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ABSTRACT *

An aha]ytica1 and experimental study of bubble waiting
time for dithloromethane boiling on a glass surface is re-
pérted in this thesis " Bubble waiting time data for boiling
at heat fluxes of approx1mate1y 8000, 10000 , 12000 14000,

16500 and. 19000 BTU/hr ft2 and subg¢ooling values of 1.6, 14.7
and 30.0 °F is presented.

In as much as bubble nucleation theory formulated on

‘the bas1s o‘rdwffusion ‘of heat to the thermal layer pred1cted

results for bubble waitlng time that were inconsistent with

exper1menta1 data, a. bubble nucleation theory incorporating
both diffusion and convective transport ;f heat to. the liquid
in the vicinity of active sites was developed. The bubble
waiping time results predicted by this theory agéeed very

we11 with experimental observations and'thefefore the "evi-.

. dence suggests that the convective contribution of heat trans-

fer to the 11quid layer adJacent to the hegﬂhtransfer surface

is a significant parameter in bubble n0c1eat1on
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CHAPTER 1
INTRODUCTI

o/

Boiling heat transfer is the most efficient means of

heat transfer in use. Modern -technological devices such as
__'nut1ear reactors ahd .space vehicles réquire the removal of
tremendous quantities of ‘thermal energy and the demand for a
deeper unde;stand1ng of the bQ11Jng phenomenon is now greater
than ever. Boiling heat transfer has thereforg become a very
chalienging field in contemporary heat transfer research.
Boiling heat transfer is defined as the mode of heat
transfer that occurs with a change of phase.from liquid to
vapour within the bulk of a 1iquid. ‘Boiling occurs when the
liquid témperature exceeds its saturatipn temperature at a

giVen pressure. The two basic typeg of boiling are forced

convection boiling and pool bof forced convection boil-

ing occurs in a flowing streafn of liguid whereas pool boiling
occurs on a heating surface fubmerged in a quiescent pool of
.11qu1d. Depending-on ihe heat flux transferred to the liquid
by the -heating surface, eithér individual vapour bubb]és
(nucleate boiling) or a cont1nuous vapour film (film bo111ng)
w111%:rpear on the surface.l _

A‘un1qﬁe character%stic of nucieate boiling is the
presence of active sites on the heat transfer surface. These

"PL‘ 1.
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active sites,.ca11ed nuc]eaiion sites, have the ability to
initiate and support the nucleation of vapour bubbles. Nucle-

"ation sites _have been demonstrated conclusively to be tiny -
pits,-scratches and other imperfections on the heat transfer
surfacef ;he rate of heat tran§fer in nucleate boi]jng de-
pends on the number of active Sﬁtes per unit area. As the
temperature of the heat transfer surface is raised above the
1iquid saturation temperature, the number of active s%tes
increases and this is :accompanied by increased heat fransfer'
rates.

In the process of nucleate boiling, bubbles nuc]eatq
at active sites, grow rapid1yland eventually Jetach themselves
from the heating surface. Deﬁending on whether the Tiquid is
subcooled or saturated the bubbles will eithér collapse in
the EP]k of the liquid or continue to grow a;d rise all the
way fﬁ the free surfaéé. *In both cas;s, however, the genera-
tion and departure of bubbles are thought to produce strong
hydrodynamic currents in the boiling liquid which le;d to
extremely high rates of heat'%ransfer. h

The béhaviour of vapohr bubbles at active sites consti-

tute one aspect in the systematic study of nucleate boiling.

Although intensive exberimenta1 and thWeoreticay investiga-
tions have been Qerfqrmed’over,fhe pidst few decades in every

aspect of boiling, much remains to be 1earned.

L)
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CHAPTER 2
LITERATURE SURVEY

2.1. MNucleatior Phenomena and Active Site Distribution

Theoretical considerations [1, 2, 3, 4] have shown
that nucleation of gas or vapour bubbles occurs'preferen-
tially from surface cavities as opposed to nucleation from ’
plane surfacgs and surface'prdjections and that systems with
poor wetting hharactetTStics promote nucléation much easieﬁ
than well wettedf systems. Thus, pooriy wetfed surface cavi-
fies should ho]dt&pe greatest prdmise_of being.active gites.
These consideration§ further show that poorly wetted cavitiés
have a strong tendency to entrap gases or vapour. Frbm these
arguments most casgs of nuc1eation should occur ét'poor1y

wetted surface cavities with a pre-existing’gas or vapour

phase. The experimental evidence [5, 6, 7, 8, 9]‘in_support

of these theories is quite convincing and it is now generally,

.a?cepted that natﬁra]ly occuriﬁg pits, and to é_]esser extent
scratches, do‘indeed serve as a6t1ﬁe nucleation sites in pool
boiTing. ‘ T

AIn 1959, Ciark, §%¥enge and Westwater [7] studied
‘active sites in nucleate boiling and demonstrated that grain

. boundaries and regions of .special atomic densities.on a heat-

ing surface do not necessarily act as active nucleation sites.

. 3.
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4.
, 1
Berenson [10] studied the characteristic pool b611ing
ich is a plot of heat flux versus wall superheat,
fferent surface materials and found that the temperature
difference required to produce a given heat flux for the same
surfaﬁe finishing technique depends on the surface-@;terial.
It was postu]ated'that tﬁis differénce in behaviour is caused

by the difference in material hardness which tends to chqnge

© cavity sizerand distribution, and the difference in thermal

properties of the surface. A subsequent inwgstigation [11]
confirméd these results. "

The effect of surface roughness on boiling character-
istics has been investigated,e#tensive1y over the past four
decades. In.1936, Jakob [12] demonstrated that increasing
surface roughness progfessiveTy'shifts the.boiTing charac-
teristic curyg‘to the left as shown in Figuré 1. Corty and
Foust [13] made measurments oflnut1eafe beiling éoeffibients
for a variety of liquids on a horizgnta] heated surface of

&

different roughnesses. They found that both the position s

Gand slope of the boiling characteristic curves varied with

surface roughness and that the wall superheat generally
decreased as_r.m.s.‘roughness 1ﬁcreased. Kurihara‘and Myers
[14] conducted sim11ar‘exper1ments and ob;erqu é greater
number of active sites on a rough surface than on a smooth
one. Their results imply that a rougher surféce yie]dsfa
higher heat transfer coefficient than a smooth bne; The

) -

: i -—
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Curve No. State of Heat{ng Surface

1 Recently Roughened by a Sand Blast

. 2 Same, Oxidized by Longer Use

J © 3 -Same,lRoughened Once More by Sand Blast
4 Same, After Long Use
5 - Recently Fitted with a Roughness Screen

and Cleaned

6 Same, After 4 Hours of Boiling, Followed by
24 Hours of Lying in Water

7 Same, After 8 More Hours of Boiling, Followed
by Another 24 Hours of Lying in Water

R
Y so0000}
Yo
o
S 30000}=
b4
<
S - 20000
L~ ]

10000k

: | 1 1
0 2 4 6 8 10

Figure 1 Effect of Surface Roughness on the
© Boiling of Wgder: According to Jakob [12].
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experimental results of Ngshikaq@ (15] and.Hsu and Schmidt
[16] agreed with those bf.Kurihéra and ﬂyerg. .

Subsequent to‘this, Hatton and ﬂal] [17] did a photo-
graphic study of boiling on ﬁrepared surfaces and found that

2.5 2.1

"N/A = Constant X P
For a-given heat flux the Constant increased with rougher
grades of surface finish 'and for a giQenvsurface finish it
iﬁcreased with heat flux. . ‘

Vachon, Tanger, Davis and Nix [18]-p(e§entéd pool

boiling data in 1966 which showed an increase and subsequent
decrease in heat transfer with increasiné r.m.s. rougﬁness
for polished surfaces. The investigatoré,demonstrated that
surfaces of the saﬁe r.m.s. roughness but with different suFl
. face preparatién techniques, produce markedly different boil-

ing curves. ,
Jo“

In 1970, Nix, Vachon and Hall {8] conducted a scanning

e

and electron microscopy study of pool’boi1ing surfaces and
came to the coﬁ£1usion that-an increase in r.m.s. foughness
does not necessarily meaﬁ an increase in aciiyp nucleation
sitgs and heat transfer. They conﬁluded that Both r.y.s.
“roughness and surface preparation'technique combine to influ-
enée the number of sites activated. ’Thg investigators pointed
out thatva profiTometer,'which measures surface roughness by ‘
inferpretting thé motion bf:a diamond tip heedle as it moves

3

across a surface, can give a very misleading pzfjare of the

AS



surface with respect to the dimensions of nucleation sites
because of the size of thé profilometer tip. The tip éouid.
bridge many of the depressions and cav}ties; thus giving an
erfoﬂbous indication of the nucleation chéracterisfics of

the surface. Nuc]eatidn sites are microsopic imperféctions
in a sutface and r.m.s. roughness‘va1ues are-estimates of
macroscopic conditions. It %s felt that.no re]iab?e accurate
measuring technique or séa]e of micro-}oughness suitable for
boiling studies exists at this time,

_ In 1962, Gaertner {19] presented a statistical analy-
sis of the only ekigting data at that time of the spatial

distribut}on of boiling nuc]eatibn‘sites. As shown in Figure
2, Gaertner demonstrated excellent agreement between éhe data

and the prediction of a Poisson's distribution of the form

. a -Na,=.\Na ' o
PU(Na) = 2 ZNp [e "“(Na)"“]/(Na)! 2.?
It was therefore conc]uded_tﬁat,active nucieation sites are
- randomly distributed. Gaertner went on to perform a statis-

tical analysis of nearest neighbor distances between active

. 1 3 °
sites and showed by theoretical considerations that

- T %
1 N
S = — (7) : . 2.3
mp. Veu A | . :
R . 2.4
s (A)

— ';5 * .
f2_. 1 (N
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Figure 2 Distribution of Local Active Site
"Populatiens According to Gaertner [19].
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where Smp is the most probable. nearest neighbor distance
between active sites, S is the mean nearest neighbor dis-
tance between active sites-and /%7’15 the root-mean-gquare
nearest néighbor distance between active sites. Figure 3
Shows fair agreement between the experihenta] data analyzed
‘by Gaertner and eqﬂations 2.3, 2.4 and 2.5. )

More rééent]y, Sultan [20] investigated spétia] dis-
tribqtjon of active sites at different levels of heat flux |
and subcooling. In accordance with the procedure q§vised
by Gaertner, the heat transfer surface was divided into a
number of smatll squares and the probability of finding a
Tocal population Na was cafculated'as

, ) : : e

PU(Na) = % ZNa 2.6

Good agreement was shown Qith the Poisson's distribution,
thus confirming that active nucleation sites are randomly
distributed."By making‘a réfinement in the .procedure of
‘caiquating nearest neighbor distance, Sultan was able to
shoy a better agreement between his data and the predictions..

of equations 2.3, 2.4 and 2.5 as shown in Figure 3.

2.2. Characteristics of Active Sites

Figure 4 shows a vapour-Tiquid interface in a'cdnical
cavity. Assuming that .the curved interface is part of a

sphere and that isothermal equilibrium conditions exist, it
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Liquid Vapor
‘A

Figure 4 Conical Cavity with Vapour Nué1eus According

to Griffith and Wallis [6]. ' - (iib)

©O) (1) (1 .(4) Volume

Figure 5 Plot of the Inverse of Bubble Nucleus Versus
Bubble Volume According to Griffith and
Wallis [6]..
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can be shown that

Py - P, = = 2.7
According to the Clausius-Clapeyron relationship

L}

P _ Mg , - o 2.8
aTr vng ) , S

Equation 2.8 can be approximated by the form

P, - P he P

£ - fg v : 2.9
iv - Isat Tsat ‘

Etimination of (r, - Pl) frow equations 2.7 and 2.9 results
in 26T,
. - sat :
Tv - Tsat = FE;H;; . 2.10

Assuming that .the vapour is in thermal equilibrium with the
solid surface _
T = T . . 2.11

and equation 2.10 becomes )
-
chsat .

To- T, = - 2.12
y w7 sat rpvﬁfg .
from which it may be deduced that - '
g . = 20T 5at - S 2.13
PN e Ty Tsat!
<& N .
Figure 5 shows a plot of 1/r versus bubble volume with a -0

contact angle of 90°. The diagram-shows that when the bﬁbb1é'
arrives at the 1ip.of the cavity its radius of curvature
begins to decrease with increasing bubble volume. Finally

-when the bubble projects beyond the cavity with the-shape of_
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2

a hemisphere, furcher increases in volume results in an
increase in the radius of curvature of the bubble once again.
With this trend of behav1our, the minimum radius of curvature
of the bubble is equal to the radius of the cavity mouth and
is caltled the cF*tiEE}/redius s Equation 2.12 shows that
e determines the minimum superheat needed to initiate the
growth o% a bubh]e.

