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Abstract:

Interest in the field of boiling heat transfer has brought about increased interest into the problems of
what is going on at each individual site during nucleation and what, if any, interactions exist between
sites. This research project was designed to investigate both individual sites and the interactions
between sites when more than one exist.

The research was divided into two parts. * The first part consisted of a mathematical prediction
involving idealized systems. The second part consisted of reproducing experimentally the idealized
systems in the laboratory and of verifying or refuting the predictions.

. The study involved single sites of various sizes, two sites of equal size at various distances apart, two
sites of different sizes at various distances apart, three sites of equal size on the vertices of an
equilateral triangle at various distances apart, and three sites of equal size in a line at various distances
apart. The heat transfer during nucleation was obtained for temperature excesses ranging from five to
twenty-five degrees Fahrenheit.

The mathematical prediction scheme predicted a heat transfer during nucleation as compared with the'
experimental value that was generally within the inaccuracies of the measuring equipment for all of the
cases under study.
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ABSTRACT

- Interest in the field of boiling heat transfer .has brought about
-increased interest into the problems of what is going on at each indi-
-vidual site during nucleation and what, .if any, interactions exist be-
tween sites. .Thls research project was designed to investigate both
individual sites and the interactions between sites when more than one
exist.

The research was divided inte two parts. . The first part consisted
of a mathematical prediction involving :idealized systems. .The second
.part consisted of reproducing experimentally the idealized systems in
the laboratory and of verifying or refuting the predictions.

. The study invelved single sites of various sizes, two sites of
equal size at various distances apart, two sites of different sizes at
‘various distances apart, three §ites of equal size on the vertices of
an equilateral triangle at varieus distances apart, and three sites of
equal size .in a line at various distances apart. The heat transfer
during nucleation was obtained for temperature excesses ranging from
five to twenty-five degrees Fahrenheit.

The mathematical predictien scheme predicted a heat transfer during
-nucleation as compared with the experimental value that was generally
within the inaccuracies of the measuring equipment for all of the cases
. under study. ‘




. INTRODUCTION

One of the earliest flundamental studies into the phenomenon of
‘boiling heat transfer was.that of Nukiyama in 1934 (21). . In this study
he immersed an .electrically heated horizontal wire into water; this is

similar to many of the methods in-use today.

. Almost all-liquids have the same boiling curves. (gsee Figure 1) as
those described by Nukiyama, As .the heating surface is heated to a
temperature (Tw) that is above the saturation temperature of -the liquid

- {T.), heat is transferred to the liquid by the process of natural con-

)
vection, .This region is that which has been designated as Region I of

Figure 1. 'As the temperature difference, T =Ty (also called the

W
temperature excess glven by-Tx),.increases,.boiling;stants af discrete
sites ‘on the hot surface. -This type of boiling .1s known as "nucleate
beiling" and is designated as Region II of Figure 1. - The maximum-point
of -the nucleate boiling region has been given the -name 'burnout point!,
-The reason for this is that a low.melting.point electrically heated wire,
when used as a boiling surface, will melt (ér-burnout) when these con-
ditions are obtained. .Region -I1I of Figure 1l is Known -as Fhe transitien
boiling:region-and can be characterized by décreasing.heat-fluX'with in-
.8reasing temperature excess,.by an unstable vapor .blanket forming over
-the .heating :surface, and by no soiid;liquid contact., As the temperature
excess is increased, the vapor blanket stabilizes and the heat flux again

-increases with increasing temperature excess. .This .region is Region IV

_of Figure 1 and is known as the regien of full film boiling.

T T
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A number of mechanisms-have been propesed (10,.26, 27) to-explain
the high heat fluxes obtained in boiling. One theory is that the bubble
growth and release induces a form of ﬁicro-convection,ih fhe laminar sub-
-layer, .This theory gssumes a temperature difference Qqual %o the differ-
-ence between the:femperature of the heating medium and the measured liqﬁia ’
temperature centrols rathef than thg témperature exdeés described pre:
viouslyl The pp;mary argumgnt aéainst this theory comes from experi-
,mental'woék’which indicaées that the heaﬁ flux. is defendent on éhe l
tempergture éxéess and.for a.given temperature excess the heat flux-réﬁains
_essentiaily_cqpsqgnt.regardleSS of the subcooling of the liquid (19).
Anothg prdpoged-mechanism 1s- that which assumes a simplg-latent heat
transfér by the bubbles; .Fofstér and- Grief (9) -and .Gunther and .Krieth
,(;5) héve_ﬁe?fﬁrﬁad.calculations.and:have seme experimgntal evidéncé to
disprove thils é@proach. . A third proposed.mechanism is that of va@or.
~1iquid exchange between the expanding bubble and the.liQuid and a sub-
sequent'pushing.éf-the hot liqudd into the:fluid bulk. This mechanism
fa;ls because 1t is impossible to estimate the true interchange. . Moore

and Mésler-(§0) measured temperature drops on thé heat transfer surface
| :

in a bo%ling'wéter system with a special thermocouplé which measured :the
temperaéung.of g:small area and had a,miérpsecond reéponse time., They
-observed; by using:an oscilloscope, Temperature drops_df 20-30 'degrees
Fahrenheih;in'apprbximately two milliseconds. -Theylfh@ﬁ calculated the
ﬁeét removed- by the temperature drops and compared,tﬁétftb.the aqtuél
heat Eluﬁ.i-From this they proposed the theory that tﬁe large heat fluxes

in boiling came from vaporization of a microlayer, 78-89 microinches thick
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.in this investigation,. of liquid at the base of the bubble. .The theory
developed by Moore and .Mesler seems to best predict macroscopic bolling

.0f all proposed mechanisms.

~ These mechanisms do not explain how bubbles themselves form, As
implied by the term '"nucleate boiling", the process-is one of nucleation.
.Nuclei have been assumed to be: cavities and.scratches on the boiling
-surface, regions of poor adhegion of liquid to heating surface, .solids
suspended in the liquid, ionic species-in the liquid, grain boundaries,
and other contaminants on the surface or at the .interface. ' Bankoeff (1,
.2) concluded from theoretical considerations that bubbles probably form
from pre-existing vapor 6r gas bubbles trapped.in the cavities or .the
grooves'on the solid surface, .Microphotographs taken by Clark, Strenge,
and Westwater (6) confirm Bankoff'!s theory. . Corty and Foust (7) investi-
gated the effect of surface roughness on boiling heat transfer rates from
nickel to ﬁ-pentane. .The nickel surfaces were polished with different
grits; it was found that the rougher the polish, the higher the heat.flux
-was for a given temperature excess. Jakob (17) showed this same charac-

.teristic with water as ‘his boiling liquid.

