about 3° F., instesd of the 20°
soserved. There appear to be several possible explanations for this
result. Either the cavities are not the mucleating centers or, the
mean surface temperature is not the onme seen by the cavity or, some
other process determines whether a cavity will muwcleate such as the
rate at which the interface travels doym the cavity. That is the
mucleetion properties of a cavity are determined by properties other
than those appearing in equation 3. In the next section the first of
these quesiions will be counsidered in commection with the stability of
cavities as mucleation centers. Then, in the succeeding sections,
experiments will be described which show what properties are important

in determining the nucleation characteristics of a cavity and finally
of a surface.



3. Stability of Various Cavities as Hucleation Centers

In the preceding discussion of the mucleation characteristics of
a single cavity, it wvos assumed that the contact angle vas 90° and the
cavity was conical. In general, conditions different from these will
not affect the temperature at vhich a cavity will mucleate but will
affect its stability as = mucleation site. Let us consider the effect
of contact angle variations and of cavity geometry.

The minimm radius of curvature or the maximum on the temperature-
volume plot of Figure 1 is determined by both the dimmeter of the cavity
mouth and the contact angle. In the case when the contact angle lies
within the following limits the maximum on the reciprocal redius versus

volume plot and consequently the r# and mcleation superheat is constant.
These limits are

< A< %t (%)

For the surface liquid combination for which Equation (4) is true the
eritical radius of curvature will always be equal to cavity mouth
redius. If /2 1s less than ©~, no maximm will exist, while if
is greater than 90°, the wall superheat needed to initiate boiling
from the cavity will be reduced. The most stable cavities will be
those that have large contact angles within them as the minimm on
Figure 1 vill be lower so that & lower temperature will be needed to
deactivate the cavity.

If the cavity is of the re-entrant type, it will be very stable
indeed. This can be seen in Figure 3 for which a plot reciprocal
radius-volume similar to that of Figure 1 is developed. When the
redius of curvature becomes negative, it means the liquid must
actually be subcooled in order to deactivate a cavity. Such a cavity
very likely serves as the mucleation site for the initiation of boiling.
h. Contact Angle

A large mmber of measurements have been mede at low temperature
of the contact angle between various surfaces and liquids. Careful
measurenents on clean, smooth, metal surfaces, metal oxide surfaces
end metal sulfide surfaces, all show that the equilibrium contact
angle is 0°. However, engineering surfaces are never clean or smooth,
and, in the case of boiling, equilibrium is never attained. The fore-
going effects all tend to make the contact angle greater than 0°.
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Someone who has never mede measursments of the contact angle
cannot sppreciate what minute quantities of & material are needed
to contaminate & surface. A clean, dry metal surface beld in air
for more then an instant will pick up minmute droplets of oil that
completely alter its properties. Purthermore, mo solvent used to
wash the surface will remove the last traces of any contominant on
the metal. In fact, the only relisble way %o form a clean metal
surface is to grind it under water and keep it there.

Because no contact sngle measwrements exist for water at
elevated temperatures, and representative values were not availsble -
for engineering "clesn" surfaces, some contact angle measurements
have been made as part of this program. The apparatus end technique
used to meke these measurements are described in ‘Appendix B. Briefly,
however, the tilting plate method was used inm which the angle between
the plate and the free surface of the liquid wes adjusted uutil the
liquid surface came into the plate without curvature. The angle
between the plate and the liquid was then measured photogrephically.
The comntact angle for & surface contaminated with pareffin ves
measured along with those for a so-called "clean" surface. These
measurements are presented in Figures & and 5.

As can be seen, the pareffin-coated surface gives feirly
reproducible results vhile the scatter for the "clean" surface is
large; /3 generally 1ies belov the values for surface contaminated
with paraffin. One could say from these measurements thet any
cavities with cone angles less than 30° would probably be effective
as mcleation sites. With this information, let us comtimue with a

consideration of the experimental determination of the truth of this
theory.



Experimentsl Determination of the Hucleation Propertics of Single Cavities

A series of experiments reported in reference (6) have been run %o
determine whether the foregoing theory indeed is correct. In particular,
it was desired to determine first whether the mucleation mechanisam
embodied in equation (3) wes correct amd second, whether a single dimension
was sufficient to specify the mucleation properties of such a cavity end
last, whether such a cavity is reasonably stable.