Griffith end Wallis [6] conducted extensive experi-
ments on specially prepared surfaces in which they investi-
gated nucleation character1st1cs of single art1f1c1a1 ‘cavi-
ties. They concluded that the theory of nucleation embod1ed'

in equation 2.12 is substantially correct when the liquid 15

“uniformiy superheate&kand that the specification-of a single

:is sufficient. The authors postuldted that for surfaces of .

-y

dimension rC for the characterization 6f’é,nuc}eafion site

the same matérial treated in the:same wey‘a sihgle_curve
should result when the number or active sites pmﬂuhitarearUA
is plotted versus theoretrcal cavity radius ZaTsat[[pvhfg(Tw sat)]’
regardless of the type of fluid or its,pressure. Figure th
taken from Reference [6], shows that this is exactly the
case. It was therefore concluded that” the nuc1eat1on charac-
teristics of a surface is f1xéd 1f the size:djstr1but1on of
the cavities on the surface is known N .

Shoukri [21] ]ater 1nvestwgated nuc]eat1on phenomena

end conc1uded that the parameter group- 2°Tsat/°v fg(Tw sat)] is

1]
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-

Figure 6 Plot of ‘the Number of Active Sifes per Unit
;\t) Area as a Funétion of Theorétical Cavity Radius
According to Griffith and Wallis [6].
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generally capable of predictiné the minimum nucleation cavity
radius and that this parameter group, together with Brown's

correlation [22]

N 7,0
(1) = (<) 2.14
A r re’ - A
! R}
constitute a sufficient method of describing boiling nuclea-

tion characteristics. _
- In 1962, Hsu [23] formulated a nucleation model to
prédict'the size range ofnactive cavities. By assuming the
existence of favourable cavity geometry, the pre-exist%nce
of a vapour nucleus sitting at the mouth of a cavipy and a

Timiting thermal layer thickness & adjacent to the heat

transfer surface, he derived the following expressions:

2 , - “aAc, .
P2 6 Eﬂ) + [(1 e_sa_t)z_ ﬁ] 2.15
p,max 'ZC] ew ew sew _
. : 3 .

R ¥ ( . 3.53.'5)_ [(,_ es_at)z- Mﬁ] ' 2.16

cmin =2\ ", /L0 8, ) T E
For-a cayity to be active '
1 ' .
Teymin. < Te < Fu,max S 217

Hsu tested his nucleqtion model on the experimental

data of Clark et al [7] and obtained good agreement. In a

later boiling experiment, Heled and Orell [24].identif1ed

active sites in the range 5.9x10"% to 2x1073 inches. The theo-

retical size range“predicted by Hsu's model with an assumed

t
1]
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4 to 1.3x10°3 inches.

value of 3000 micro-inches for & is 2x10°
The experimental and theoreticai results are therefore in
reasonably good agreement. | | |

Iﬁ arecentinves?igat1on, Wiebe and Judd [25] measured
the\Fherma] Tayer thickness & %Br water boiTing on a copper
surface. Theie:;ynd that thermal layer thickness increases
as heat tfans' coefficient decreases and subcooling increases,
and that thermal layer thickness and active site density are
1nterre1ated so that & is not a constant as previously assumed.

Han and Griffith [26] also presented a theoretical treat-

ment of the mechanism of nucleate boiling. With the same

assumptionslas those underlying the Hsu's model but with a

chaﬁan.ef;nﬂ§ of the boundary conditiyns; they developed the -

following expressions fgr the most favourable cavity range

» . 3 .
o2 P ) _TGABW ] 2.18
c,max 38w L (6.-8__,)% *
: w sat
r - S 0sat) ), _ 1 - M ]% 2.19
¢ Mmax 39 L (e -8 )% '
w w sat

- In 1974, Shoukri [21] compared both theoretical models
with expeﬁﬁmenta1 data and found good agreement with a_teh-
dency for active nucleation sites to fall in the lower portion

of the predicted.range of cavity radii.

2.3 Thermal Boundarﬁ Layer and Bubble Formation Process

Among the parameters recognized as significant in

- ————— e L L
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nucleate boiling is the thﬁckness of the superheated boundary
layer adjacent to the heat transfer surface and the 1mmperature
prof11e within it, Genera]1y, there exits two d1st1nct1ve types
of thermal boundary layer [23] as shown in Figure 7. The first
type, whose thickness is denoted by &4 iﬁ Figure 7, is.gﬁverned
by the gross action of all the nuc1eatjon sites. It is be-
lieved that this type of thermal layer is important in pre-
dicting the gross heat transfer. Thé second type of thermal
layer, which is transient in natufe and whose thickhess is
'denoted by 62 in Figure 7, eXists in the close ;;;?Zity of -
the active nucleation site and is the governing factor for
bubble nucleation as dischssed in References [23], [26] and
[29]. Because of the réiat%vely short duration of time - 5_§Q;<:>
~allowed for its growth, the thickness of the local thermal
boundary &, is about an order of magnitude less than éi.

/ Yamagata, N1sh1kawa and Matsouka [ 28] measured the
therma] boundary layer th1ckness, which should be 51 in
Figure 7, by means of an opt1ca1 techqique and found it to

be of the order of 1072 inches. o

In 1965, Marcus and Dropkin [29] investigated the

i

Qzempérature profile within the superheated layer 6] adjacent
to a nickel plated copper surface in ;aturateﬁ-nuc1eate poo]
boiling of water and demonstrated thqx very near to the heat;
ing surface the temperature pr&files are essentially Tinear

and beygnd the linear region it varies with some power in

0.
e

B S
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Figure 7

Thermal Boundary Layefs and Temperature and _°
Velocity Fields in the Layer of Liquid AdJacent

to a Heat Transfer Surface According to Hsu’[23].
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accordance with

T-7T_ ay? 2.20

Although the thermal boundary Tayer E yas'previous1y
defined as the height above the .surface beyond which the
" average bu{k temperature is uniforﬁ, Marcus and Dropkin
observed from their temherature profile diagrams, Figure 8
and Figure 9, that it woh]d be difficult to define such a
height precisély since the temperature gr#dient apprpaches
the bulk Tiquid temperatu;e very sltowly. This, coupled with
the fact that the highly superheated region very near te the
heating surface is most responsible for bubblecﬁynamics,
prbmpted the authors to introduce a.new'definition for super-
beat Tayer thickness. They defined a thickness § .as the ‘
Ae1ght of the intersection between the tangent to the tempera-
ture profile at the surface and the constant Tiquid bu}k-
temperature 1ine as depicted in Figure 10. The tangent line
‘definfng d is actually an extrapolation of the linear portion
of the temperature distribution to the bu]k-]iqhid temperature
and § i§ therefore called the "extrapolated superheat layer
thickness". This parameter is usually an order of magnitude,
less than £ but it is a more usefﬁ]‘one since it feflécts the
thickness of the very 1mportant.and highly superheated fggion
of the thermal boundary layér. Marcus and Dropkin observed
‘that § decreased with increasing heat flux.

More recently, Wiebe and Judd [25] studied the- temper-
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ature profiles in saturated and subcooled boiling of water on

3 copper surface. The authors confirmed the results of Marcus

and Dropkin and estab]ished'that increasing the heat flux and

decreasing subc0011ng has the effect of reducing the extra-
polated superheat layer thickness.

In 1967, Hsu and Graham [27] did a detailed analyti-
cal and experimental investigation of the thermal beundqry
1a}er and bubble emission cycle in. nucleate boiling and con-
c1uded that a cycle of bubble nucleation and growth consists
of the following stages: .

a) Growth of the local thermal boundary layer
b) Bubble growth _

\‘ > c) Detachment of the bubble froe the ﬁes?fng surface’ -
Bubble detachment at the end of the growth period is invari-
ably followed by the destruction of the thermal layer as
relatively cold- 1iquid from the 11qy1d.bu1k rushes in to fi11
the void left by the departed bubble. A new cycle begins as
fhe thermal layer begins to recover. The authors observed
from the1r experimental data that the bubble waiting per1od
which is the time required for the 1oca1 thermal lTayer to
recover after a bubbl® has 1ef§ an active site, is generally
-larger than the growth period and is dependent upbn cavity
'sizeArc as well as the local therma1'boundary layer thickness
. -

In the model which Hsu [23] developed in 1962 for
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bubble nucleation,- it was assumed that at the beginning of a
cycle a bubble nucleus sits at the mouth of a cavity of
‘favourable geometry. The nucleus can be assumed to be the
residual vapour left behind by the preéeding bubble“and is
.surrounded by relatively cold bulk 119uid. As time passes;
the cold liquid is warmed up by transient conduction and

the local thermal boundary layer thickness increases. When
the surrounding liquid becomes warmer than the bubble nucleus
the waiting periodlcomes Ep an end and the bubble begins to
grow. . Hsu postu]ateg that the waiting period ends and the

' growth'pgriod Begins when the te@peratura in the local thermal
boundary layer‘at a height corresponding to the height of the
vapour ﬁuc]eus'achievés the temperature inside the nucleus.
After the bubble has grown to a sufficient.gﬁie it detaches
from the heating surface and rises towards the free .surface
of the 1iquid. Relatively cold 1iguid from the bulk liguid
then rushes into the void left behind by the departed bﬁbb]e,
the local thermal boundary 1ayerlfs‘destroyed and thé bubble
cycle begingiagain. .

BesG} Burow and Beer [30] investigated bubble dynamics
through laser interferometry and have presented a sef of inter-
ferograms which show that the temperature distribution in the -
layer of 1iqﬂid adjacent to the heat éransfer surface cannot

be accounted for by conduction alone. It appearé that,

addition to conduction, there is a convective component of



heat transfer opgrating in the local thermal boundary layer

that cannot be neglected in any analysis.

v

2.4 Bu&%]e Emission Frequency and Departure Diamete}

Nucleate boiling is characteriZed by high intensity
heat transfer. Although several mechanisms of heat removal
- vapour 1iquid exchange, turbu1izétion;of the liquid layer
at the heat transfer surface, microlayer evaporation - may
contribute in some proportion to the total heat transfer,
bubble activity is a common feature dfva11 of them. Bubble
emission frequency f and bubble departure diameter D are
important p#rameters.in preéictinq heét transfer and they

_arise in s¥ch correlation as the Rohsenow equation [31]

-

- N T 3 _
1= hegPyh 5 DOF 2.21
_ McFadden and Grassman [32] investigated the relationship

between bubble emission frequency and departure diameter and

showed by dimensional analysis that

2k a
f0"p 2 -
. ____% a (EQRQ_) 2.22
(oD) g - .
where .
Ao = oy = Py

They then showed that their experimental data, taken over a
wide range of frequencies and diameters, fitted quation

2.22 when a = %. This implied that

5
c 0% = 0.55(9%9-) ' 2.23
! L
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for a given fluid. Assuming that Ap = Pg> then

£0% 0.56vg = 17.6 cm®/sec (2.24)

This result was confirmed by Cole [33].

In a more recent investigation [34] of the relation-
ship between bubble emission frequency and departure dia-
meter for water and sodium chloride, jt was deﬁonstrated
that for water

pf®® - ¢ for f > 20/sec  ~  (2.25)

093 = ¢ for f < 20/sec (2.26)

and for sodium chloride solution

0¢0-15 _

C ‘ : (2.27)
At this poinf in time there seems to be some controversyl
over the exact relationship between D and f and the value
of the constant C. |

In-an experimental investigation of 1966, Cochran
and Aydelott [35] demonstrated that bubbTe ITfefime. thch
js the reciprocal of bubble emission frequency, decreases
as liquid subcooling increases. This result was confirmed
by E114on [36] and Gunther {37]. However, in 1968 Judd
[38] reported that his experimental data inzicated that
= bubble lifetime increases, instead‘of &ecreasing; as liquid
subcoo]ing increases. -More recently, Shoukri [39] advanced

theoretical models which predicted a decrease of bubble

emjssfon frequency with a decrease of surface'superheat.
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with an increase of liquid subcooling and an increase in
nucleation cavity size. Although the different models
fncorporated different equations for bubble growth period,
:thgy show very close agreément. The author's experﬁﬂenta1
data for water and 1so-propy1{a1é6ho1 boiiihg on a coppér

surface with two different surface finishes showed good

agreement with the proposed models. .