- Once the make-up of a site had been decided upon, a question arose
as to when is a site an active site and when is 1t an inactive site. 1In
an attempt to explain this, . Gaertner and Westwater (13) performed a num-
ber -of experiments which showed that some sites were active for every
value of temperature excess studied, and some only became activated at

higher and higher temperature -excesses. -Hsu-(16) has made a study which

Y —j———
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\ .
seems to explain the work of (aertner and Westwater. .Hsu's conclusions
are presented in graphical form in which an envelope of radius versus

temperature excess 1s shown. .This shows the maximum and the minimum .size

2 site can have and still support boiling.

The mechanisms explained above have all been based on experimental
work wherein the number, the location, and the éize of the nuclei.are
random. -To overcome this limitation, both experimental and theoretical
studies have been madé,to try to explain just what is going on at an in-
dividual nucleatingrsite; These works can be broken down into éub
headings as: |

.Breakoff Bubble -Diameter: Fritz (11l) has assumed the boiling of a

non-isothermal.liquid on an infinite heating surface and has developed an
expression which relates breakoff ‘bubbles to the contact angle-at bubble

breakoff and to the temperature excess.

Zuber (28) assumed an isothermal ligquid heated by a semi-infinite
heating surface and developed an expreséion which rélates the breakoff

bubble diameter directly to the temperature excess.

Stanizewski (24) assumed a.liguid-having a uniform temperature
gradient in it heated by a surface having a .similar gradient in it and
.developed an expression similaf to that of Fritz .in that it was-reléted
.to the contact angle; however, it was also related to the\vélocity of

the wall of the bubble.
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~Various other authors (4, 8, 14) have developed similar -expressions

-using slightly different assumptions.

Siegel and Keshock (23) studied.these various approaches and showed
that each method will probably predict the size of the bubble to be smaller

than .it really is in practice,.

" Time to Attain Breakoff Bubble Diameter: Fritz and Ende (12), Pleset

and Zwick (22),.Foréter and Zuber (10), and Zuber (29) héve studied, the
relation of bubble diameter with time of growth. Thelr expressions show
that the diameter should vary directly with the square root of time.

.The expressions are all very similar?;ith the only real difference being
‘in the constants. .This difference-results-from the assumed. heatlng sur-
.face 1n each case which .is: ;Frité and Ende used a non-lsothermal heétiﬁg
surface, Pleset and Zwiek used an isothermal heating surface,.Forster and

Zuber used an isothermal heating surface, and Zuber used a non-1isothermal

heating surface.

Energy Released as the Bubble Breaks Off: ‘Some .of the most extensive

work performed on the formation of bubbles and their subsequent collapse
has been in the ‘field.of underwater explosions. -One of the best pre- .

sentations of this work is that of Lamb (18). , .

. Gunther anduKrieth-(l5) studied the collapse of a bubble which
formed on a hot heating surface and encountered a subcooled liquid im-.
mediately after breakoff. From this they predicted the energy transfer

during .coellapse,

v
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Birkhoff and Zarantonelle (5) developed an expression for the
"nucleation energy" which they used to predict the liquid tensile

strength.

Other authors have followed either-the explosion  growth and decay

. or the collapse inte a subcoéled:liquid.

-This research problem has concerned .itself with sites, .locatioens,
and numbers which are known. -1t has bedome necessary to try to under-
stand if and/er how,one site can affect a neighboring site. - Therefore,
the problem.of damping an energy wave has become important. -Lamb (18)
in an article shows that if velocity distribution is-known in the direc-
tion of travel as well as other -fluid properties, a viscous damping:éan
be predicted, .However, Stoker (24) has looked at the problem differently
‘and has déveloped a.relationship . relating energy depletion as a wave moves
a distance of one wavelength with the-wévelength. .His.relation -requires

knowledge.on;y of 'Initial or arithmetically averaged .conditions.




RESEARCH OBJECTIVES

The research was conducted primarily to -develop a_mathematical

technique wherein the heat transfer during nucleation of a water system,

. where the bulk of the water was at saturation,, could be predicted if the

number of active boiling .sites,. the -location of -the boiling sites, .and

the size of the boiling -sites were known. - The specific predictions. to

be made were:

A, Heat ftransfer during nucleation as a function of
temperature‘ekcess.for one boiling -site and this to be cal-
culated ‘for a number of different site sizes. '

-B. -Heat transfer during nucleation as a functioﬁ of
temperatqre excess and distance between sites for .two sites
which were equal in size.

-Q. -ﬁ;at transfer during nucleation as a function of
tempeféfure excess and distance between sites for -two sites
which were unequal in size,

.D. -Heat transfer -during nucleation as a funetion of

temperature excess and distance between sites for three sites

which were equal in size.

- The secondary purpose of the study was to develop and to use a

laboratory device which .could duplicate the number of sites,,their'loca;

tions, and -their sizes used.in the mathematical predictiocns. - Item D was

to be carried out in two different ways. .In the-first,ithe three sites

were to be located at fhe-vertices of an equilateral triangle and -in the

second the three sites were to be located.in one straight line.




- MATHEMATICAL -PREDICTION

Since the system being-studied.has an isothermal temperature dis-
tribution in the boiling-fluid and the bubbles which form are assumed. to
be spheriqai, the choice of equations to predict bolling energy, breakoff
bubble diameter, ete.,.is limited to a few equafioné. Also, the chéicg
for'predicting'maximum bubble size is limited beéause there was no attempt
made to measure the contacp éngle at bubble breakoff 'because of the in-

tricate equipment fequired. -The equations used for predicting are:

:Breakoff Bubble Diameter: -In developing his relatienship, Zuber

assumed an isdthermal;boiling-fluid and a'semi—infiniterheating surface
which had a constant temperature across the surface. - For these reasons
this approach was chosen, and the equation used. is:

p A 1/3 |
. - O 1y K' Ty | 5

4 ggf -/3) Q/A

—aF

Time 39 Attain -Breakeff Bubble Diameter:; Pleset and Zwick developed

their equa%ion using the same assumptions decided upon in this study. .The
equation which they developed and,which is being used 1is:
1/2 1/2

' 5. /5 B (9)’ . (1)
T) A

Energy Released as the Bubble Breaks Off: Since most of the work

which has been performed on isothermai liquids has been performed:in

studying underwater demolitions, the werk which Lamb shows in his book-is
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closest to that of this study. - The equation used for this study is given

by Lamb as:

Where P refers to that pressure which woula be exerted if the liquid
were at the temperafure of the heating source, in this study the saturation
temperature of water plus the temperature excess; and R refers to a bubble
radius to which the la?ge bubble qollapses, and is dependent upon the
temperature of the liquld which 1s the saturation temperature of water

at an atmospheric pressure of 640 mm Hg for this study.

-Heat Transfer During Nucleatlon for One Site: TUsing .the energy re-'-
leased as the bubble breaks off and the time to attain breskoff bubble
diameter, the heat transfer during nucleatlon for one site can be cal-

culated from:

Qu = By

e .t

{

.Depletion 9£ Wave Energy: A number of workers have studied the

problem of the péssage of a wave through a fluid and its subsequent de-
pletion. .Most of these studies genefally involve assumptlons of things
such as an average velocity over an interval, and other similar items.
One of the studies has eliminated these assumptions and has made it

possible to calculate the energy depleted in a water wave at a distance
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of one wave length from the generating source. .This is - -the equation

developed-in‘stoker:
T 3 2
= R m cosh®mh
By "—Iul /) max A .