~ An spparatus was constructed which is described in detail in Appendix
C. This apparatus allowed ome to maintain a liquid at any moderate tempere-
ture and at any pressure equal to or less than atmospheric pressure. It was
possible to immerse in this liquid 2 surface on which a cavity of knowm
geometry existed and to adjust the pressure and temperature of the ligquid
until boiling from the cavity just ceased. The pressure =nd temperature
corresponding to this condition would be recorded and the corresponding
superheat could be calculated. In performing the experiments in this way,
easentially equilibrium conditions would exist in the test vessel, and the
temperaturs of the surface would be uniform and kmowm.

A number of experimental determinations were made and these are presemted
in Pigures 6, 7, and 8. The liquid superheate appropriate for these cavities
are calculated from equation (3) assuming that the radius of the mouth of the
cavity is the minimm radius of curvature. The conditions under which these
experimental measurements were made were fixed by balancing the errors in
tempersture measurement, which are large for large cavities)with the errors in
cavity sise measurements, which are large for emall cavities. Therefore,
cavities approximately 2 x 102 inches in dismeter wers used. In varying the
system pressure as was done in these experiments, variation was obtained in
all terms of equation (3), though not independently.

Once the cavity size and surface treatment were decided upon and the
specimen prepared, it was immersed in hot water and heating began.

This was continued until the air in the cavity and water was driveam out,
which was about 1/2 hour for conical cavities and 2 hours for the reservoir



cavity. Then the rate of heeting was decressed and bath and water tempera-
ture allowed to drop untll the rate of bubble formation decreased to & low
value, generally from 1 per 0.2 sec to 1 per 5 sec. This temperature was
then recorded. The rate of boiling from the cavity could be increased by
increasing the temperature or decreasing the pressure.

In running, some difficulty was sxperienced from the nucleation of
bubbles from "rogue® mucleation sites (that is, sites which were not those
prepared). To avoid this, it was necessary to keep the surfaces both clean
and smooth. In addition to this difficulty, it can be seen there is a
certain amount of scatter in the data, particularly for clean surfaces. It
is felt this is due primarily to the difficulties associated with the temp-
erature measurement and in maintaining a slow, steady rate of bubble forme-
tion from a cavity.

The stabllity of a cavity was found to be quite sensitive to the way in
which the bolling was started. If the water waas degaassed before starting, it
was found to be impossible to initiate boiling from the desired spots.
Apperently, the degassed water dissolved sll the gas from the cavity before
boiling began so that the cavity filled with liquid and was no longer active.
Also, it was found to be easler to maintain boiling and get reproducible read-
ings from the paraffin treated cavity than the ®clean® ones. This is to be
expected when one considers the lmporteance of contact angle on the stability
of a cavity.

It was found to be possible to deactivate a cavity which was bolling by
increasing the pressure suddenly. This occurred whem the pressure increase
was sufficient to make the water in the tube the equivalent of several degrees
sub-cooled. If the pressure was decreased again, boiling would not start from
the cavity ek its characteristic activating superheat. Apparently the cavity
became filled with liquid. In principal, this is the reasom for the difference
between the boiling curves for increasing and decreasing heat flux.



These tests showed that the theory of bubble nucleation embodied in equa-
tion (3) is substantially correct and that the specification of a single
dimension for cheracterising a mucleation site is sufficient. They showed
thet conicel cavities are not stable for much subcooling and un-wetted
cavities are more stable than wetted cavities. They showed importance of air
on the initiation of boiling. Finally, they showed that the most likely
explanation for the difference between the expected 3°F wall superheat emd the
observed 20°F in the experiments of figure 2 is that the surface is a lot cooler
in the vicinity of a cavity than elsewhers.

v

2

It remains to apply the above findings to the specification of a real
boiling surfeace. The questions that mst be answered are as follows. What
messurements mast be made in order to determine the mucleatiom characteristics
of a surfsce, and what important variables must be fixed in order to fix the
mucleation characteristics? In this section a series of experiments will be
described which will indicate what must be specified in order to fix the
mucleation properties of a surface, then the importance of the as yet un-
tested variables will be discussed.