=



CHAPTER 3
THEORY

3.1 Introduction

In the course of nuc1eate b0111ng, periodic streams

of bubbles are emitted from active cavities on the heat
transfer surface. The time elapsed between two consecutive
bubble departures frog a given catity is defined as the
bubble period.. The study of bubble period is divided into
two parte: the study of the waiting period_tw, Jh?gh is the
time from the last bubble departure to.the beginning of

the next bubble formation and the growth ' period tg, which
is the time from the beginning of the bubb]e formation to
its departure or collapse. The sum of the waiting. period
and growth period amounts to the bubble period or bubble
lifetime. ; _

In- the sections to follow, models of bubb1e nuclea-
tion will be" formu]ated and used to predict bubb1e waiting
time for a given set of condit1ons However, before pro-
ceed1ng to theoretica1 considerations it is appropriate to
discuss at this point the cond1t1ons under which nucleation

is thought to cccur. A cavity i believed to be able to

serve as an active nuc]eat1on site if it _has the ability to
hold gas or -vapour in it (v, 2, 3, 4,5, 6,7, 8, 9]. The

cond1t1ons necessary for the entrapment of .a gas have been -

1

cons1dered by Bankoff [4] For simp11c1ty. a sem1-1nf1n1te

26.
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sheet of liquid was considered to be advancing during tne
filling process unidirectiona11y towards a groove as shown
in Figure 11. If the contact angle g of the 1iquid were
greater than the wedge.angle'o, the advancing liquid front
nou]d strike the opposite wall of the caﬁit% befgre tt had

completed its advance down'the near wall., A residue of

- gas would therefore be trapped which coulld servd as a nucleus

for the formation of subsgguent bdbbles. the condi-

tion necessary for the entrapment of a gas is

8 ; é : .-. . -‘ ) | : f ‘/j%z_])

If the contact ang]e B is less than the wedge angle ¢,‘the
vapour w1]1 be comp]ete]yro1sp1aced by thﬂ\abvanc1ng Tiquid
and the caV1ty will be deact1vated

Lorenz, M1k1c and Rohsenow [40] assumed the exist-
ence of an idealized con1ca1 cav1ty and the vapour trapping
mechanism proposed by Bankoff and, on the basis of geometr1-
‘cal cog&}derations a1one, generated a set of curves represent-
1ng the re1ationship between the nucleus/cavity ‘radii ratio
jrn/rc), the contact angfe.B and the cone ané]e é. These
.curves, shown in Figure 12, indicate. that for a given cone
angle ¢, there is a max;;um value of contact an;1e B above
whfch the radius of curvature of the nuc1eus r in a cav1ty

n

1s a1ways identical w1th the Gavity mouth radius ré It

means therefore that for 11qu1ds Mith-relatively 1arge

contact angles. or cav1t3es w1th relativeiy sma1] cone anglesy

the radius of curvature of the vapour nucleus w111 always_be
o~ . ° - :
. o _

o




—

Figure 11
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LIQu1iD

— — e —

Conditions for the Entrapment of a Gas in the
: -]
Spreading of a Liquid ‘Across a Groove According

to Bankoff [4]. .
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identical with the cavity mouth radius. On the ofher hand, -
if the 1iquid confact’ang]e is too sma11_or cavity too large,
the 1iquid—ﬁapour interface may exist some distance in the,
cavity mouth. The authors' own experimental data is in good
agreemeht with the proposed model.

Hsu [23] proposed a model for Bubble nucleation
which assumed that at the beginning of an emission cycle
a bubble nucleus sits at the mouth of a cavity of favourable
geometry. The nucleus can be considered to be the_gesidual
vapour left behihd by the preceding bubble and is surroundéd
by relatﬁvely cold bﬁ]k liquid at temperature T_- As time
passes, the cold Tiquid is heated up by transient conduction
. and the local thermal boundary jayer thickness increases; . ,
when it grows to the extent that the surroinding liquid -
becomes warmer than the vapour in the nucleus, the bubble
waitfng't1me end; and the bubble begins to grow. After
achieving sufficient size the bgbble detaches from the heat
transfer surface and leaves a réﬁidue of vapour behind in
the cavity that will act as the nucleus for the formation of
the next bubb];. As the bubble leaves the heating surface,
bulk 11quig at temperature T_ rushes in and fills the v&id
left behind and the local thermal boundary layer 1s destroyed.
A nucleus fis onge'agéiﬁ surrounded by relatively cold bulk
liquid and another pubbﬁg cycle is about to begiﬂ.

3.2 Growth and Temperature Distribution in T

the Thermal Boundary Layer

In the formulation of bubble nucleation models
| ' +
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{23, 26] it wéé commonly assumed that the Tocal thermal f/f/’—
boundary layer grew as a result of diffusion from the heat
-transfer surface to the 11qeid.' However, experimental data
[Bd] indicates that the actual temperature distribution in
the thermal layer in the near vicinity of an active nuclea-
tion site cannot be accounted for by diffusion alone. Figure
.13, taken from Reference [30] depicts the temperature dis-
tributions at 0 m 5,34 m s and é ms efter bubble detachment
for water boiling on a copper surface. If it can be assumed
that the wall temperature is instantaneously raised from bulk
liquid temperature T, to wall temperature Tw at the commence-
» ment of the thermal layer growth, then assuming conduction
to be the on]y mode of heat transfer into the Tiquid it can
be shown [41] that the temperature distribution in the thermal
1ayer.shou1d‘8e

T-T :

T—T—“' = erfe —_f— 3,2

wle or 2/ T (3.2)
N

-Figufe 14 shows a plot of T versus yat 4 ms and 8 m s

after bubble detachment for the situation depicted in

Figure 13. On the ﬁame diaéram, the temperature distribu-
t{ons according to eeuation (3.2) are also shown. The

figure clearly shows that conduction alone seriously under-
estimates the growth of the thermal layer and the tehperature
'distribution in it. The optical investigeﬁions of Best,

Burow and Beer [30] pointed to a convective contribution

of heat transfer in the therma1 boundary layer which cannot

be neglected in any meaningful formulation of a bubble nucleation

-
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model. It is therefore suggested that acflow of liquid
exists in the vicinity of an active site promoted by the
departing‘bubb1e, which is inwardly directed towards thee
“active site, that results in the convective component‘o%

heat transfer in the thermal layer formation. fn the follow- .
ing theoretf6a1 analyses the growth of,and temperature ‘
distribution in,the local thermal boundary layer as controlled

by diffusion only and by diffusion combined with convection

will be examined.

3.2.1 Thermal Boundary Layer Growth-Diffusion Controlled

>

Consider a heat transfer surface delivering a net
heat flux Q/A into a liquid at temperature T, that has
suddenly come into contact with it, Figure 15. Assuming
the 1iquid to be semi-infinite in extent and that conduction
occhrs unidirectionally inte it, the conduction equatibn
can be written as '

o al21 .
o L=k, 2T - _ (3.3)
. ] .
where Ky is the thermal dfffusivity of the T1iquid.

The initial condition of the liquid is

T(y,0) = T, | - L (3.4)

and thefboundary conditions are

Q/A = - k ﬂ(ﬂ:_t)_ ' (3.5)

2 3y
CT(=,t) = T : C (3.8)
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Writing the dependent variable
Taly,t) = T(y,t) - T (3

- . L e
the conduct1on_equat1on can be written as

[+%]

6 _ 50

FE A S . (3.

whiie the initial condition becomes
e(y,t) = 0 (3

and the boundary conditions become

=

/A = - k. 2800,t) (3

L ay -

8(w,t) = 0 o . (3.

The Laplace transformation of equation (3.8) with time
can be wri}ten as

2 2

a o
<

where q = / -2 | _ (3

K

-

The general solution of equation (3;12) is

-2 T =0 : (3.

7)

8)

.9)

.10)

11)

i2)

.13)

' )
o(y,s) = A]e'qy + A, e 1Y (3.14)
where A1 and Aé aré constants.
The Laplace transformation of the boundary conditions can
be written as .
Q/A . de(0,s) _ '
K,s © ~ dy 0 (3.15)

2
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5(w,5) = 0 | (3.16)

The constants A] and A2 are determined by substituting the
.boundary conditions,'equations (3.15) and (3.16), into

equation (3.14)

.- ga _ (WAMk,
1 kgsq k, s/
LA, =0

Substitution for Aq and R, into equation (3.14) gives the

solution to equation (3.12)

//?"

(a/a) Ve, - /%Y

8(y,s) = ——-—= @ : (3.17)
kls/E_

After 1nversé Laplace transforming, equation (3.17) becomes

2
® K, t -Eth
o(y,t) = EiA 2(-2 )12 e -y erfe [‘”;lZI""f]
I (3.18)
Substituting 6f equation (3.7) into eqUation'(3.18) and
rearranging gives
o) - 1 J—R

= L ¥Rt LY arpe (L)Y (3.19)

(Q/A) i, t/k, /r 2/, t 2/t
Defining .  Z = ~—dom (3.20)

. zlfzf

equation (3.19) can be written in the form
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T(y,t) - T, , 2% |
. =2 [— e - Z erfc 7] (3.21)
(Q/A) /< E/k, £l
or
T(y,t) - T
= 2 ierfc Z . (3.22)
(Q/A) Ve, t/k,

Figure 16 shoﬁs a plot of dimensionless temperature

[T(y,t)- T ]/[(Q/A)/K gt/k,1 versus Z according to equation
(3.22).

3.2.2 Thermal Boundary Layer Growth - Diffusion and
Convection Controlled

The flow which is established in thé wake of a rising
bubble is admittedly very complicated and only recently hgs
i it become possible to predict the unsteady velocity compon-
ents adjacent to the surface from which a bubble is rising
with any confidence [30]. However, in this study, an
approkimate analysis is just as usefu]land the derivatioﬁ
which follows is such an analysis whjch predicts the develpp-
ment of the unsteady hydrodynamic fie]d and temperaturej
f1e1d in the wake of a bubble accelerating away from a hori- -

zonta1 heating surface [42].

. —

Consider a bubble of hemispﬂerical shape rising in
an incompressible liquid of constant properties at tempera- .
ture T and moving away from a heat transfer surface that
is delivering a net heat flux Q/A to the liquid as shown

in Figure 17. An idealized hemispherical shape is assumed
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for simplicity in the analysis, although bubbies of this ' .
shape have actua11y been observed experimentally [43]
As the bubble r1ses, liguid moves in with a horizontal velocity

component u (y t) to fill the void that is left behind and

-an unsteady flow field is therefore set up in the vicinity

of. the surface.. One of the features of thelf1ow field is
the formation and growth of a wake regfon whose tHicﬂhess

is shown as §(t) in Figure 17. As a result of heat being.
conducted to the Tiquid from the heat transfer surface and
convective trérsport of -energy caused by the flow behind the
Bubb]e, a thermal boundary layer, whose thickness is shown
as A(t) in Figure 17, develops in the wake region. The

hydrodynam1c boundary conditions are

u{y,t)
u(y,t)

0 aty =0 B - (3.23(a))
-Ua(t) at y = §(t) . (3.23(b))

where Ua(t) is the velocity of the-flow at the base of the

bubble. _— i RO
. '. . ' ’ ~
The thermal boundary conditions are "~ > = = 'i} e
CT{yat) =T () aty=0 e (3.24(a))
T(y,t) =T at y = a(t) - . (3.24(b))

- —

and the initial dondi%ions associated with the.prqb]em are
&(v) =0 at t=10 - o , (3.25(a))
8(t) =0 at t=0 o - © o (3:25(b))

>

0
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The analysis begins by developing the conservation
" of mass equation appropriate to the present flow system.
Consider a cylindrical shell of 1iquid,whown in Figure
17, with an inner radjus r and an outer radius (r + dr)

under the base of the bubble. The mass flow rate of 1iquid

. ¢ .
out of the elemental shel]l i
| ] )
‘ s(t) - . :
Moyt = - anrf u(y,t) dy - ' ) (326)
; 0 ‘
and the mass flow rate of liquid into the elemental shell is
- 8(t) 5(t)
. L 5 _
' L 2mp(r+dr) [j. u(y,t)dy +.-ﬁ( f u(y,t)dy)dr'] (3.27)
»
) 0

Neglecting insignificant terms, equation" 3.27 can-be expanded

-

to give s(t) 5(t) _ \/’
".1'in ="27FP[T‘ [u(y,t)dy +rdy |

o7 u(y,t)dy)dr
) o ' 0
8(t) _
+ dr f u(y,t)dy] | (3.28)
)

The rate of growth of the eTemental she11 as a result of

the bubb]e departure from the surface is -

= 2wrpgﬁiﬁl dr _- (3.29)‘

Ms(t) dt .

~From the principle'df conservation of mass

Ms(t) = L 'imout o .‘(3.30)

. / :-
/\Q ' o

-




43.