Besides the assumption of one wave length travel, Stoker's:work
‘assumes a. wave whichﬁis'travelling.in a. medium large enough so that the
‘wave is linear in nature., Since this work has been concerned. with a wéve
which moves away from a spherical generating.source and since it has been

concerned with sites no one wavelength apart, .it was necessary to mogify
Stoker'!s equation to fit these.‘-The two modifications are: :First, . a
factor only involving that fraction of the shell of the expanding pres-
sure wave which.would contact another bubble and second, .a factor allow-

.ing .the calculation of ‘the depletion at various distances travelled.

The modified equation is:

i

3
Ey = T Vot Rnax qj Jo] m X cosh2'mh (V)

Heat Transfer -During -Nucleation for More Than One Site:‘ In cai-

culating the combined energy required fo cause boiling at two or more sites
in a éystem,:some aﬁditional assumptions have had to be made, -These
assumptions - include one -site predominating-and;influencing-all other

sites even if all sites ape-identical_in size, no damping. of the -energy
wave occurs at the water-heatinglsurface.intenface,‘and the two’previous

assumptions of isothermal temperature distribution in. the water and the
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formation of spherical bubbles enly. In this calculatien .the predominant
site will require the total amount of heat transfer during nucleation as
calculated for one site ata.given temﬁerature excess. - But the other site
or sites will have their heat transfer during.nucleatioﬁ reduced by the
amount of energy remaining .in the wave at‘a distance equal to the lineal

separation of the sites.

- The resulting equation uses the resulfs of the energy released as the
-bﬁbble breaks off, the time to attain the‘breakoff bubble diameter, and

the modified Stoker .equation. The equation is:

Q = QL+ N-l< > (VI)

which gives the heat transfer during nucleation of ftwyo or more sites_when

all of the-sites are of the same size,

.Using the work of Hsu, this 1dea was extended to the case of two
non-equal size sites. .Thils exten51on required that the breakoff bubble
diameter, and the energy released as a bubble.preaks off, had té-be'
calculated for both sizes.of'sites. - Once these values -wére knoﬁn,.it was
possible to use the graph'prepared by.-Hsu -to pfediet the-tempera%ure excess
regquired by each site before boiling woﬁld be init%ated. .Once these were
known, the heat transfer during nucleation could be calculated using

-Equatiors V and VI.




EQUIPMENT AND EXPERIMENTAL CONSIDERATIONS

Equipment: In order to dupligate the mathematical predictions in
the laboratory,.it was necessary to obtain a material which could be
-used as a heating surface which -had no nuclei of 1ts own. One of the

best materials for this was found to be mercury.

One serilous problem presented itself in the use of mercury as the
heating surface. - The problem was that mercury "wets" very few.materials.
-This nén;wetting is serious in that fthe water moves around and under  the
mercury by bapillar& action when placed on top of if,. 'A compromise had
to -be made in this case. - The mercury was placed in a stainless steel
container 6-1/2 inches in diameter and 7-1/2 inches - in height;,and-an
inner container of a tin-plated steel Y inches in diametgr and,6.inches
in height which the mercury "wet" was used to maintain a water—mefcury

. interface around which the water could not move.

To be able to maintain the mercury at some.temperature excess above
the saturation temperature of thg water, the unit described above wéé
placed inside of a Precision Scientific Company- Number N-3 constaht tem-
.perature bath. .The temperature of the mercury ﬁas measured by -three iron-
constantan thermocouples. located aéross.the diameter of the mereury-
water -interface but not at the same depth,;énd entirely.surroundéd by
mercury. .Iron-constaﬁtan thermocouples were chosen because of théir-

great resistance to corrosive attack -under -long-time exposure to mercury.

All runs were to be made with.the heat'transfer apparatus open to

the atmosphere, At the altitude of Bozeman, .Montana, this meant that
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the atmospheric pressure was approximately 640 mm-Hg. -

Sinée the mercury was to be heated to a predetermined temperature
excess above the saturation temperature of the water by the constant
temperature bath, .and since boiling would lower the temperature of the
mercury which, .in turn, would stop the boiling, it was necessary to
develop some -heater whiéh would maintain the temperature of the.mercury
at the predetermined value and allow boiling to be continuous. -There-
fore, a‘smail D.C. heater made of nichrome resistance wire wbund on -a
solid .glass. form and coated with Sauereisen Number 6 ceramic cement was
prepared, -@his unit was immersed.in the mercury and was s0 positioned
that the heater was lnside of thé small tin—platgd inner cbntaiﬁer.

.The lead wires to the heater were brought out'through the annular,épace

between the two dontainers.

A schematiC'diagram of the system is shown in Rigure 2.

Since mercury has-no boiling -sites of its own, .1t was necessafy
to produce sites on its surfdce.- Two schemes were studied for the pre-
ductioﬁ of these sites. -Oné scheme involved using very fine metal wires
just touching the surface of -the mercury, and the other involved'using
glass capillary rod that was drawn to a very fine tip. Both .methods seemed
to work, but the drawn glass rod .seemed better  in that a finer,:more uni-
form site could be made., Also, . in case something went wrong with the site
such as breaking, etc., the glass rod could be replaced more rapidly. -The

drawn end of the glass capillary rod.was measured by use of a.Bausch and
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-Iomb microbiological micrometer stage. - The fods were held in place by

clamps and were suspended so that they just touched the mercury surface.

.Early work -involved using glass rods which did not come down

" through the wafer, but rather touched the surface of the mercﬁry from

underneath.. - These rods had to be placed before thg tin-plated container
was set in placé because they.had to be led .under the wall of this con-
tainer and up through the annula£ space between this container and the
stainless steel container, .The .difficulty with this method was that

the sites ‘were hard to place at exact‘séparations. Also, work showed
that the difference in heat tfansfer~measured during nucleation»fdr the

top oriented site as compared with this bottom oriented site was. less

than five percent,

Power was supplied to the heater from a 6-volt,.DuC. automotive bat-

tery. .-The power was coentrolled by the use of the circuit shown.in“

- Rigure 3. This circuit contained a variable water-cooled rheostat

which could lessen or increase the load to the small heater .immersed :in

" the mercury.. - The small heater was placed in parallel with two précision

resistors. .Two resistors were used so that the voltage drop across one
of them could be kept within the range of a millivoltmeter. From this
the total voltage drop across the precision resistors.could be calculated

from

V., = ;7 v ) | (VII)
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"In a parallel circuit, the voltage drop is the same in each path, S0
the voltage drop across the‘heater was known. A shunt placed in the
circult allowed the-measufement of the current flow. The power dis;
sipated by the small heater to the mercury pool could then be calculated

by the expression
Wo=iEV | - (¥rIT)

Experimental: Each experimental run was preceded by a cleanup of

the equipment. ' These cleanups also included any materials which might
come into contact with the mercury or the water, or which might be

placed so .that some contaminant could flake off.