The experiments performed on the nucleation of single bubbles showed
that a single dimension might be sufficient to characterize a cavity. The
nucleation characteristics of a surface would be fixed if the size distribu-
tion of cavitles on the surface were known. Equation (3) allows us to
interpret the size of the cavity in terms of a wall superheat and fluid
properties. Therefore, one might hope that though the mean surface tempera-
ture is & poor measure of the temperature a2t a cavity, for a givem surface
meterial snd method of surface treatment, there would be a single value for
the number of active cavities for a given value of the wall superheat and
fiuid properties. That is, if this theory applies to a real boliling surface,
them & plot of the number of active spots per unit ares, n/A, as a function
of radius ought to be invariant even though the type of fluid or its pressure
were altered., Thus for surfaces of the same materlal treated in the same way,
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20'T
a single curve should result wvhen n/A 1s plotted versus ht‘ T.—T’) .
The second term has dimensions of redius and comes from equation (3).

To test this, an apparatus was constructed which allowed sima]tansous
meagurements of surface temperature end heat flux and also allowed ome to
photograph the surfaces during boiling. The liquid temperature was kept
low so the bubbles did not leave the surface and em unpbscured view of the
surface was possible. The number of bubbles on the surface could them be
counted for photographs. The aspparatus snd test procedure are described in
greater detail in Appendix D,

The results for four different copper surfaces treated the ssme way, om
which water was boiled twice along with methanol and ethanol are shown in
Figure 9. The surface was "clean® znd finished dry with 3/0 emergy paper.
The three fluids yield quite different n/A vs T -T, curves though the two
surfaces on which water wae boiled give very similer results. When thes+
points are plotted versus the group om right hand side of equation (3)
(figure 10) it can be seen that all fluids fall on ebout the same curve. In
so far as the proparties not in equation (3) for alcohsl mnd water are not
: the same, it can be said they have no effect on the gross mucleztion proper-
R ties of the surface-liquid combination.
| Since the mean surface temperature has been shown experimentelly to be
not directly releted to the temperature a cavity sees, one might expect that
the thermal properties of the surface material might play a role. This
question is now under study.

Cenclusiong
1. Hucleation occurs from pre-existing gas-filled cavities on the surface.
2. A single dimension in gemeral is sufficient to characterize such an
active cavity.
3« The wall superheat at which such & cavity will become active is fixed

by surface tension and other kmown fluld properties.
4o The mean surfrce temperature is not 2 good indication of the temperature

felt by an active cavity.




5o For surfaces made of the same material and treated in the same way,
a single plot of the number of cavities versus cavity mouth radius cam be
developed which is appropriate to apply to a variety of fluids at various
pressures.

Remaining Work

It still remains to test the importence of surface materisl thermal
properties. Also, more detoiled experiments will have to be performed which
will directly relate the wall superheat and number of active sites to the
heat flux from the surface. In this way the nucleation properties of the
surface can be tled to the enthalpy tramsport per bubble.



List of Symbols

latent heat of wvaporisation

absolute temperature of saturation
absolute temperature of wall

radius of curvature of bubble

specific volume change om vaporisatiom
number of active apots per unit area
contact angle measured through the liquid

surface tension

critical condition corresponding to the
hemispherical bubble at the mouth of the
cavity also equal to cavity mouth radiuves
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AFPENDIX A

J.ppnram and kporimtnl Proceduro Used to Obtain ﬂeat Flux vs.

The heater and vessel are showm in cross-sectiom in Figure 11. The
heat is supplied by three 120W Ciromelux electrical heaters imbedded in
a copper collector section. The heat is them passed through a straight
conductor to the surface onm which boiling is taking place. Three copper-
constantan thermocouples are imbedded in the straight conductor section
end the readings from these extrapolated to give the swrface temperature.
These measurements can also be used to give the heat flux.