Substituting equafions 3.26, 3.28 and 3.29 into equation
3.30 and simplifying the result gives the conservation of

mass equation in the form

: §(t)
- % %F [r ./. u(y,t)dy] = Q%%El ! {3.31)
o - .
- ) " To solve equation 3.371 it isjfirst hecessary to be able to
‘ l. degéribe the velocity distribution u(y,t) and the thickness
S(t)x Any expressions assuméﬁ for u(y,t) and 6{(t) must
- . satisfy the.appropriate boundary congditions.

For the velocity distribution, assume that

ulyat) = L(eg -2+ ghH - (3.32)
s
A\ ‘ ,
where E = 3%57 (3.33)
“ From equat1on"3;32
u(y;f) = 0 at y =20
uly,t) = -Ug(t) at -y = &(t)

Equét1on 3.32 therefore satisfies the necessary hydrodynamic
boundary conditions as‘déscribed by eauations 3223(3) and - |
3.23(b)". :

.Having an eipre§s1on for u(y,t), equation 3.31 can

now be solved

‘ s(t) - 8(t) ),
5 [ urney -ua(t)of (25 - 2% + £)ay

o}
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:
= -Ug(t) 8(t) (2t - 253 + 54)(15
% o
‘ = = 0.70 Ug(t) &(t) | (3.34)

For the wake .region thickness, assume that

ig{ﬂ = v (1- ety T (3.35)

" where V_ and teware unspecified constants. -

Integrating equagion 3.35 with respect to time gives

o 8(t) = v ot+ vt et 4 constant | (3.36)

From the initial condition, equation 3.25{(a), the value of

the Consfant is determined as

Constant = 'thc

Substituting for the constant in eqdation 3.36 and rearrang-

‘ing the result gives

s(t) = Vétc[':f_c' (1 - e't/tc] N (3.37)

. Defining dimensionless time 1 according to

v = L P (3.38)

equation.3.37 can be'expressed as o

6(t) = thcﬁ; (1 - é"‘)] : oL (3.39)
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- Combining equations 3.35 and 3.39 gives

1 dé(t 1 1-e7 7 ..
11633 = - — (3.40)
Now, supstituting equafion 3.34 into equation 3.31
and rearranging the result gives -
0.7 3 _ 1 ds(t
g )] - S(EY dt (3.41)

Substituting equation 3.40 into equation 3.41 and
rearranging again gives the conservation of mass equation in
the following form

%g—r[rus(t)] =‘7§ﬁ——~‘-LT;)- B (3.42)

e t-{1-e"

The conservation of energy eaquation must now be
developed. Consider again the cylindrical shell of 1iquid
described earlier and depicted in Figure 17. The heat con-

ducted into the element is

_Zvrdrkz(a_e_(m ) y

Qcond Ay =0 (3.43)
where o(y,t) = T(y,t) - T o ~ (3.44)
The heat convected out of the element is
Alt) _
Qéonv,out=_ 2wpCr -/— [u(y,t)B(y,t)]dy. (3.45)
0

and the heat transpo%ﬁed into the element by convection is
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. A(t) '
 Qeonv,in T =2mpC(r+dr) '[u(y,t)e(y,t)d}]
' 0]
a{t) .
.+§—r[f (y,t)oly,tidyary  (3.46)
o’ - [l

"Neglecting insignificant terms, equation 3.46 can

be wfitten in the form

| A(t) A(t)
oy, in = -2moCer f uly,t)ely,t)dy + r 2 [f u(y,t)e(y,t)dy]dr

At

+ dr f.u(y.t)a(y,t)dy ‘ | (3.47)

o]

The héat stored in the element is

| A(t)
Qgtored = 2mrdroC —g—E [ e(y,t)dy ' (3.48)
- , A |

From the principle of conservation of energy

‘Qeond * Qconv,in = Qconv,out = 'Qstored. (3.49)

Substituting equations 3.43, 3.45, 3.47 and 3.48 into

equation 3.49 and simplifying the result gives the energy

Lo
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equation in the form
A(t) ' a(t)
%ff e(y,t)aw%—g;[rf oty ety thay] - fABE) - (s50)
0 - o

In order to solve equation 3.50 an expression for
8(y,t) is required. A suitable polynomial expression for

the temperature distribution across the thermal boundary

layer is
T(y’t) - T
® 8 t 2 .3
. 2 = .= 1-3n+ 3n%-n (3.51)
Tw t - Bw t ) -
where n = K%FT (3.52)

From equation 3.51
T(y,t)
C T(y,t) Te - at y

T,(t) at y =0

a(t)

The assumed expression for the temperature distri-
butiom, equation 3.51, therefore satisfies the thermal
boundary conditions as described by equations 3.24(a) and
3.24(b). Further Justification for using equation 3.51 will

N S
be provided Tater. ’

Having an expression for e(y,t), equation 3.50 can
" now be solved : - “-’___4/////
A(t) . -

A(t) .
] 3
kS [ 8(y,t)dy = 3t Bw,(t) (1-3n+3n2-n3)dn

° . . o 1

-~
<

{3.53)

1 4B, (£)a(t)

jot] :_ a 2 3 )
= ﬁ(ﬁw(t)A(t)) (1-3n+3n"-n"}dn = Eﬁ
. ' . |



.
Similarly _
Aft) At) s 4 5
. 2
f aly £)6(y,1) = -U,(£)8, (1) f [2h-2p ) | -3ty - Jev
° ° (3.54)

where both 8§ and A are understood to'be functions of't.

Expanding equation 3.54 results in

A(t) ® a(t) ) 3 .
= - - 1. - L._ - L
f uly,t)ely,t) ua(t)ew(t){ [ [2(5) sz +6(L5) 2(563)]

0

i 3- y4 y5 . yﬁ
(26 6(5%’*_5(5%2) 24

4. 7 |
+ [(;%)*3(‘; )+ 3( (54 3)]} dy (3.755)

- Carrying out the 1ntegration and then imposing the

limits gives

A(t)

f uly,t)ely,t) =

0

-Ug(£)8, (t)a(t) {[( beah) + 30 + Lp)

[—() 1y iy —(%][ 2{)47(3)—-(“ ]}

ﬂs(t)ew(t)a(t) [0 100(-) - 0. 014(—) + 0.004( ) ] (3.56)

Now, from equation 3.51

30, (t) e
a9 . L 2w _ QA
(ay)y 0 a{t) . K, Constant (3.57)

Substituting equation 3.53, 3,56 and 3.57 into equation
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L]

3.50 and rearranging the resulting expression, the energy

equation becomes

d[e, (t)4(t)] 3 4
_}_Wd_t___ - A(t)ew(t)[o.loo(-g-) - 0.014(%) +0.004(%) ]%a—arudét))
ew(t) .
= - 3k ' - (3.58)

Substituting the conservation of mass equation,

equation 3.42, {qukzigzgpnservation of energy equation,

equation 3.58,gives the result

d[e, (t)a(t)] -t |
1 W ‘ aA{t) _1-e (A t ) (A t )
- ———— = 1.4290 0.100 + 0.014
4. dt w. tC T"(]'E-T) §{t S(t .
(A t ) o 8,(t) ‘
- 0.004 € = '-3K£ _A(-t-)_ (3.59)
However, equation 3.57 gives ew(t) = % gLﬂA(t) S0
. | 2

that equation 3.59 can be re-arranged fb give

. 2. 2 -T ' 3 4
1_dfa(t)] [A(t)] 1-e At Al _ AT L
et T ) RO

= 12 (3.60) -

“ A!tl L
“Defining ¢ = Kt (3.61).
: L -1 (1-a"TY
and x = el oy x(-e) o przle ) (5
'KEE; '-ﬁEc & ) c

ﬁhere V;tc has been re-writ en as a cpnstant C, which can be

- interpreted as the distance above the heat transfer surface

s

-
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.

at which the terminal velocity of the bubble is achieved
and is thought to be independent of heat flux and subcooling,
then

1-e” 7

2 3 49"
S - ®_o.082(% L2
T (1-e‘T)¢ [o.sm(x) 0-.082()() +0.020(3) ] ?12 (3.63)

Solution of equation 3.63 provides the dimensionless time T

at which a dimensionless thermal layer th{ckness ¢ is achieved
as a result of diffusion and convection of heat in the layer
of 1iquid adjacent to the heat transfer surface.

If there were no flow in the system then

u(y,t) = ‘0 . .o ' (3.64) ..
- Qnd the conservation of energy equation, equation 3.50, would
_bacome A(t) '
% f 8(y,t)dy = -Kl(aeay £ )y-=0 (3.65)
o

Substituting equétions;3.53 and 3.57 into equation

3.65'and rearrénging results in

R d[a(t)e, (t)] 30,,(t) - ™~
7 dat B T Y €3 I
so that d{A(f:)]2 = 12 gzdt :
‘Carrying out the 1ntegrétion gives !
[A(t)]? = 12 gt | |

from which ' _ | o o v

at) MTET (3.66)

1]
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&

= -k Aly,t)
Now . CQ/A k2 3y y=0 (3.67)
The temperature distribution in the thermal layer

was assumed to be

2 3
9 ,t - K
5, . T 3[Azt5]+ 3[13(1:)] - [A(t)] (3.51)
sQ : - .
K{:] '
36 t = W
( y )y=0 aA(t) - (3.68)
Substitution of equation 3.68 into equat1bn 3.67
gives - 3ew B
Q/A = Fg ey . (3.69)
From equation 3.69 ]
VAN . : :
: ew = 3 N (3.70)

Now,,substitution of equation 3.66 into equation
3.70 gives

0y S [12c ¢ L (3.71)

—_ L

Substituting equations 3.71 and 3.66 into the

assumed temperature distribution expression, equation 3.51,

giVes'
T(y,t) - T_ 3 2 3
NG 3 [ 3(_L) *(Fax) (ﬁz%t) ]

which canube simplified to give
T(y,t) - T,

(Q/Al/ /k

2 _ 0.193 2] (3.72)

1.155 [1 - 1.732 Z + 1.000 2°.
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where ‘ .

Now, equation 3.72 is an expression for the tempera-
ture distribution in the Eherma] layer in the absence of flow
‘and convection currents. Since diffusion is the only pre-
vailing mode of heat transfer.into the liquid, then if the
assumed temperature distributibn-expressibn, equation 3.51,

adequately describes the temperature field in the thermal

diTfusien theory.  Figure 16 shows that this is exactly the
case 5nd further justification is therefore provided for
using equation 3.51 to describe the temperature distribution
in the thermal boundary layer.

3.3 Criterion for Bubble Growth

In accordance with Hsu [23] it is assumed that at the - .
beginning of a bubble emission c;;le,,a nucleus of vapour sits
near the mouth of a cavity of suitable geometry as éepiéted |

 1n Figure 18. The nucleus 4s surrounded by bulk liquid at
temperature T_ and can be assumed to be the residual vapour

left behind 1h the cavity by the preceding bubble. By com-
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‘ bining the equation of thermostatic equilibrium and the

Clausius - Clapeyron relationship, it can be shown that
20T '

- sat 1
| - yar |
Defining A = —sat (3.74)
p._h
v fg

*

the nucleus equilibrium temperature Tv can be written as

T =T = T, -1 +-¢_, : (3.75) .

or

) .
+ "r—n- (3.75.)‘

As time passes, the cold liquid surrounding the
»

nucleus is warmed up as heat is delivered to 1t'and

the\ local thermal boundary layer thickness increases in
pcordance with equation 3.22 or equation 3.63, depending

on \whether the mode of heat transfer is pure conduction or
'tbndu;tiqn combined with convection. The bubble will start
to grow when the liquid surrounding the bubble nucTeu; has‘
been heated éuff1c1ent1y that its temperatu}e bécomes equé1
to or'exceeﬁs the vapour,temperature-ofer the entire 1iqu{d-

vapour interface. Mathematically, bubble growth begins when

»

g(b,t) = Bv _ (3.77)
where b is the height of the bubble nucleus above.the point
of contact with the heat'transfer surface. Equatjon 3.77 is

satisfied wﬂen the thermal boundaryllayer has grown to'a

"~
2.