‘The stainless steel and the mercyry Wwere cleaned by treatment with
|
a three percent by weight solution of boiling citric acid for thirty
minutes. - The surfaces were then .flushed with hot water for ten minutes
and then with distilled water for ten minutes. .The components were dried

and .covered with a thin plastic film to prevent re-contamination.

Demineralized water was to be used as the belling fluid,. but it
also had to be deaerated by boiling. After the deaeration it was stored
.in a clean container (which had.been cleaned in the same way the stain-

less steel was cleaned) and covered to prevent re-aeration.

All other. items were cleaned by flushing with acetone, by drying,

and by storing:in thin polyethylene bags.
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After Eleaning,the'equipment was assembled as shown in Figure 2 with
the exception that the glass rods were not put into the system. :The mer-
cury depth was two inches and the water depth was one inch. - The controller
on the oil bath was set so that some predetermined.value of temperature
excess would be obtained in the mercury bath. The bath was then turned

on and the system was allowed to reach steady-state.

After steady-state had been reached, as determined by continuous
reading of the three thermocouple outputs, the glass rods were put into
place. -Very few bubbles were observed at the sites produced by the
touching of the glass rod to the mercury surface; but,.é slight depres-

-sion in the temperature of the mercury was noted adjacent to the site.

-The electrical circuit of Figure 3 was then turned on and the heater
was activated. The power was increased until the ftemperature readihg
throughout the mercury again was at the predetermined temperature excess
at which time continuous boiling occurred at each site (if all sites
were of the.same sizej on the surface. After .observing the boiling for
a period of time, readings were ﬁaken of voltage drop and current flow
thréugh the heater. .These two readings gave the power dissipated in watts

which was then converted to heat transfer during nucleation by:

Q - KM N (1X)
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The experiments were carried out for the cases of:

A. One boiling site at'vafious values of temperature‘
excess; and it was repeated for numerous sites.-

B. Two equal sized sites whose separation was varied from
one-sixteenth inch to one ;ncﬁ at each temperature excess.

C. Two unequal size boiling sites whose separétion ﬁaé
varied from one-sixteenth inch to one inch at each temperature
excess. s

D. 'Three edual sized siteées placed at the vertices of an
equilateral triangle whose separation was varied from one-sixteenth
inch to one inch at each temperature'excess.

E. Three equal sized sites placed in 4 straight line patterh'

whose separation was varied from one-sixteéenth inch of one-half

inch at each temperature excess.




RESULTS

Theoretical: TUsing the equations listed under Mathematical Predic-
tion, calculations were made to develop the heat transfer during

-nucleation curves listed in Research Objectives.

Using Equation I, the breakoff bubble diameters were calculated for
different temperature excesses. The results of the calculations are pre-
sented as Table I and are shown in Figure 4 as bubble diameter at break-

off as a function of temperature excess,

The time to attain breakoff bubble diameter was calculafed,from
Equation II. The results of these calculations are presented in Table IT
and are presented as bubble diameter as a function of fimé with para-

meters of temperature excess in Figure 5.

From Equation III, it was possible to calculate fhe energy released
"as the bubble breaké off, The.results are given in Table . III and are
shown as energy released-as a function of témperature excess .in Figﬁre 6.
-The heat transfer during nucleation for an individual site was calculated
from Equation IV and the results are.given in Table IV and are shown as
heat transfer during nucleation as a function of ftemperature excess in

Figure 7.

The depletion of the energy in that portion of a wave which would be
involved with another wave'generator, as calculated from Equation V, .is
tabulated in Table V aﬁd is presented as energy depleted as a function
of the distance away from the known point of origin with parameters of

temperature excess in -Figure 8.
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Calculations were performed using Equation VI'for‘N =2 and N = 3,
-The sites, designated by the letter N, were assumed to be of the same.
size (in this case one mil 4in diameter). The results of the calcula-
tions are given as Table VI for N = 2 and as Table %II for N = 3{ and
are shown aS‘Fiéure-9 for N = 2 and PFigure ;O fdr N=3 1In Figures

9 and,ld, the heat transfer during nucleation‘is'plotted as a function

of the distance between the sites with parameters of temperature excess.

-Using the graph develéped by-Hsu, and assuming two unqual size
sites (in‘this case one of one mil diameter and one of onquuérter mil
diameter) calculatiohs were made of heat transfer during nugleation
versus the distance between the two sites at various values of:tempera-
ture excess. These two sizes were chosSen because of their threshold
temperature excess for boiling. -The one mil diametér-site will begin
to boil at a temperature excess of five degrees Fahrenheit and thg one-
quarter mil.diameter site in the same system should begin to boii at
fifteen degrees Fahrenheilt temperature .excess. The results of the cal-

culations are given in Table VIII and are shown in-Figure 11.

Experimental: The experimental data of -current flow and Volﬁage

drop occurring .in the D.C. heater which supplied the heat of‘boiiing-to

/

the boiling sites was converted -into power transferred in terms of watts

dissipated by Equation VIII.. This was then put in terms of Btu .per hour

by Equation IX.

Table IX and.Figure 12 show the results of a number of runs which

were performed on one-site. .Runs were made on sites which were one-




-20-
-quarter mil in diameter, one-half mil in diameter, and one mil .in dia-
meter., Many of these runs were repeated as much-as five times.--Because
the heat transfer during nucleation was not changed by changing site size
in the range noted, the data for two and three sites will be reported_only.

as an averaged.value of all experimental runs.

.The averaged results of the experiments on two equal sized sites are
given in Table VI and are shown as PFigure 9 -in which the heat transfer
during nucleation is presented as a function of distance betwéen boiling
‘Sites with parameters of temﬁerature excess.

" - The reéults 6f the experiments on two unequal sized sites are given
in Table VII and are shown as Figure 11 in which the heat transfer during

nucleation is presented as a function of distance between boiling sites

with parameters of temperature excess.

- The results of the experiments on three equal sized sites located
on the vertices of an equilateral triangle are given in Table VII and
are shown as Figure 10-in which the heat transfer during-nucleation is
presented as a functlion of distance béfween beiling sites with paraméters

of temperabure excess.

The results of the experiments on three equal sigzed sites located
in a line are given in Table VII and are shown as Figure 10 in which the
heat transfer during -nucleation is presented as a function of distance

between boiling .sites with parameters of temperature excess.




DISCUSSION

First consider the situation where only one nucleating site exists
on a heating sufface. - Generally, the only way that information has been
obtained in fhe-past on one site has been to experimentally study a real
surface having random sites,.locations, etc., and then predict a boiling
heat flux for one site. Cne such result -is shown by Becraft (3). :These
predictions, however, do not take into consideration the interaction of
one site upoﬁ another.and hence give a prediction for the heat flux of a

statistical site and not a real one.