The surface is prepered by polishing it with 2/0 emery paper until mo
scratches remain which are larger than those due to the emery itself.
One of the runs was made after the surface had been washed with a carbon
tetrachloride-paraffin solution without any further treatment. This left
a very thin layer of paraffin over the entire surface. The other run was
made on a surface that was washed with the same solution and pricked with
the punch described below, so that it had 37 evenly spaced cavities
2.7 x 10~ inches in diameter at the mouth on equilateral trisngles. The
sides of ench trisngle were 1/8" long. The holes were punched with a prieck
which was made as follows. A steel gramaphone needle was sharpened to an
18° cone angle with an alabaster honing stone. The radius of curvature of
the tip was approximately 10™% inches. This meedle was placed in a nylom
holder that had e stop om it that prevented the needle from pemetrating
the copper for any more than a certain predetermined distance. The needle
was held in this holder with a small setscrew. The depth of pemetration
and shape of the cavity could then be determined from the shape of the
needle that made it and the diameter of the mouth of the cavity.
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APPENDIX B

Description of the App?ratns and Method of Measuring the Contact Angle
_{(Neotsugu Isshild Masugi)

It was desired to obtain values of the contact angle for water on
engineering surfaces at temperatures for which boiling data was being
taken. This necessitated building a device which maintained & given
temperature and pressure while allowing one to observe the contect angle
on a surface. Therefore, to obtain the correct conditions of temperatare
end pressure, & small boiler, illustrated in Figure 12a, was corstructed.
The various parts are described in the caption to the figure.

The test section was immersed in the licuid in the boiler cm the lime
of eight between the two windows shown in the illustration. Twe methods
were tried to give the desired liquid-vapor-surface contact angles, the
bubble method and tilting plate methdd. The bubble method while freer of
contamination difficulties was found to be unsstisfactory because the
bubble would not hold its size for any length of time. At elevated pressure,
& bubble of pure vapor was formed which grew and collapsed with vary slight
changes in the water temperature. Air bubbles would not have given this
difficulty, but the comtact angles would probably not have been the ones
thet could exist between water and its vapor. For this rezson, the tilting
plate method was turned to. ‘

The difficulty with the tilting plate method is that the water surface
is not renewed end as such is likely to become contaminated. Therefore, a
amall watertight chamber with glass ends was comstructed which isolated the
test water from the "boiler" water. For this apparatus, the boiler water
simply provided the desired conditions of temperature and pressure. The
test section 1s illustrated in Figure 12b and dsescribed in greater detail
in the caption of that figure.
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Vhen running, the surface was prepared in the desired mauner snd
the heat turned om. For points below 100°C., the total pressure was
always 14.7 psia, (that is, the boller and test sectlom were opem o
the atmosphere). Above 100°C. the boiler was closed and boiled so that
the alr was driven off and the contact angle recorded characteristic of
& pure vapor-water-metal system.

Readings were taken in the following memmer. The temperature aud
pressure were recorded and the plate tilted so that the interface sporoach-
ed the plate without curvature. A picture was then taken. The camers nused
was a 35mm, shooting directly into the light so that a profile was obtained.
The 1light was steady and the desired exposure obtained with the skmtter on
the camera. After developing, the film was projected in & microfilm viewer
and the angles measured. Because the comtact angle did not have single velus,
the tilt on the plate was usually not exactly right. When it was mot, ths
angle between the tengent to the liquid eurface at the triple interface and
the metal surface was recorded.

In so far as there was no difficulty im reproducing the values for the
paraffin coated surface, Figure 4, it can be said there was no effect from
outside contamination on the readings. For the Sclean® surface, the scatter
and hysteresis is sufficiently large so that there 1s & likelihood that thore
is a certain variable amount of contaminction on the water surfoce smd on ths
metal surface which is affecting the results.

A great deal of difficulty was experienced while meking these measurenents
in controlling the surface conditions in such a mammer 2z to give reproduciblo
readings. As these condltions are not usually very well comtrolled im boiling
sxperiments, these values are probably representative of the ones that would
exiet during boiling. To the author's knowledge, these are the only comtact
engle measurements existing for high tewperature water.
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APPENDIX C

Apparatus and Prozedure Used to Test Nuclention Properties of
Single Cavities

The overall experimental setup is showa in Figure 13 in which the
various parts are labelled on the drawing.