55.

sufficient thickness.
. _ &
3.4 Determination of Bubble Waiting Time

After the criterion equation tor bubble growth,
equation 3.77, isAsatisfied the bugbie beoins to\grom and, ‘ ‘{
after achieving a sufficient si%e, it detaches from the -
heat transfer'surface and rises in the bulk of the liquid.
The bubble leaves‘behind in the active cavity a residue of o
vapour that will serve as a nucleus for the next bubble
formation apd as it departs from the heating surface, liquid
from the bulk at temperature T ? rushes in and fi11 the' void (\
that is Teft behind. The local thermal bounaary layer is ' J/ '
‘therefore compiete]y destroyed. The wai ing time for the '
_next bubble {¢ determined by finding the ime necessary for,
. the local thermal boundary layer to achie e the thickness
whereby the criterion equation, equation 3.77, is once again
satisfied. The waiting time is therefore the time taken from
tne moment the local thermal .boundary layer {s destroyed to
- the time it grows to the extent'tnat equation 3.77 is satis-
fied. As stafed'before, the thermal boundary Tayer can
~grow according to equation 3.22 or 3. 63, depending on whether
heat is transferred by conduction alone or conduction combined
' with convection. In subsequent sections, expressions wiil be

derived for bubble waiting time for these two different cases.
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“3.4.1 MWaiting Time Determination for Diffusien Controlled

Thermgﬁ Boundary Layer Growth

~ Consider.a bubble nucleus sifeated near the mouth of
a cavity as shown in figure 18Gd5.t Assuming that a bubb]e
has just left the cav%ty, that the nucleus is now surrounded
by re]at1ve1y cold Tiquid at temperature T_, the temperature

d1stribut10n in the 11qu1d is predicted by Equation 3.22.
T(.th) - Tm
o (/A /K,

At the critical distance b from the heat transfer

= 2 ferfc Z ' O (3.22)

surface the temperature is e

(Q/A)f__

}. T(byt) - T, = a(b,t) = 2 1erfc( ) ('3-78)'

As me tioned 1n Section 3. 4, the waiting time ends
when the cr1terion equation fbr nucleation

[

. - 8(b,t) = 8 (3.77)

v

is satisfied. Substitution of equation 3.76 and equation
- 3.78 into'equation 3.77 results in the waiting time- equation

esat Fn- g ,kg, "C. (W) . /\ .79) -

. P

.

o
-~

'The'yaiting time t comes to an end whenever equation
3.79 is satisfied. A so1ut10n of equation 3.79 for t there-
fore provides the bubble waiting time t, for a given ]iquid

-

. . e’
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0 -
nucleus size T and heat flux Q/A.

For the special case of a nucleus in the form of a
truncated sphere sﬁtt%ng at the mouth of a cavity, it can

be shown from geometrical considerations that
® R :

r s = (3.80)‘

. l+cos B ' ' ‘
b * StnE e (3.81)
Defining . ‘

S ' 1+cos B

©“ 7 e - (3.82)

’ - ] e
€, = sin B

the waiting timQ,equation, equation 3. 79, can'be written as

|, e (

A
esat +t§"_c- = T— ierfc

2‘ﬁc_) | (e

o)

For the case on which a nucleus sits within a cavity,
it can be seen that for small contact angles B such as those

associated wi ,;organ{c liguid§

s b = 2 ™

and this is the assumption which was used throughout the -
analysis. Substituifng equation 3.85 into equation 3.79 gives

the waiting time equa on in the form

+ é— = (QIAU;— erfc(
n 2.

S ) (3.35)(#\.

sat

2fegt!
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Therefore, with conduction being the only mode of-
heat transfer into the liquid from the heat transfer surface
a solution of équation 3.84 or 3.86 provides the bubble wait-
iﬂa time‘tw.

Figure 19 shows a history of the waiting pertod.

*Figure 20 shows a plot of w&itidg time t, versus heat flux
Q/A with subcoo]ing asat 8s a parameter according to equation

3.84.

-

s

3.4.2 MWaiting Time Determination for Diffusion and Convec-

tion Controlled Thermal Boundary Layer Growth

As in the preceding.section consider a nucleus of

\Vapourlsituateq near the outh of a cavity of suitable geo-u-
metry as depicted in Figure 18(b).. The nucleus is surrounded
by relatively cold 1iquid at temperature T indicating the’
beSinning of a‘buBbTe emissibnlqycle; Because of both con-
duction and convection 1in the.11qu1d layer adjaéeﬁt to the
heat transfer s ace) the local thermal boundary layer
grows\in,nscﬁggj:zgi:? H equation 3.63. -

2 -t 3 4
g e ) ¢2[o.574(§—) - o.oez(%) - o.ozo(%) ]= 12 (3.63)

-(1-e7"

The temperature distribution in the'11qu1d is pre-

”*”(‘dicted by equétion 3.51 '

- TWDT. gy - - 2 }

o

T eew‘: - 1-3(3{?)+ 3(3{17) ‘(K(Lt)') (3.51)
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Nucleation occurs and the waiting period comes to an

end when

8(b,t) = 8, | (3.77)

—

From equation 3.51

6.0 = 13 () + )

2 3

(Rb?)_) (3.87)
R

. Substituting equations 3.76 and 3.51 into equation
3.77 along with e (&) =1 Q/A,(yy leads to the waiting time
I k
2

equation . ;
2 _
I A Y P S | S

where A(t) is obtained by solving equation 3.63. Whenever
equation 3.88 is satisfied the bubble waitiqg time for a
given liquid, heat £1ux Q/A and nucleus size rn’comes to an
end. |

As in section 3.4.1, for thebspec1a1-case of a nucleus

in the form of a truncated sphere sitting at the mouthaof-a

Al

cavity . e o T .
o T T nE . (3.80)
b . l*cos 8 ' (3.81)
sin B . ¢c - - .

| For the case of organic liquid in which the nucleus
is thought to be situated slightly below the cavity mouth,

E Figure 18(b), for small contact angles o
. \ L .
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b = 21 ° (3.85)

Figure 21 shows a representative plot of waiting time

tw versus heat flux Q/A with ©

sat and t. as parameters.

TN
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CHAPTER 4
EXPERIMENTAL APPARATUS

4.1 Introduction

In this experimenta] investigation, dichloromethane
(methy]ene chloride) was boiled on a borosilicate glass
heat{ng_surface coated with a half-wavelength thickness of
‘stannic oxide which conducted electric current and generated
heat causiné_the 1iquid to boil. Boiling was carried ouE at
six Tevels of heat flux ranging from 8000 BTU/hr ft2 to -
20000 BTU/hr ft2 and three 1eve1s'of subcooling ranging from
1.6%F to 30.0°F. | -

At the commen;ement of the research, an experimental
apparatﬁs_constructed by Voutsinos [44] to investigate micro-
layer evapofation at various lgveTS'of heat flux and subcool-
1ng already existed. - The apparatus was qdite adequate in
- fulfilling the requirements of the present investigation and,
except for u;ihg a newly acquired power supply unit as the
energy source, the entire apbaratus'was.useﬁ without any
modification. .
| ‘ The major compbnenf§‘6f_the gpparatus,.wh1ch is shown
in Figure 22, were the test assembly, the power supply unit,
the temperature measuring system and the optjcq] system.
betai?s of the design and operatjon of these components are

v 64.
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presented in the sections which follow.

4.2 Test Assembly

A photograph of the test assembly is seen in Figure

23 and a detailed drawing is Sshown in Figure 24. The test
assemb]y-was'constructed of a 6" diameter by 8" long type
304 stainless steel pipe clgsed by a baSe.p1ate and a cover
plate, both of the same material, resting on gaskets. The
glass specimen heating surface was comprised of a 2 7/16"
by 1 5/16" wide borosolicate glass coated with a half wave-
length thickness of stannic oxide and was arranged in the
vessel 6q the bas ate. The oxide coating on the'g1ass )
| sqfface received electri ower through two bus hars making
e]ectfical cﬁntact with it at netallic silver deposits on
.each end. The details of tﬁe base plate and glass heating
-surface are shown in Figﬁ;e 25.

| Subcooling of the 1iquid was carried out by means of
a singie pass heat exchanger (coo]iqg go1i) ﬁocated in the
bulk liquid. The desired levels of subcooling were achieved
by using a needle vg]#e to adjuét the flow rate of c61d_water
going through the cooling coil. An electric heater was also
located in the bulk 1iqu1d. This element was used to supply
heat dérect]y to the bulk liduid such that, in combination
with the cooling coil, 2 desired level of bulk 1iquid tempera-

ture could be achieved-and maintained.

r



Figure 23 Photdgraphic View of Test Assembly, High Speed Camera,
Timing Mark Generator and Power Supply.:
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A condenser coil, constructed of sta1n1ess,stee1
tubing wound in spiral form, was supported‘beneath_the cover
plate to condense the dichloromethane vapour formed during.
the e;periments. A needle valve was used to adjust the
fiowrate of cold water going through the condenser. A reflux
condenser, through which the test vessel was opened to the
atmosphere ﬂas c0nstructed on.the cover plate to condense
any dichloromethane vapour trying to escahe to‘the atmosphere.

The exper1nent‘was farried out with the Eeej;izjseT
partia]]y filled with one Titre of d1chloromethane suc that
the 1iquid 1eve1 was & 1itt1e more than 1" above the heatfng

- \\J . *
surface. o

- . . A
»

4.3 Power Supply’ - . - : ;

)

,The stannic oxide coat1ng on the g1ass'surface're-

ceiveé e]ectrtc power for heating purposes from a.KEPCO

fPONER SUPPLY (Mode1 JQE 150 -:3 5-(M)). This DC power supp]y

unit wasg;apab1e of supp]ying a potentia1 d1fference ranging
from 0 - 150 voits- to the heating surface and had the ability
'of independently setting the upner 11m1t of the output vol-

tage. -The stannic oxide coatfng on the glass surface cou]d

'~on1y withstand a certain maximum potentiai difference beyond

which it wou]d burn ftself- out and the faci]ity on the power
supply a1low1ng fér. setting an<upper 11m1t on- voltage eutputs

served as. a usefu1 precautionary measure. The secondary



o

L 3

7].

heater, located in the bulk liquid and used to add heat

directly to the bulk liquid, received power through a variac.

Enl

4.4 Temperature Measuring System
5 _ ,

i

The temperature measuring system was comprised essen-

tially of four chrome1—constantan'thermocoup1es. Three of

these were used to measure the temperature of the.bulk']iquid _

and one was used to measure the wall temperature of the heat
transfer surface. The thermocouples used to measure the
bulk Tiquid temperatUEe T, were supported by the cover plate
and arranged such that they were 1200 apert with their hot
junctfonsfimme;sed in the bulk Tigquid ae approximately the

same level. . The output signals of these thermocouples were

. 2 ' : “e
- directed by knife switches to a high resolution GUILDLINE

POTENTIOMETER type 9160G {Serial No. 29425). where they were

accurately measured. The hot junction of the thermpcouple

used for measdring the wall _temperature T was "epoxied” on

" the underside of the heating surface and it was assumed that

the temperature measured here represented the heating squace
temperature.' The output voltage from ‘this thermocodp1e was
directed by aﬂife switch-to a MIN‘NEAPOLIS HONEYNELL RECOR- s

"~ DER where it was recorded continuous1y for at least ten

minutes for 2ach test. The E.M.F. produced by each of tﬂs.

2

. faur thgrmoéodp]es were conyerted to temperature in. degrees

"4Fahq3nh&it'by use of a conversion table peblishgd by the:

ey '
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National Bureau of Standards.

4.5 Kﬂdumination System and High Speed Camera ‘

* The source of illumination used for high speed photo-
graphy was a SPECTRAPHYSICS HELIUM NEON LASER Model 125A
(A = 0.6328 um) specified by the manufactured to produce a
high]y\oo}1imated beam of 50 mW Tight. ﬁ schematic diagram
of the opt1ce1 system is shown in Figdre'26. Light from the

laser was directed through a diverging lens and then through

a collimating lens which together enlarged the beam ten times.

<

" The emerging collimated and monochromatic beam of high inten-
", sity light was then_reriectéd-opwards by a first surface
mirror and after passing”through.a'rhomboida1-prism it i1lu-
minated the glass pIate-wheré the bubb]ing‘phehomena occurred
on the upper surface. Images from the hoi11ng surface were’
reercted downwards and deflected into the obgective 1ens
of the high speed camera for photgraphy.- ' '

High speed photography was accomplished by a 16 mm
ﬂycam motion picture camera (HYCAM Model K2001R) having a
film capacity of 100 feet and a max1mum framing rate of ‘
8500 frames/second. ~ Kodak Double X hegative film was used
iat a-framing rate-of'approximately TOOO‘frames/second Ton
determine the framing rate more accurately a timing mark |
generator was used in conJUnction with the camera and pro-

duced timing dots on.the edge of the fi]m.' The high speed

£ -
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camera, timing mark generator and power supply for the camera

are seen in Figure 23.

o

5



CHAPTER 5
TEST CONDITIONS

The:-test fluid selected for this 1nvestigatior was
dichloromethane (methy]ene chloride). Water is common]j
used in boiling experiments but was unsuitable for this
research because of its incompafebil1ty with the stannic
oxide coating on the glass surface. Experiments [38] have '

shown that boiling water has a tendency to attack the oxide

'coatind in an electrolytic manner during testing and destroy

jts usefulness in a matter of minutes. Although methanol,
carbon tetrachloride,~freon*and dichloromethane were all
known to have no destructive effect on the oxide coating,
dichloromethane was preferred because of its less hazardous

properties and the fact that it boils at a relatively 1ow

-temperature

During teetihg,‘the Junctions of the thermocouples

used to measure 11qu1d butk temperature were posit1oned at

approximately one inch from the heat transfer surface. Prior

experiments have shown that the response of these thermo-

couples were not_affected in any significant way by'fheir

position in the bu]k liquid so long as they were not very

near to the heat transfer surface. A position of one inch

t

. above the heat1ng surface was therefore arbitrarily selected .