In this work the idealized boiling system has been used and pré-
dictions have been made for the heat transfer during nuéleation for one
site in aﬁ ideal system and they have been checked out by experimentation.
Figure 13 is a comparison between the theoretical heat transfer during
nucleation and the avérage experimental heat transfer during nucleation.
As wes thed in the results, an average value can be used for the ex-
perimental case because the heat transfer during nucleation is almost
constant for all site sizes at given temperature excess. As can be seen
from the figure, most of the differences'between the theoretical values
and the averaged experimental values can be explained by the accuracy or

rather -inaccuracies of the measuring devices.

-Those values of temperature excess where a difference occurs which
is greater than the measuring errors are those temperature excesses where
the bubble might not be allowed to grow to the calculated breakoff dia-

meter due to .the forming of another bubble before the first can break off.
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No work was performed to experimentally determine rate of bubbling .from
a site so no prediction can be ma@e concerning the lessening .in breakoff
bubble diameter; hence the lessening .of breakoff energy. However,~Guﬁ—
ther and Krieth (15) have studied boilingfﬁhotggraphically and show that

bubble rate is a function of the temperature excess.

Second, consider those cases where more than one site, all of equal
size, are present in a known pattern oh a heating surface. .éommon éense
tells one that as the sites are brought together, they should act as.one
site with each contributing a factor bf 1/N of the heat transfer during
-nucleation. At infinite separation each site shoula contribute a quan-
tity equal to the ﬁeat transfer during nﬁcleation.and the total heat
should be N times that for one site. .The rénge from no separating dis-
tance to . infinite separating distance required some prediction scheme to
show whether or not 1t would be possible to prediét the curve as it
travels from zero to infinite separation. -Figures 9, 10, and ‘1l show
that the prediction stheme glven under Mathematical Prediction adequately
fits the data obtained experimentally. However, the figures becoﬁg quite

unwieldy as more and more temperature excesses are added to the study.

After careful study of the data presented in Rigures 9 and 10, it
was decided that perhaps a better method of presenting. the data, other
than heat transfer during.nuclea£ion as various temperature excesses as
a function of distance between sites, coﬁld.be developed. After a number
of trials and errors, one of the better comparisons was that of (Qn / N Qlj

x 100 percent as a function of the distance between sites. .The. reason
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that this .ratio was .finally chosen is that there was no longer any'depen—
dence on temperature excess. A% ény given distance between -sites the
‘ratio was almost the same for all temperature excesses. -Results of the
calculation of this ratio for the theoretical case are shown in Tables
X for-two sites and XI for three sites and.are presented as Figufes 14
- for two sites and 15 for three sites. Results of the calculations .of
the .ratio for the experimental work are shown as Tables X for two sites,
XI both for three sites arranged,on the vertices of a triangle and for
three sites in a line and-are shown graphically as FigureAlM for Table ‘X

and Figure 15 fér Table XI.

As can be seen in Pigures 14 and .15, the temperature égcess is no
longer a parameter even though a band of results are shown for the ex-
perimentai work rather than one simple curve. " This band.is due to the
measuring -errors in the Qquipﬁent, separation measuring -errors, and the
bubbling .problem stated for the'single,site case. Also, at the larger
_separations the predicted curve no longer-is within the band, but pre-
.dicts a higher heat transfer during nucleation or.in this case, a higher

ratio.

To explain this deviation, first consider the situation where two
sites are boiling. .The deviation can be bfought about -in a number of
ways. A few ways concern the errors caused through inaccuracies of the-
equipment used in measuring temperatures, site sizes, and site separa-
tions. Another possibility is that a sﬁall wave- 1s- generated in the mer-

cury at the higher temperatures which forces the bubbles at the dependent
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sites to detach sooner .than they really should. ©No wave was seen; however,
the.-surface was viewed at an angle down through the water and a wave would

have to be quite large before it could be seen.

Considering the situation of three sites on the vertices of an
-equilateral trianglé, the deviation from the predicted-value is greatest
at the lesser separations and 1s less at the greater sepafatiohs. - The
explanation for this seeming reversal in form 1s that as the sites are
brought closer and cleser together, the assumption that only one site
predominates and the other two have no inter-relation is invalid.. Since
the eneréy level lefﬁ in a wave is so great at the short distances'travel-
-led, and even though the wave travelling between the two dependent'sites
is being lessened by ?ther wave fronts from the predominan@ site, there
has to be an effect and this effect shows up as the larger difference.
As the sites are placed further and further apart, the energy left in
the wave passing between the two dependent sites becomes of lesser and

lesser importance and the same reasoning as for the two sites takes over.

Considering the situation where there are three sites in a _line and
where one of theigites predominates (in this case the center site), the
deviation from the expected values ére brought about in the same manner
in which the'deviations exist)for-two sites. -In this study the size of
‘the equipment, the tin-plated . inner container,.ma@e-it impossible to study.
separations any greater than one-half\pf gnninch because at greater separa-
tions the container wall interfered.ngehce no’coenclusions can be drawn

about any deviations at separation$,gréater than one-half inch.
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Thirdly, éonsider the case where two non-equal boiling sites are
used. Common sense says that two nucleation sites not having 'the same
diameter should not have the same-threshold temperature excess at which
boiling.becomes initiated. . Many resegrchers have also stated this, and
"Hsu (16) came up with a curve to predict the maxiﬁﬁm radius and the mini-
mum radius a site can have at a given temperature excess in order to |
bubble. In this work the two sites were one mil in diametér and one-
gquarter mil in diamefer. -Hsu.sfates that the one mil site should beil
hat five degrees Fahrenheit temperature excess, the one-quarter mil site
should boil at fifteen degrees Fahrenheit temperature excess when used

together.

In predicting the heat transfer during nucleation for these two
sites no prediction was made for the trénéition from one site to two

site boiling. Figure 11 shows the prediction.

During the experimental Work, it was found that the threshold for
the sméller site was not the ﬁredicted,fifteen degrees Féhrenheit tempera-
ture excess- -but really was ambout twelve degrees. Howéver, the heat trans-
fer during nucleation deviated from.the curve for the one large site only
at the largest separations used, one inch, as can be seen in- Figure 11.
When the sites are close together, the large site is so cloge that-iﬁ
does not cause a disturbance which can act as a nucleus for boiling which
it can at the greater separations. As fifteen degrees Fahnenheit'tempera-

ture- excess, as predicted by-Hsu, .is approached, the heat transfer during
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nucleation curve takes on the values for two sites at the studied dis-
tances apart and above fifteeﬁ degrees temperature excess stable boliling
-exists at both sites. Figure 11 shows the comparison between the theor-
etically predicted heat transfer during nucleation and ‘that obtained

experimentally.