In a typical test rumn, the tube was first washed vigorously in hot
tap water followed by distilled water, aud left empty. The test surface
was put in it after being lightly brushed with a paper towel, snd then
the tube put into the oil bath, (which wae being heated by the bumsen
burner). The cork assembly was put im place, the three thermocouple
tubes having been cleaned with a paper towsl first. Meanwhile, distilled
water was being heated separately; when the thermocouples indicated a
temperature near boiling in the empty tube the hot (but not boiled),
distilled water was poured into it over the hwot test surface. The tube
was removed to do this, to prevent water being splashed into the hot oil.
The thermocouples were again cleaned, the cork assembly put in place and
connected up to the rest of the apparatus and the test was under way at
atmospheric pressure.

Readings were taken at frequent intervals. Each comprised temperature
and pressure readings, with a note on the type of boiling in the tube.

Pressure readings were made up of the baroveter reading (takem once),
the manometer reading, and the head of water above the cavity in the tube.

The purpose of the first part of each test was to boil off the air in
the water and cavity, and so vigorous heating was employed to give vigorous
boiling from the cavity. Originally, the air was boiled off the water
separately before the test began but when this was dome the cavity could never
be activated at all. Apparently the air in the cavity must have diffused out
before the temperature rose high enough to provide emough vapor for stability.
Hence, the necessity found for keeping the cavity "primed® by air from the
water at the start of a test.
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When slow boiling, and starting and stopping of boiling were
required, the unsen burner was removed and the rate of boiling left to
drop. It slowed down very gradually because of the large bulk of the
oil bath. As soon as boiling stopped completely, heating was resumed
strongly to prevent the temperature dropping far enough to kill the cavity.

Atmospheric pressure in the test tube was assured by leaving the cark
loose on the pressure reservoir. Atmospheric pressure readings were taicen
first, and then readings at diminishing pressure down to the lowest requir-
ed; conditions at each stage were controlled with the fsucet pump and the
bunsen burner. Mnally, the test tube was returned to atmospheric pressure
by loosening the pressure reservoir cork again, and some readings taken
with the cavity dead.

At smt.down, the surface was removed and had the water evaporated off
it before being stored im air under a dust cover of paper. The tube was
washed vigorously as at the start, and then filled with distilled water,
The thermocouple tubes were cleaned ageln, and the whole cork assembly
returned to the tube for storage until the next test.

The great emphasis on cleamliness was found to be necessary by exper-
ience, as very active "rogue® mucleation points were formed on the glass or
other parts of the test surface if thess precautions were not takem. Even
when they were takem, there was sometimes trouble and in this case the only
sure cure was to stop the test, almthomboandmth:lnghit,md
start the test again from the begimming. However, sometimes they would stop
orthetrmmndorhstoppodbyaalightdmpintmmm

Often the "rogue® point killed the cavity because it had the lower
critical superheat AT, and so held the temperature down below that required

by the cavity. When it did not kill tho cavity (having a AT nearly the same),

but only accompanied it, readings were still good as lomg as rates of boiling
from the cavity not from the other, were noted. But the condition is

undesirable.
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APPEHDIX D

Experimental Apparatus and Experimental Procedure Used to Obtain
8 ati

The vessel and heater arrangement for this series of tests is
identical with those described in Appeadix A. The surface was always
copper and always finished with 3/0 emery, with strokes in the ssme directica.

The pictures, from which the bubble counts were made, were tekem
with a camera with the lens open all the time. The image on the
negative was just about the same sise as the bubble being photographed.
The bubbles were stopped with amn Edgerton micro-flash wnit giving a shot
otnghthm'éMhdm'cﬁm. Four pictures were tskem at each
setiing and all were counted. The average result for the four pictures is
plotted on Figures 9 and 10. A number of small photographic difficulties
had to be overcome in order to obtain pictures that could be counted.

First, in order to have an umobscured view of the surface the bubbles
that were formed had to be condensed mear the surface. This meamt for the
water the temperature must be kept in the vicinity of 160°F. For methanol,
the temperature was about 89° and for ethamol about 102°F, If the tempera-
ture were lower, the bubbles became too small to see amd if it were higher,
the view became obscured. The water temperaturs was comtrolled with a
cooling coil.

The light needed to take the pictures came in at an angle of 45° from
the surface and the picture was tcken from directly above the surface.

For the ethanol and methsmol the bubbles were very smsll so that the
temperature of the liquid had to be kept rather high in order that the
bubbles remain visible. This meant that the bubbles departed from ths
surface and confused the picture slightly. However, with em "f® stop of
2.4 the depth of focus was so small that the departed bubbles were elways
out of focus. For the alcohols, also, a convection current was set up by the
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rlsing bubbles which disturbed the liquld surface. This elso confused
the plctures. However, when a petrie dish was floated on the surface
this difficulty was overcoma.