75.
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as representative of the liauid bulk temperature. ‘The average

reading of these three thermocouples was taken as the bulk

- temperature. The hot junction of the thermocouple used to

measure the wall temperdture of the heat transfer surface

was "epoxied" .on the underside of the glass surface since it
waé assumed that the temperature here representéd the tempera-
ture of the boiling §urface.

A1l tests were performed with the same Tiquid-surface

combination at atmospheric pressure. The atmospheric brgssure

was measured at the time of testing with a mercury barometer

from which the saturation temperature of the liquid was

Wdetermined using the vapour-pressure saturation curve shown

dn Appendik 1. Subcooling was computed by taking the differ-

ence between the saturation temperature and the average bulk

1iquid temperature.

The desired levels of subcooling were achieved by —

adjusting the flowrate of cold wéfer going through the sub-
cooling coil. However'it.dés‘éometimes necessary to use the
heating't611'to add small amounts of héét d1réct1y to the |
bu1k 11quid to maintain. a -desired level of subcoo]ing.

. Three 1evels of subcooling and six levels of heat
f1ux were 1nvestigated for their 1nd1vidua1 effect on bubble
waiting time. Eighteen 1ndividua1 tests were performed and

the corresponding photographic data was recorded on six rol]s

“of 100 feet Koddk Double X negat1ve fi]m during three

\ N\ -
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individual filming episodes. Photographic data was tﬁérefore
recorded on approximately one-third of a film, which corres-
ponds to approximately 1500 frames, for each test. Since the
framing rate at filming waslset‘at 1000 frames/second, the .
‘duration of filming per test waS‘apbrokimate1y 1.5 seconds.
~ The levels of subcﬁo]ing, together with the sequence of film-

el

ing, are shown in Table 5.1.
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CHAPTER 6

TEST PROCEDURE

Prior to the commencement of the research, high
speed motion pictures of boiling at the heat transfer sur-
face were taken at various framing rates. The objective of
the experimental 1nvestigation was to determine bubb1e“yait-
ing times at different sites under different.c6n¢}tions and
it was therefore desirable to.photograph a number.of bubble
cyc]es per site whose average'weieing time wou]d/reasonab1y
repfesent the actual waiting time; The'pre1im1nery data
indicateq;that aithough bubble waiting time varied consider-
ably from site to_site.and from ohe test condition to_enother;
a framing rate of 1000 frames/second would enable ‘the deter-
mination of representative values of waiting times without
significent Iossesf}n‘qrecision. ) )

| | From personal'experienee developed with_theiappara;us

it was known that the ‘main and reflux condepsers.kept-the
loss_of 11quid :S a result of vapourization dur1n§'5011ing.
to a minimum. However, at the beginning of each test .

" sequence the dichloromethane wa's drained measured and then
poured bacK.into_the vessel.” It was found that 1osses_bet-
ween test seQuences were heg]\gfble and therefore the same
'ucharge; ah; practically the same -volume, of liquid'wae used
throughoht the investigation. Sim11ar1y, the same glass f |

heating surface was used in every test )
794 o4 . :
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‘The air vent above the reflux condenser was then
opened to the atmosphere so that the system'pressure, as
monttored by a mercury manometer, would remain constant at
atmospheric pressure during testing. The cooling water
valve controlling the flow'to the condenser coils was fully
opened and the powér supply unit connected to the heat
transfer surface switched on. Power was then gradually
increased until the highest level of heat flux desired for
the-sequence of tests was attained. Boiling was allowed
to take place for at Teast one hour such that steady state
conditions could be achieved. _

While allowing for the establishment of steady state
boiling condittons, the temperature recorder and the pot-
entiometer were calibrated agaznst a standard cell of known
E.M.F. The camera was then set up, loaded with 100 feet
of Kodak Double X negative film, set at a framing rate of
iOOO frames/seeond and the timing mark generator set at‘

100 pulses per second. _ _
After boi]ing was fu]Ty established, the needle valve
control]ing the water f1ow rate to the subcoo1ing coil and

the variac controi]ing the power supply to the secondary |

“heater submerged in the liquid‘'bulk ‘' were simuTtaneously

adested'to az:j?ve and maintain the desired level of sub-
coo]ing Steady state conditions for any combination of"

heat flux and suﬂcooiing were considered to have been achieved [

uhen each of the bulk liquid teqperature measurements was'

w'lth'ln -0 3 F of the desired subcoolinq for at’ 'Ieast ‘ten minutes

—

a o et i ik
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Hhen it was certain that bdi1ing was fully established,
the output voltage of each of the bd]i liquid thgrmocoup]es
was measured sequentially and the wall temperature thermo-
couple was connected to‘the recordef wherg its output was
recorded for'approximately tgn.minutes. The high speed
camera was then activated. |

Power was.then reduced to correspond‘to the next
level of heat flux in the sequence.- The bulk liquid  tempera-
ture_was monitored continuously on the. potentiometer and
necessary adjﬁstments were made to the ;ystem to preéerve _ ?
the Tevel of subcooling. Hﬁen stability of baoiling was
established once again, the thermometric and photographic. i
- data were taken. This procedure was repeated for the next
four test conditions in the sequence of ;ests. After taking
photographic data at the lasg test condition in the sequence,
the heat flux was fdrther lowered . iri.steps while the level
of subcooling was maintained in order that further thermo-

metric data would be obtained to plot the boiling character-

1st1c curve., . .
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CHAPTER 7
DATA REDUCTION

This chapter is concerned with a description of

the methods used in ca]cu]at1ng the heat flux Q/A, the
saturation temperature'v at’q the surface temperature T

th335u1k liquid temperature T_» the liquid subcooling

sat

(™)

and the pubb1e_wait1ng time tw‘

Heat Flux f; T /’;r-l

The heat flux Q/A was calculated from the total power

dissipation at the heat transfer surface. Although some of

this energy was lost from the glaes surface to the air under -

the heating suyrface and through the rubber gasket separating

the heating surface from the test vessel, the total loss was.

estimated to be approximate]y 6% ‘and was~neglected in the

calculation of the heat flux. The heat flux was calculated-

using the expresSipn,

Q/A = 3.414 E:ﬂ . . (7.1
where  Q/A = ‘heat flux, BTU/hr fel | | )
| E = potentia] d1fference'across-heet transfer
- surface, Vo]ts ] )
. A = area of the oxide coating on the glass .
' surface, 0.2188 ft , : ' | .
R o electrical reeistanée‘of the oxide coating

on the 5?;a§usurface. 48 QOhms . o N
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Saturation Temseﬂature A

The saturation temperature Teat of the quuid.could
not be measured directly. However, boilind was done at
atmospheric pressure and.by'measuring this pressure dtrect]j
with a mercury manometer, the saturation temberg re w;s

determined from the saturation curve shown in Appendix 1.

' -

' - 3

*

‘ Surface Temperature
& X The temperature!at the heat transfer surface T . as
aesumed to be the same as that measured by the thermocouple
epoxi!d to the underside. For é%ch test, the output of this
thermocoup]e was .recorded for ten.minutes and the average
read1ng was taken as the temperature of the heat transfer
. surface under the conditions of testing,

The assumpt1on as .stated above is a reasonab]e one
because the temperature drop across the thiékness of the g]ass
specimen as a resu]t'of conduction thro%gh it and a negligible
heat trensferbcoefficient at the uhderside was practically

insignificant and'could therefore be neglected (Appendix 2).

-
.

Bulk Liquid Temperature
The bulk 1fquid temperature T. was taken as the

.average of the three temperatures measured by tge three

r
-

thermocoup]es suspended in the bulk 11qu1d at approximate]y

one 1nch above the heat transfer surface.-' . . -



}ﬁquid Subcooling

Liquid subcooling 852t Was calculated as the

difference between the saturation temperature Tsat and the -
bulk 1liquid temperature T_ according to
T ®sat © Tsat - T, . ' (7.2)

Bubble Waiting Time ' ' .
The .bubble waiting time tw for a particular bubble

was calculated using the relationship

= [{ny + 1) - n;] at , (7.3)

where " is.the frame number at which the preceding bubble
Jjust disabpeared (n +]) the .frame number at which the bubble
just appeared and At #he time 1nterva1 between frames. The_
average value of At was determined to be 1.1482 m s. The
derivation of“the waiting time relationship and the inter-

frame time interval can be found_%n Appendix 3 and Appendix

. -4 respective]yi

The average bubble waiting time fw at a given site
was calculated by dividing the sum of the individual
bebble waiting times by the total number of bubble emissions
at fqat s%te )

In the analysis of the film strips, the first three
to four feet at the beginn1ng and end were disregarded to
allow, for acce1erat1on and deceleration effects. With a

par&icular f e arbitrarily selected to represent zZero




o3 : Con 85,
timé.datum, the rest of the film was praojected one frame
at a time and for a given site the frame number at-whiEh a
bubgﬁe disappeared'and the ffame numb preching the frame
at which a sﬁbsequent bubble appeared were‘recorded in
sequence. Tﬁis prbpedure was repeated for each éctive site
and indpvidual watd™ing times were calculated. The average\~
waiting time tw at a given site was then determined.

' Although it was found that a relatively large
number of nucleation sites were activa£ed on the region

of the glass suurface photographed, bubble waiting “time data

was taken for on]j twelve sites because the rest of them

L
emitted only a few bubbles. Because it was desired to obtain
]

representative values of waiting time, sites with 1ittle

activity were disregarded in the analysis,.
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CHAPTER 8 >
RESULTS / -
< )

The experimental data is presented 'in this chapter

with Tittle comment. Analysis and discussion of the data’

.are presented in the next chapter. The thermometric and

.bubb]e‘waiting time data are tabulated in Appendix 5 and -

Appepdix 6 respedtiyeTy.

Figure 27 shows the characteristic boiling curve
for dichloromethane boiling on a glass sdf;ace at each of
three levels of subcoo]ing investiéatéd The boiling curves
are plotted in the form of measured heat flux Q/A versus
temperatufe difference (T -T.).

Figures 28 to 30 show the distribution of the
active sites and maximum bubble size observed at the d1fferent
levels of subcooling and heat flux invest1gated ‘The sites
for which waiting time data was taken are identified by letters
A fo L. The reg%on of the heat transfer photographed was
10.55 ﬁm long by 7:46 mm wide and the diagrams of Figure 28
to 30 therefore represent a 6.5 en]argement;

Figures 31 to 42 show plots of bubble waitimg time
t as a funct1on of measuréd he@t ffthQ/A-with 11quid sub-

w

cooling (T T ) as a parameter for the

sat -
sites invest1gafed The s1tes are not presen

.86.
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The diagrams show that bubble waiting "time iw dec;éases
as heat flux Q/A increases and liquid subcoo]ing;(Tsat -T)

increases. -
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CHAPTER 9
ANALYSIS AND DISCUSSION

9.1 Introduction

-

In thisichaptEr the boiling characteristic curves,
active'site distribution and maximum bu651e diameter results
pfbsented in Chapfer 8 will be discussed briefly. " The
mechan1sm and theories of bubble nucleation covered in deta11
in Chapter 3 will then be reviewed and the bubble waiting

t1me results of Chapter 8 examined in light of these thegries.

9.2 Boiling Characteristic Curves
B 3 .

Figure 27 shows the characteristic boiling curves
for d1ch1oromethane boeiling on a g1ass surface at one
atmosphere pressure and at subcool1ngs of 1.6° F, 14q7 F
and 30 0°F. Although it is customary to present “hoiling

data as a plot of measured heat flux Q/A as a function of

. wall superheat (T - Tsat)’ the procedure of plotting heat

flux Q/A as a function of temperature difference ('I'w - Im)

has the advantage of delineating the effect of subcooling.