As in the previous cases the experimental curves were less than
the theoretically-predicted curves. Since there were:two gites opera-
- ting, the same possibilities exist for the difference as for the case

of two equal sized sites.




CONCLUSIONS

The primary object of this research was the development of a math;
ematical scheme which would allow for the prediction of heat transfer
during nucleation fer.idealized systems. The secondary objective was
the setting up of the idealized system-in the laboratory to test the
prediction, the assumptions behind the prediction, and the‘ability-to

obtain such an idealized system in practice.

-From the results of the experimental work for the equal sized sites,
it appears that the assumptions which form the pasis of the prediction
scheme, are valid over the wholeyrange of temperature excess and the
whole range'of distance between'sites studied. However, there seems to
be a region which can be called a "region of maximum validity" or "lesser
error" involving the closer sites and the lower temperature excesses,

-However, on real surfaces the sites would be randomly scattered and
would in all probability be close together, hence makiné-any'need for
refinement to include anything .outside of this region unnecessary ét

this time.

The results for two unequal sites seem to present a different con-
clusion.than that drawn above. .For this case there is no "region of
maximum valldity", but rather the difference between the theoretical
and the experimental results tends to femain about the same for all
temperature excesses at a given distance between sites. This tendency

is due to the two sites not having either the same thresheld temperature
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to initiate boiling or the same energy transferred at bubble breakoff

to the boiling fluid,

Even though discrepancies exist between'the predicted,énd the
eﬁperimental results, the prediction scheme used throughbut this work
gives resultslwhich are within experimental acéuracy for the system
studied. -However, i£ wiil_probably not give good results for real

heating surfaces unless the surfaces closely approximate the assumed

.surface.




SUGGESTIONS FOR FUTURE WORK

There are two possible areas of extension of the present work.
_The first area involves the extension of the work on the idealized
system.alreédy used, and the second involves an attempt to extend the

work to real boiling surfaces.

I Idealized case.
A. Try to include frictional resistance by the mercury
pool to the passage of a wave.
B. Trj to study mercury surfaces td-see if any waves are
genérated on 1t which éould hinder or amplify the wave which is

travelling in the water.
C. Extend the work to other boiling fluids.

II. Real case.
4. Extend the work so as to be able to predict the heat
transfer during nucleation curve for a real surface. This might
- be done~by a statistical study of the surface which would give
an average size and an average separation. -Then by, knowing the
number of sites, the heat trénsfer for the sites on the surface
copld be calculated from an expression similar to:
N By, ave. §

Je ave.
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APPENDIX




h=3

.Radius of the bubble, ft.

NOMENCLATURE

_Area of heat transfer, square feét

Coefficient of diffusion of mass, ft2 per hour

Diameter of bubble, £t.

Diameter of bubble at breakoff, ft.

Energy transférred to the fluid by the bubble at breakoff,_ftflbs.
Depletion of wave- energy, ft-1lbs. ’

Energy remaining-in a wave, = Ey - Ed,,ft—lbs.

Gravitational. constant, (1b force)(ft) .per (1b mass) (hour)?

~Depth of boiling fluid, ft.

Current flow, amperes
Constant to convert energy to heat terms, 778 ft-1bs per Btu

Coefficient of thermal conductivity, Btu per ft-°F-hr

Latent heat of vapbrizatioﬂ, Btu per 1b.

Wave number, et

Constant to convert watts to ft-lbs per hour, 2.655 % 103

-Number'of‘sites

Pressure, 1lbs per ft®

. Heat transfer during nucleation, .Btu per hour

Heat of transfer during nucleation for one site,.Btu per hour

Heat transfgr during nucleatlon for N sltes, .Btu.per hour

Radius of the bubble at breakoff, ft.

Saturation temperéture of the boiling liquid, .°F
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. Temperature of the heating surface, °F
Temperatﬁre excess, . °F
Voltage drop,.volts
Power dissipated, watts
Distance between sites, inches
Factor for distances not equal to one wavelength
Factor for.fractional viewing .of one bubble by the other
Wavelength, ft. |

Factor relating wvoltage drop of one résistor to voltage drop
for both resistors

Reslstance, ohms

‘Density, lbs mass per cubic foot
Liquid density,. 1bs mass per cubic foot
Vapor aensity,'lbs mass per cubié foot
Surface’ tension, lbs force per foot

Time, hours




SAMPLE CALCULATIONS

Prediction Scheme:; In the section on Mathematical Prediction a

number of equations are presented which permit the calculatiocn of the

heat transfer during nucleation for one, twg three, etc., sites. These

sites can be any orientatioh, but one site must be predominant and must

:affect all other sites and there can be no interaction between these sitesn

Sample calculations are presented for a temperature excess of 15
degrees ‘Fahrenheit, with a waeter saturation temperature of 203 degfees

-Fahrenheit.

Breakoff Bubble Diameter:

5 gy, K Tx /3
g(/i j/?}): Q/A

At 218 degrees Fahrenheit

0 1y = 0.1251 pounds force per .foot
l A
| ya

59.2 pounds weight per cubic foot

0.0416 pounds weight per cubic foot

‘K = . 0.393 Btu per foot-hour-degree Fahrenheit
TX = 15 degrees Fahrenheit

Q = 2 Btu per houf,.for one site

A - 17’_D§.squére feet, area of the bubble

Dg = 3.17.x 1077 feet




|;—"
1]

<3l

:Time'to Attain Breakoff Bubble Diameter:

2

966.4 . Btu per pound

?

0.571 x 10"° square feet per hour

©
i

1.8'x.10“8 hours

Energy. Released as the Bubble Breaks Off;

E, = % 17 P (R,2, - R

P = 2380 pounds per square foot
R = 1.58 x.10"3 feet .

R = 0.99% x.lO'3 feet, as determined from Lamb for the
collapsed radius at this temperature

-5

Eb = 2.95 x 107 foot-pounds

.Heat Transfer During-Nudleationvfor‘One Site:

@ = b
J e

Q = 2.09 Btu per hour

.Depletion of Wave Energy:

1M PR3 N2 2
Eq 'KmeaxtP;ém)\ cosh® m h
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Using a distance between sites of one-quarter of an inch

A = 0.0705.feet
K = 0.0833 feet
m o= 74ul reciprocal feet
= 0,057 dimensidndésss
g = 0.087 dimehsionless
Eg = 1.93 x 1072 foot-pounds

Calculation of,qb and Qy.Factors For 'Use in Depletion

of Energy Equation:

Since Stoker has shown that the depletion of energy
as a wave travels a distahce of one wavelength is a func-
tion of the square of the distance, the factor for dis-
‘tances other than one wavelength must be of the -same

order. -Hence:

)

Stoker was concerned with a spherical wave. -In this

study only a fraction of the wave from one source touéhed
a second bubble. A study of a cone whose vertex was the
predominant site and whose base was the diamefer of a
dependent site was méde. - The fesults of the study show
that for separations greater than one-thirty-second. (1/32)

of an inch, and no greater than .one inch, the -relationship 1s:
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4} _ (6 - 7x +‘4x2)' ~ Rpax
6 \ (x/12)

-Heat ‘Transfer During Nucleation for Two and Three

Fqui-Sized Sites:

E, - Ep
Qp = Qi+ (n -1) (-
J.e

Using a separation of one-half an .inch.