Thers was considerable mucleation about the soft gasket sealing the
test section into place for the alcohol runs. This occurred so far fra
the section of interest, however, that it did not hurt the pictures s
spoil the temperature measurements.

When counting the pictures, am area of interest was selected in the
center of the test section 1/2" in diameter and omly bubbles in tuls area
were comnted. It was found that the bubbles in a set of pictur«s did not
always appear at the same place. The reeson for this is probsily that
there was a pause between bubbles at a point so that the surface sometimes
appeared bare at this point in a still picture. Thus, the awmber of bubbles
counted was the time average for the surface. Probably mrre spots were
active. '

When starting up, the tank was filled with fluid aud vigorous boiling
was allowed to occur for about an hour. The cooling vuter was them turned
on and the flux lowered to the desired value. Thms, the surface was de-
gassed and the desired point always appraoched from a higher flux.
Experience has shown that only this is the only way to obtain reproducable
bolling deta.
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Figure 2

Figure 3

Figure 4
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Figure 6

Figure 7
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FIGURES

The conical cavity with a $0° contact angle. The r#* is the
critical value and has assoclated with it the critical A T.
The shape of the temperature-volume curve is qualitatively
the same as the reciprocal r versus volume curve.

Boiling curves of water at one atmosphere and 90°C on paraffin
treated copper surfaces finished with 3/0 emery. The circles
are for points taken on the surface with the 37 cavities
described in the text and Appemdix A, The crosses are for aa
identical surface without these cavities.

The reservoir cavity contact angle 90°. Note th:=t it is
possible to have temperzatures below ssturation without de-
activating this cavity.

Contact angles for water onm stainless steel treated with paraffin,
Contact angles for water on "clean™ stainless steel.

Measured nmucleation superheats compared to the calculated. The
center line is the calculated velue from equation (3). The other
lines are for an error of 1 x 10~ inches in measuring the cavity
mouth diameter. D = ,0019%.

0 steady stream of bubbles

A vetween 5/sec and 1 in 5 sec

Q slower than 1 in 5 sec

dead cavity

QO stopping

X starting
Different cavity. D = .018 clean surface. Symbols the same as
for Figure 6.

Reservolr cavity, D = .0016 for the top line amd .0018 for the
bottom one. Symbols the same ass for Figure 6.



Pigure 9

Figure 10

Figare 11

Figure 12a

Number of active spots per wnit area versus wall superheat.
Bethanol on 3/0 finished copper
ethanol on 3/0 finished copper
wvater on 3/0 finished copper
water.

Same data as Pigure 9 plotted versus r¥ as calculated from
equation (3).

Hoator and tenk assembly used to obtain date presented in
Figures 2, 9, and 10,

1) cooling coll copper
2) trass tank with two glass sides
3) neoprene washer
4) bress nut to hold heater assembly in place
5) heater assembly dimensioned as followss
- diameter in straight section, 1%
- thickness of plate on top, .021%
- distances of thermocouples from the undermeath side
of the plate, .22%, .91%, and 1.61°,
6) thermocouple hole
7) chromolux heater, one of three
8) top plate, .021% thick.

Schematic diagram of test boiler used to obtaim contact angle.
measurenentas

1) pressure gage

2) esafety valve

3) blow-off valve

4) thermocouple

5) stainless steel flanged cross used as boiler, 1' from

flenge to flemge, 2-1/2* I.D,
6) insulation

7) 35mm camera
8) drain valve
9) window, glass o-ring sealed
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10) 500 watt chromolux immersion heater
11) water level

12) 2ight

13) varias

1,) stainless steel flange

Test @ection for contact angle measurable:

1) flange cover

2) distilled water

3) tilting plate

4) water level in vessel

5) hose equelising pressure

6) frame, brass

7) barrel containing water and test plate with brass sides
end glass ends. This berrel twns in its frame under
the aotion of the mechanism which is screwed in end ocut
of the flange.

Test set up used to obtain the nucleation superheats for
single cavities. (Not to scale.)
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