. Consequently, in Figure 27, each -curve dﬁderging from the
;'sfraight Tine representing nafyural convegtion represents a

_different level of subcoo]irg. The straight line repreEeht-

ing natural convection heat transfer can be exprefsed [45]
. Q - . ‘ -

ne _ 4/3 R 1
2 Co LTW-TQ):’ , .(9.1) |
. ' . 98.
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2,0..,4/3
where the constant C, was calculated to be 33.8 BTU/hr £t(°F)

From natural convection theory [45]

-~

Nu = 0.16 (Pr gr)'/3 . ' o (9.2)

which can be re-expressed as

. 2, 2

Q gB,p, k,°C

S5 = o716 (—2 2 2 ")”3](7 _7_)4/3 (9.3)
L

With” the properties of:dichloromethane at one atmoéphere, the
value of the constant [0.16(gs£p§k12C£/u1)1/3] was calculated
to be 28.0 BTU/hr ft2(°F)4/3. Therefore, equation (9.3) becomes

3

One 4/3 | -
M€ = 28.0 (T,~T.) | ST (8.4)

-
Figure 27 shows good agreement between equétibnsi

(9.%) and. (9.2) and therefore establishes some confidence

in the present work.

- ’

9.3 Active Site Distribution and Maximum Bubble Size -

Figures 28, 29 and 30 show the distribution of'active
s1tes on the heat transfer surface and max1mum bubble size-
observed for the six levels of heat flux and three levels
of subcooling investigated. Although no quantitative ana]ys1s
is presented, the active site distributions appear to be
random as d1scussed in the 1iterature [19, 20] and yet, at
the same time, there is ample evidence of "patchwise boiling"
“which 1s'the tendency of nucleation sites to cluster on.the
heat transfer surface.. Explanations for patchwise boiling

impTy that the probability of an active site being located at
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a {andom spot-on the heat transfer surface is in many cases ™~
influenced by ofher active sites already in existence in
the ;;ighborhood of potentially active-sites. This is
ipconsisten%‘with the observation that local active site
populations are distrfbutbd according to the Poisson's
equation which require that the event in question be
comp1éte1y random and not influenced by events whjch_have
a]ready‘occurred. It is thérefore'possible that "pa%chwise
boiling"‘may only appear as clustering of active nuc]éajion
sites when, in reality, it represents a compfete]y rando?ﬁ
phenomenon. | |

Figures 28, 29 and 30 show that the average density
of active sites increases rapidly as heat flux increases
and subcooling decreases. It .can also be seen tﬁat therg '

. is a general tendency for maximum bubble d1ameter to Py

decrease as heat flux and 1iquid subcooling increases.

9.4 Bubble Waiting Time - L

In Chapter 3 the mechanism of bubble nucleation was
'discussed and it was shown that bubble growth begins when
the local.thermal boundary layer.has grown to a sufficient

thickness such that the criterion equation for bubble growth

o -

-, (3.77)

e(b\,‘c_)

is- satisfied On the assumpt1on “that diffus1on is the only
mode of heat transfer to the therma] boundary 1ayer, the

expression




T(Y:t) e Tm

= 2 jerfc 2 . (3.22)
(Q/A) /i /K, |

" was derived to predict the grdwth of, and temperature

$

distribution in, the thermal layer. I; was shown in Section
3.4.1 that if equation (3.22) does describe the behaviour
of the local thermal boundary layer then the'bubb]e waiting

time tw would be obtained by solving the expression

»

(Q/A) Y, t
Boat t - = 2 — ¥ jerfe(—2—) (9.5)
n L 2%, t

Using the properties of dicﬂforomethare at one atmosphere,
a Edmputer program CURFIT (Appendix 8) was developed [42] to
solve equation (9.5) and generate plots of waiting time tw_
as a fJncpion of heat fiux Q/A. Some reprgsentative plbts

are shown in Figure 20.. The diagram shows that bubble waiting

time decreases as heat flux increases and subcooling decreases.

The first result follows the trend of the present exper}menta1
data ‘as depicted in Figures 31 to 42. However, the second
result contradicts the data. The situation’ ¥s that e }Bﬂ
(9.5) prgdicts a éharp increase in ﬁbubb‘le waiting timt
with increasing subcoo]iﬁg when the experimental observa- '
tion srows just the opposite effect. Since equation (9.5)

was derived on the assumption of a pure conduction mode of
heat transfer\1ntthe diquid boundary 1ayerﬂ9nd since it does
not pred1ct bubble wa1t1ng time adequately it is quite

'reasonab1e at this po1nt to conc]ude that diffusion may not

be the only mode of heat transfer. . -
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Best, Burow and Bee} [30] indicated that their
optical investigation pointed to a convective coﬁtribution B
of heat transfer of significant magnitude in the formation
of a thermal boundary layer of a boil{ng Tiquid. It was ./

felt that this convective contribution cannot be neglected

in a meaningful formulation of a bubble nucleation model. ﬁ\\\&‘\\\

In accordance witﬁﬂthis, it was proposed Sn Chapter 3,
Section §.2, that there exists an unsteady inwardly directed
f]ow fig]d, shown in Figdre 17, in the layer of liquid adi cent
to the heat transfgr surface and in the near vicinity of zj
_active sites. It was explained. that the convective tranﬁport.
of héat was promotéd Qy this unsteady flow. 6n the basfs of
this convective component of heat transfer, combined.ﬁith
diffusion into the liquid from the heat transfer sur%ﬁce,

a model of bubble nucleation was formulated. The result

of this model showed that the local therﬁal'boyndary layer

grows according to

2 -T ’
do~ 1 -e " . 2 2y _« 943 234 2 10
e (e ) ? [0.574(x) 9.082(x) + O.OZO(X) ]

’ (3.63)
The theory was then incorporated in the criterion equation

for bubble nuéleat?on, equation (3.77), to_give

1 A

n

3(K%fT)+ 3(3?{7)2 - (3%37)3] =0t + fL (3.88)

By substitution of a(t) from equation (3.63) into equation

(3.88) the bubble waiting time t, could be determined.

J
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_ In the experimental part of the present investi-
gation, the organic liquid dichloromethane was boiled on
‘a glass heating surface. 'Organics are known to héve Sﬂﬁﬂl
:Zontact angles and, "in accordance with Lorenz, Mikic and
ohsenow [40] it was thought that the nucleus sits in the
cav{ty mouth such that the liguid-vapour interface makes
contact with the cavity as shown in Figure 43. For this

situation it can be seen that
’ b = 2 l"n' ‘ . (3.85)

o ~ With conStaQt C assumed to be ].5*10'3 inches in Equafion (;.szi
and the propertiegxﬁ' dichloromethane at one atmosphere |
pressure, a computerf;:sgfam WAIT5 (Appendix 9) was developed P
[42] to generate plots of waiting time tw as a‘function of
heat flux according to equation {3.63) and (3.88). Representa-
tive results of this prograp are depicted in Figure 21.

Equation (3.63) and (3.88), which result from the

bubble nuc1eat16n quél formulated on the basis of a conduction-
convection modé,of heat transfer, relate five v:riables:
nucleqs‘radius Tne time consfant tc’ quu%d subcoo1ing_esat,
hea; flux Q/A and bubble waiting time tw' Out of these five
variables, only the latter three could be measured in the
experimental part of the investigation. Since bbth nucleus
radiuazrnland time cons'tant‘tc were unknowns, tésting of
the MQdel required an indirect approach.

The situation is such that if bne value of time

constant tc can be established for each'of the three levels

e mmt e KB e e+ - B o em e o

Lk o g A U Lo B & e = i £
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of subcooling investigated, theh the nucleus radius " cah
be determined for each of the twelve active sites for a ;
known value of bubble waitiqg and heat flux. Having the
value of "n now, the model can be used to predict bubble
waiting time t at any of the three levels of subcooling
for whﬁﬁﬁ tﬁ’qs determ1ned If the predictions compare well
with the exper1erts, then ft wou]d be reasonable to believe
that the model is ‘realistic and valid.

~ In.testing thé model, computer program WAITS was-

used to generate curves of waiting time t versus heat

f]ux Q/A with liquid subcooling s

sat’ time-constant tC agp

nucleus radius rn 2s parameters at each of the three levels
’ I
of subcooling investigated: 1.6°F, 14.7%°F and 30.0°F. . The

value of tC was established as 0.10 m s at 1.60°F subcooling

‘by adjusting the values of rn for the twelve active sites

investigated until a constant value of'tc enablied the

theOﬁetioaTIy predicted waiting times to agree with the

experimentally determined waiting times at the six levels

of heat flux. With the twelve values gf r, now established,

the value of tc was determined\ii/lﬁfYOF subcooling by

adjusting_it until a single va1pe of 1.50 m s pérmitted close

agreehpnt betwgen theory and experiment at the six levels

of heat flux., A similar procedure showed tc to be 20.0 m s

at 30.09F. Good agreement betweén theory and experiment

is shown in Figures 44 'to 48 for five representative sites .-
A close eégmination of Figures 44 to 48 shows that,

in addition to a reasonably good agreement between the pre-
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diction of bubble waiting times by the model and exherimental]y
determined bubble waitfng’times, the value of tw approaches
very large values at a heat flux Q/A of approximately 6000
BTU/hr ft2 The 1mp11cat1on of this is that bo1]1ng should
cease at about this level of heat flux if the nucleation
model }5 realtistic. A]though precise experimental data is
lackinéfhcessathn1bf boiling occurred when tﬁé potential
difference across the heating surface was appﬁoximate1y
40 vo]ts, corresponding to a heat flux of 6250 BTU/hr ftz

In summary, the model of bubb]e nucleation formulated
""on the basis of a pure conduction mode of heat transfer to
the ]1qu1d layer adjacent to the heat transfer surface
was shown to predict bubble waiting time in boiling thqt were

inconsistent with experimental data. Another bubble nuclea-

tion moded was then formulated which incorporated a convective .

contribution, together with conduction heat trénsfer which
appears tb be‘present in the vicinity of active.sites. The
model was used to prédict ptbb1e wa1tihg,times that agreed
reasonany well with experimenta]]y determined values. It
would therefore seem that some mode of heat transfer acts in
conJunct1on w1th diffusion to promote bubble nuc]eatiom

and the results of the. present investigation suggest that

cE‘Ysct1ve energy transport is respons1b1e



CHAPTER 10
"CONCLUSTONS

-The investigation presents a set of measurements for

nucleate boiling at atmospheric pressure using dichlo-
romethane (methylene chloride) on a stannic oxide coated
g"la.ss surface for ten levels of heat f'[u ng from
approximately 2500 BTU/hr ftz to approxi

BTU/hr ft2 and three levels of subcooling varying from

- 1.6%F to 30.0°F.

The results are comprised essentfa]]y of a set of measure-
ments of avefage bubble waiting time for twelve active
sites at siX levels of heat fluyx varying from approxi-
nately 8000 BTU/hr £t2 to approximately 20000 BTU/hr ft?
and three levels of subcooiing varying from 1.6°F to _5
30.0°F. .

Bubble waiting time decreases as heaé flux 1ncreases

and subcooling 1ncreases. [

A bubble nucleation mode? formul*t%} on the basis-of pure
cohduction of heat into the liquid layer adjacent to the
heat transfer syrface is not capable of'predicting bubble
waiting time. '

A bubble nucleation model 1ncorporat1ng both conduct1on

and convection of heat to the liquid in the vicinity of

. 112,
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acfive sites was.found to.be capable of predicting %
bubble waiting time. - ' ;
The growth of "'the thermal boundary ]ayer; and subsequently

bubble nucleation, appears to be controlled by both diffu-

sion and convection of heat to the 1iéuid in the ﬁTcinity

of active sites.

[
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Vapour Pressure Curve for Dichloromethane.
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APPENDIX 2
UNCERTAINTY ANALYSIS

~

A.2.1 Introduction

The following sections describe the uncertainty of
measurements involved with the calculation of sujface temper-

ature, heat flux and bubble waiting time. }

&

A.2.2 Surface Temperature

The surface-temp€rature Tw was measured by a:thermo—
couple "epoxigd" to the underside of the test specimén. The
correctidn‘for the temperature érop across the test specimen
was determined by Judd [38] to be 0.69°F. Since the maximum

wall temperature Tw measured in this investigation was 155:8°F,

th;'uncertainty would be 0.44%. ' ,"f/’__/)
A.2.3 Heat Flux ‘ {//f

The uncertainty in the measured heat| flux due to the
uncértainty‘of the voltmeter and ohmmeter re dings was deter-

mined by using the following equation:

5F = ﬁ

2
(éxz) + ...t

where f = result computed
f

= uncertainty in f

11?.\
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§x

n uncertainty in the nth variable

*n

nth variable

The uncertainfy in the voltmeter reading was 1 Volt
and that of the ohmmeter 1 Ohm. The uncertainty in the input
energy ‘was therefore 3.54%.