X

Sltes Qn‘
2 3.87 Btu per hour
3 5.63. Btu -per hour

~Heat Transfer During Nucleation for Two Non-Equal

'Size Sites:

The e€quation is the same used for equal sized sites,
but from the work of Hsu the smaller site will begih . .to
boil at a temperature excess of 15 degrees Fahrenheit.
Therefore, using that temperature and a separation of

one-half inch gives a heat transfer of 3.09 Btu per hour.

. Experimental: In.the experimental work the data taken was.in terms

of voltage drops across a shunt and across a precision-resistor in
parallel with the D.C. heater. Equations have been présented to show the

calculations of ‘the heat transfer during nucleation from.the data.
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. Current Flow.Through the-Heater:

e Y
o

0.004% volts

0.0113 ohms

Vv
el
I

0.354 amps

.Voltage Drop Across the Heater:

72 v
100, factor -relating precision resistor voltage
D.C. heater voltage

1

Vi

~
Il

<3
Il

0.01661 volts, precision resistor voltage drop

e
o+
1

1.661 volts

Power Dissipated by the D.C. Heater:

. VI

=
]

0.585 -watts

=
i

Heat Transfer During MNucleation for One Site:

Q = WM
J

1.845 Btu.per hour

O
1l

Heat Transfer During Nucleation for Two and Three

Fqui-Sized Sites:

_For‘a separation of one-half an inch, the heat

transfer-is
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- Sites W O
2 1.069 -3.64-Btu:perlhour
3 1.550 5.28 Btu per hour,
" in-a line
3 1.515 5.16 Btu-per hour,

on the vertices
of an equilateral
triangle ‘

Heat Transfer During. Nucleation for Two Non-Equal

Size Sites:

For 'a separation of one-half an inch:
Power @dissipated by the heater is 1.022 watté and the

heat transfer is 3.49 Btu per hour.
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-Table -I: Theoretical :Breakoff Bubble Diameter

- Temperature .- Breakoff Bubble
Excess, - °F. ‘Diameter, Ft.
5 2 0.00380
10 0.00346
15 0.60317
20 0.00298

25 0.00278




Q-

‘Tablé II: Theoretical Time to Attain Breakoff Bubble Diameter

- Temperature Excess, °F

5
10
15
20

25

Time, Hours
12.65x 10-8
4.6 x 10-8
1.8 x 1078
1.0 x 10—8

0.544 x 10-8

s
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~Table III: Theoretical Energy Transferred as the Bubble Breaks Off

Temperature Energy, Site Size,

Excess, °F Foot-Pounds <Mils Diameter

5 3.85 x 1072 1

5 : 3.86 x 1072 | /4
10 3.28 x 1072 o

.10 3.30.x 1075 YN
15 2.93 x 1070 1

15  2.9% x 1075 1/4
20 2,75 x 1077 1

20 . 2.76 x 1072 /4
25 2.49 x 1072 1

e
=
o
1
Ul

25 ©2.50- 1/
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- Table IV: .Heat Transfer During Nucleation, One Site

Temperature Theoretical Heat Site Size,
Excess, . °F Transfer, Btu/Hr Mils Diameter
5 0.392 1
5 0.388 1%
10 ' 0:916' 1
10 ©0.911 1/4
15 . -2.09 '_ 1
15 ' 2.03 . 1/4
20 : e 3.53 N 1
20 351 1/
25- 5.88 - 1
25 5.85 | 1/4
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Table V: Depletion of Wave Energy

'Temperature' Distance Between Sites, Theoretical Energy Depleted,

Excess, °F . Sixteenths of an-Inch .Root~Pounds
5 . S A 0.72 x 1072
5 2 1.43 x 10‘?'
5 n . 2.26 x 1072
5 8 2.97‘x 1072
5 2 - 3.33 x 1072
5 16 3u7x 1070
o0 | 1 0.72 x 1077
10 2 - | 144 x 1077
.10 4 | | 2.19.x 1072
10 8 ' 2.78 x 1077
10 12 ' 5.05 x 107
10 16 3.18 x 1077
15 ' 1 0.63 x 1077
© 15 2 1.21 x 1072
15 4 1.93 x 1072
15 8 2.48 x 1077
15 12 | 2.77 x 1072

15 16 | 2.89 x 1077




-Table V. (continued)

Temperature

Excess,. °F

20
20
20
20
.20
.20
25
25
25
25
25
25

.

Distance Between Sites,
.Sixteenths of an ‘Inch

A

2

12

.16

12

16

- Theoretical Energy Depleted,’

.Foot-Pounds

0.

1.

1

6% -x

13 x

81 x
36 x
.56 x
61 x
.55 x
.99 x
67 x
A7 x
.35 %
38 x

107
1072
1075
1072
1072
1072
1072
1072
107
1072
1072

1072




Table VI: Heat Transfer DuringzNucleation, Two Equi—Sized Sites

‘Temperature  Distance Between Theoretical Heat .  Experimental
Excess, °F Sites, Sixteenths Transfer, Btu/Hr Heat Trans-
of an- Inch fer, Btu/Hr
5. 1 0.47 0.480
.5 2 0.549 0.545
5 b 0.639 10.621
5 8 0.718 0.684
5 12 ] 0.756 0.714
5 16 K 0.771 0.73
10 -1 1.12 1.108
10 2 1.32 1.255
- 10 4 1.53 144
10 8 1.695 .1.581
10 12 1.77 1.651
10 -16 1.805 1.69
15 J1 2.53 2.52
15 -2 2.95 -2.90
15 4 3.46 3.30
15 8 3.87 3. 64
15 iz b4.06 3.80
15 .16 y . in 3.86
20 S 434 4.11
20 2 4. 97 Y 74
20 4 5.86 5.40
20 8 6.56 5.99
20 12 6.80 6.20
20 .16 6.88 6.30
25 1 7.17 6:39
26 2 8.23 7.37
25 4 9.81 8.47
25 .8 11.0 9.26
25 .12 11.41 .9.61
25 16 . 11.51 9.76




-Table VII: Heat Transfer During Nucleation, Three Equi-Sized Sites

Temperature Distance Between Theoretical Heat Experimental Heat Experimental Heat
Excess,. F Sites, Sixteenths Transfer, Btu/Hr Transfer on Ver- Transfer in a
of an Inch tices of Equi- Line, Btu/Hr
lateral Triangle,
Btu/Hr
5 1 0.541 0.492 _ 0.531
5 2 0.694 0.601 0.671
5 b 0.878 0.765- 0.845
5 8 1.032 0.972 0.995
5 12 1.118 1.06 -
5 16 1.156 1.089 -
10 1 1.32 1.135 ' o 1.245
10 2 1.775 1.375 . 1.555
10 u 2.1u45 1.75 . 1.92
10 8 2.40 2.21 2.26
10 12 2.625 2.40 -
10 16 2.70 2.47 _ -
.15 1 2.99 2.64 ' 2.88
‘15 2 3.82 3.18 3.72
-15 ly 4.83 4,08 , 4,50
15 8 5.63 5.16 5.28
15 12 605 5.64 -—
15 16 6.21 5

.76 “—

_9.h_




‘fable ‘VIT (continued)

_Temperature Distance Between Theoretical Heat FExperimental Heat Experimental Heat
Excess, °F Sites,  Sixteenths Transfer, Btu/Hr Transfer on Ver- Transfer in a
of an Inch tices of Equi- Line, Btu/Hr
’ lateral Triangle,
Btu/Hr
20 1 5.15 4.16 4.75
20 -2 6.43 5.29 6.01
20 4 8.19 6.69 7.36
20 8 9.64 8.42 8.59
20 12 10.11 9.06 _——
20 16 10.26 9.32 : —
25 1 8.46 6.59 7.38
25 2 10.59 _ 8.16 : 9.36
25 y 13.75 10.40 11.42
25 8 16.10 13.00 . 13.22
25 12 16.85 13.95 -
25 16 17.15 14,35 ' -

..L.h_



Table VIII:

-Temperature
Excess,  °F

48

Heat Transfer During Nucleation, TWO'Non-Equél Sites

Distance Between

of an Inch

Theoretical Heat
Sites, Sixteenths - Transfer, Btu/Hr

Experimental Heat

Transfer, Btu/Hr

10

12
12
12
12
12
A2

14
4
14
-1
14
14

15

15
A5
.15
15
16~
16
16

16
.16

all

all

(-
NN O

e
NN 00 E N

NP OO =N

[

= -
N O F N B

0.390
0.913

0.386
0.865

1.31
1.31
1.31
1.31
1.315
1.324

1.76
1.76
1.76
.1.87
2.05
2.15

4.30
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Table VIII (continued)

-Temperature  Distancée Between Theoretical Heat Experimental Heat
Excess, °F © Sites, Sixteenths Transfer, Btu/Hr Transfer, Btu/Hr
' of an-Inch
.20 1 4,17 4,08
20 2 4.90 481
20 4 5.74 5.67
20 8 6.52 6.47
20 12 7.02 6.92
20 16 7.07 7.01
25 1 7.12 6.82
- 25 -2 8.45 7.85"
25 4 9.65 8.99
25 - 8 10.95 10..20
25 -12 11.35 11.02 -
25 16 11.52 11.32




Table IX:

Temperature

Excess, °F

\SRGRGEC R RN
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Heat Transfer During. Nucleation, One Experimental Site

" Heat Transfer,
Btu/Hr

[sNeoNeoNoNeoNe]

RN NN

coooo0o

FEEFEEE BO W W W

. 384
.388
.386
.390
.388
381

.879
872
BT
.869

855
868

.00
.05
.03 -
.98
.02
97

.25
.19
.26
.21
.22
.22

Site Size,
»Mils Diameter

1

1
1/2
1/2
1/4
/4

.1
1
.1/2

1/2
/4
S 1/4

1
R
1/2
1/2

1/4
/4

1
1
1/2.
1/2
/4
/4

1
1

-1/2
1/2

1/l
1/4
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-Table X: -Ratio of (Q,/NQi) x 100, Two Equi-Sized Sites

-Distance Between
Sites, Sixteenths
of an Inch

N e

RN NN

OO &4

Temperature
Excess, .°F

10
15
20
25

10
20
25

10
15
20
25

10
15
20

10
15
20
25

10
15
20

.25

Theoretical

Ratio

60.
60.
60.
- 60.
60.

U1 U1\ U\t coooo

U1 \UT AT U\t

A RGIRGI RGBS |

ARG R RN RN |

cCoo0oo0ooO

Experimental

"Ratio

62.
63.
.63,
6l
6l

1.
72.
72.

U OO0 oowumu o COUVMOO OOWUWOoOO OOowu owm

O OuUl O O




Table XI: :Ratioe of (Qn/3Q1) x 100, Three Equi—Sized‘Sites

Distance Between Temperature Theoretical Experimental Ratio
Sites, Sixteenths Excess, °F Ratio _
of an Inch Vertices .of an In a Line
' Equilateral
- Triangle .
1 5 k6.0 42.5 47.5
1 10 46.0 43.0 48.5
1 15 46.0 43.0 50.0
1 20 46.0 4.0 50.5
1 25 - 46.0 44,5 .51.0
2 5 61.0 51.5 58.0
2 10 61.0 52.5 59.5
2 15 61.0 53.0 61.0
2 20 61.0 54.0 62.5
2 25 61.0 55.0 63.0
4 5 76.5 66.0 73.0
4 10 76.5 67.5 4.5
I 15 : 76.5 68.0 76.0
L 20 76:5 69.0 76.5
4 25 76.5 70.0 77.0
8 5 89.5 84.0 86.0
8 10 89.5 85.5 87.0
8 15 89.5 86.0 87.5
8 20 89.5 87.0 88.0
8 25 89,5 87.5 89.0
12 -5 . 96.0 91.5 -
12 10 96.0 91.5 -
12 15 96.0 93.0 -—
12 ' 20 96.0 - 93.5 --
12 25 - 96.0 94,0 -

_Zg;



-Table-XI (continued)

Distance Between
Sites, Sixteenths
of an Inch

Temperature
Excess, °F

10
15
20
25

- Theoretical

Ratio

- Experimental

Ratio

Vertices of an

Equilateral
Triangle

94,0
95.0
2 95.5
96.0
96.5

In a Line




General Boiling Curve

Figure 1.
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Figure 2. Simplified Diagram of Boiling Apparatus




-56-

Battery
| I ||
| l l ¥
Milli-
voltmeter
™\ Switch Leads
Rheostat o
Precision
Resistor
Heater
Precision
Resistor
AAAAA
‘Shunt

Millivoltmeter Leads

Figure 3. Simplified Diagram of Power
Control Circuit
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Diameter, D x 103, feet
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Energy Transferred at Bubble Break-0ff, Ey x 105, foot-pounds
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Theoretical Energy as the Bubble Breaks Off




Heat Transfer During Nucleation, Q;, Btu per Hour
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Plgure 7.
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Theoretical Heat Transfer During
Nucleation for One Site
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Figure 8. Theoretical Depletion of Wave Energy




Heat Transfer During Nucleation, Qs, Btu per Hour
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Heat Transfer During Nucleation, Qs, Btu per Hour
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Heat Transfer During Nucleation, Qs, Btu per Hour
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Heat Transfer During Nucleation, Q;, Btu per Hour
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Figure 12. Experimental Heat Transfer During

Nucleation, One Site
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