The uncertainty due to the loss of heat to the air

space below the glass surface Q was computed using

underside
the relationship [46] -
1/4

L. AT -
hav = 0.12 (L A.2.2
C .
‘ surface area of glass plate
h =
where L¢ perimeter of glass plate
1 4 AT = difference between the temperature measuregd

by the thermocouple "epoxied" on the under-
side of the glass surface and the ambient

temperature.
'

With the use of equation A.2.2 the heat loss at the underside
of the test specimen under the most severe conditions of the

experiment was calculated as

Uynderside 1.38 BTU/hr

The uncertainty due to heat conduction EO the base
plate through the rubber gasket separating the heating surface

from the base plate Q

edges was calculated using idge relation-

ship

AT
Qedges kA

e e

ek,
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where k = 0.070 8TU/hr ft OF isjthe thermal conducti-
vity of the rubber gaéket material.
x = 0.025 in is the thickness of the rubber gasket.
AT = temperature difference between the glass sur-
L face and the vessel base plate.
A = area of contact between glass surface and %isse1

base plate.
Assuming that conduction was undirectional througﬁ the gasket
intfo the vessel basé plate and f@at the.temperatﬁre of the
base plate was équal.to the bulk liquid temperature T,» equa-

tion A.2.3 showed that the *heat loss to the base plate was.
SR P

Q 20.14 BTU/hr

edges <
Considering the heat loss from the test specimen to

be the sum of ( and Q

underside edge§’ then

(1.38 + 20.14) BTU/hr
21.52 BTU/hr

Q1oss

This represents an uncertainty of 6.2% of the input energy.

A.2.4 Bubble Waiting Time

e

Because of the discontinuous nature of the framing
movie camera, the ihage_of 2 bubble is recorded only at
discrete time intervals. Typically, at the beginning of an’
emission cycle one frame would show no bubble at a particular

site and the next frame woyld show a bubble already of some
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size. Simi}ﬁ?ﬁy, towards the end of the cycle, one frame
wouid show a bubble of some size followed by a frame with

no bubble at the site being analyzed. with.;his situation
existing, 'the uncertaingy in calculating waiting time with
the use of equation 7.3 was estimated to be one iaterframe
time interval At. (The average JaTue of At was computed to
be 1.1492 m s. Hith an average valye of bﬁbb1e wéiting time
t ‘of 25 m s, the uncertainty in the calculated values of

W
tw is of the order of 4.6%.
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APPENDIX 3 _
DERIVATION OF THE BUBBLE WAITING TIME EQUATION

As explained in Appendix 2, because‘of fhe discon-
tinuous nature of the framing movie camera the image of a
1bubb]é is recorded only at discrete time intervals. Consider
a film strip showing the disappearance of a bubble at frame
#n.l and the appearance of a subsequent bubble at the same
site at frame #(n2+1)‘as shown in Figure 59.- At one extreme

the bubble waiting time could be

t
¥max

1]

[(n2+1) - (nz-l)]At- A3

At the other extreme, the waiting time could be

F
1]

(n,-n.)at ‘ ' A.3.2
min 21 :
Since

t, 2 t, <t . A.3.3
equations A.3.1 and A.3.2 can be combined to give
- - +'
tw = {[(n2+1) = n1] - ]}At » Ao3.4

where the uncertainty is I at. Neglecting the uncertainty

t, = [_(n2+1) - n.I]At | A.3.5

122.
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APPENDIX 4
FRAMING RATES
W.

Although the framing rate of the camera was nomi -
nally set at 1000 frames/second, the actual framing rates
as determined frem an analysis of the timing marks on the
fi]m'strips wére somewhat less as‘ind%cated in the table

below.
N
TABLE A.4.1 FRAMING RATES

FILM  FRAMING RATE N
(FRAMES/SEC) S

872.8
858. 3.

pa—

889.5

L4
867.1
866.7

870.8

*

a ;W N

——d
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THERMOMETRIC DATA

126.

kT gt ialoTotZe | wa aoe pgermssmer s seemen o




127.

TABLE A.5.1 THERMOMETRIC DATA FOR DICHLOROMETHANE

|

I

|

|

)/

OF 29.95" Hg AND SUBCOOLING OF 1.6°F . <i‘;

BOILING ON A GLASS SURFACE AT A PRESSURE
Q/A (8TU/hr ££5) T (°F) T T (°F) (T, - T,) (OF)
19124 1536 101.9 51.7
16490 12,1 101.8 50.3 N
14050 151.1 101.9 49.2
11806 151.1 102.0° 49.1
9757 | 150.3 101.6 ° 48.7
7903 147.3 101.5 TS .
6245 143.3 101.4 419
4751 - 139.1 101.3 37.8 ]
313 133.3 101.2 32.0 o
v f

2539 -~ 125.0 100.8 - 24.2

PR
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TABLE A.5.2  THERMOMETRIC DATA FOR DICHLOROMETHANE
; BOTLING ON A .GLASS SURFACE AT A PRESSURE
,j OF 30.00" Hg AND SUBCOOLING OF 14.7°F.
{ Q/A (BTU/hr ft2) T, (°F) . T, (°F) (T, - T.) °F
L = 19124 152.8 88.1 64.7
' . 4
16490 152.3 89.1 63.2
‘ 14050 152.3 89.0 . 63.3
: ~ :
RN 11806 . 150.4 88.9 61.5
9757 149.5 . 89.0 60.5 -
| 7903 146.1  89.0 57.1
. L) . .
6245 138.4 89,1 49.3
' 4751 ' 129.2 89.0 40.2
. 3513 ' 120.2  88.8 31
. ﬁ . .

2439 113.7 .- 89.2 245
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TABLE A.5.3  THERMOMETRIC DATA FOR DICHLOROMEHANE
BOILING ON A GLASS SURFACE AT A PRESSURE
OF 30.25" Hg AND SUBCOOLING OF 30.0°F.

o/A (BTU/hr £t%) T (°F) T.(°F) (T, - T °F
19124 155.8 TR 81.7
16490 . 185.0 . 73.9  a1.1
14050 .. 152.8 . 74.0. - 78.8
11806  150.3 73.8 76.5

9757 . 143.3 74.0 69.3
7903 134.9  74.0 60.9
6245 126.5 74.0 51.9
4751 s 743 41.3
3513 106.5 74.9 31.6




" APPENDIX 6
" BUBBLE WAITING TIME DATA
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TABLE A.6.1 BUBBLE WAITING TIME DATA AT 1.60°F SUBCOOI;ING

HEAT FLUX Q/A (BTU/hr t%)

SITE 7903 9757 11806 14050 16490 19124
A 43.8  28.1  21.8 6.8 12.1 . 9.2
B — — 42.3 20.9  28.1 21.0
c — 8.2 20.7 © 16.6 - 13.0 14.6
0 — _ — —_— _ —
— E 48.0  29.4  24.4  22.6 19.2  21.4
F — — 39.5  °33.4  30.1 - 28.7
- _ _ _ _ - _
H — _ _ _ - _

-H\A/,4’ 38.8 32.0 25 - 20.9 17.5 15.7

J — 26.2 18.2 18.9  13.8 10.4
K - — 5.0  37.2  30.5 @ —
T — — —  30.0 20.4 12.2




TABLE A.6.2

132.

BUBBLE WAITING TI_ME- DATA AT 14.7°F SUBCOOLING

HEAT FLUX Q/A° (BTU/hr ft?)

SITE 7903 9757 11806 14050 16490 19124
A 19.2 14.7 10.3 8.8 8.1 6.3
B — 36.2 26.7 19.7 18.0 12.7
C 18.7 14.9 12.1 11.3 0.0 10.3
D — - —_ 42.7 — 24.0

»E — — 18.1 16.0 15.4 9.5
F — — 26.4 - 20.6 15.9 13.0
6 — — ' 65.4 42.6 33.2 24.4
H — — — 48.2 35.5 20.5
I — 19.4 16.6 15.0 8.7 10.3
J — — — — 7.6 7.6

T K — — 24.8 19.1 13.8 12.6
L — —— PR —_— —_ —_—
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. TABLE A.6.3 BUBBLE WAITING TIME DATA AT 30.0%F SUBCOOLING

2

HEAT FLUX Q/A (BTU/hr ft°)

SITE 7903 9757 11806 14050 . 16490 19124
A — 12.1 8.8 6.7 7.3 4.8
B — — 12.4 9.2 8.1 6.2
c — 10.3 7.4 4.3 5.4  —
D — — — — 25.5  17.4
£ — - = — — —
F _ - — — —
6 — —  48.0  40.9 28.9  17.1
H — —_ — 80.5° 3.5 22.2
I — — 9.1 7.5 6.2 6.0
J — — - = — —
K — — — _ — _

.

L — — — — 5.6 3.9

I we e a L v




APPENDIX 7

PROPERTIES O4 DICHLOROHETHANE
ATMOSPHERIC PRESSURE

134.
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APPENDIX 7
PROPERTIES OF DICHLOROMETHANE AT ATMOSPHERiC PRESSURE

Saturatioﬁ Temperature, Tsat | = 563°R

Liquid Density, o, = 80.4 b /7t3
Vapour Density, o, ' = 0.203 1p /ft>
Liquid Specific Heat, C, . =.0.28 BTU/Ib °F

0.0869 BTU/hr ftoF

u

Liquid Thermal Conductivity, kg

Latent Heat of Vapourization, hfg ' = 139 BTU/Tb
Surface Tension, o = 1.63 x 1073 The /ft
Liquid Thermal Diffusivity, <, = 1.05 X 1070 #t?/sec

Liquid Coefficient of Cubical Expansion, Bz 8.28 X 10'4/°F

Liquid Coefficient of Viscosity, My

1

0.878 1bm/ft hr

‘ 135.
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APPENDIX 8

COMPUTER PROGRAM FOR CALCULATING AND PLOTTING
BUBBLE WAITING TIME AS A FUNCTION OF HEAT FLUX -
CONDUCTION-hODEL OF BUBBLE NUCLEATION
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PROGRAM CURFIT 137.
THIS VERSION OF PROGRAM CURFIT INCORPORATES

CONSTANTS CALCULATED USIKG THE PROPERTIES

OF CH2C12 AT ONE ATHOSPHERE PRE“SURE .
DOUELE PRECISION F.Q

DIMENSION A(5},E(5)

REAL IERFC, NUM

DATA A/5X0.8/,B/5%0.0/

DATA Q77 4

COMMON/STATUS/ISTAT(16)

D0 25, I=1,1e@

TYPE {

FORMAT(//,’ CONTACT ANGLE

ACCEPT 2, PHI

FORHAT(F4.1)

TYPE 3

FORMATC” SUBCOOLING = ,$) ' S

ACCEPT 4, SUB -
FORMAT(F4.1) ' ‘ ‘ '
TYPE & '

FORMAT(" HEAT FLUX WAITING TIME ‘)

£

"TYPE &

FORMAT(’ ¥k . ')
N=20 :

N=N+1 ’
READ(S,8) P.B(N) - 4

. FORMAT (X A5, 90 T4. 1)

IF(P.ER.Q) GO TO 19 .
DECODE (5, 9,P) AN

FIRMAT(F7.9)

T0.7 :

CAll INIT .

IX = 50

IY = 20

CALL GRIB(IX,IYY

CALL PLOTSH(2.7.0, ISTAT)

nn

CALL LABEL(’® 508 < Y eese
1 HEAT FLIX (BTW/hri(ft.f1)) 25009,
2 188 58 ’

CALL PLOTS5(9. 0.8, ISTA‘I’) T
CALL PLDTSD(12., ’BATTING TIME (ls)‘rISTA'D

Call PLOTES{(9.49.1,]I5TAT)

TYPE 141,PHT _ ‘

FORMAT(’ CONTACT ANBLE = ’.F4.:l:' DEBREES ')

CALL PLOTH5(9, 49,3, I5TAT) -

TYPE 12,508 )

FORMAT(’ SURCDOI ING = *.F4.1,' FAREMEIT 1)

CAll PLOTSS(1,0..I5TAT) L

m 13, F=1,R-1

‘1A = TFIX(A(J)/50. 8)

IB = IFIX(Z.e3B(.}))

Call PLOTED(3,IA,IB, ISTAT)

CALL PLOTSS(9,49.5, ISTAT) :
TYPE 15 3
FORMAT(' WUCLEUS SI7E = ’.5) '
HCCEPT 16, P

FORMAT (AB)

IF(P.tD.GY GO TD 24

DECODE (S,17.P) SIZE

FORMAT (F4.1)



IF(SIZE.EQ.0) GO TO 24 . 138
X = 4,008-3%(2.09) : - :
Y = SIZEXi.@E-4 : . '
CALY. PLOTSS(4,1,,I5TaT)

.4 v CALL PLDTS5(7,0,8, ISTAT)

" CALL PLDTS5(8,512,8, ISTAT)
T™ = ii8.¢0
C18 [ ITW = IFIX(2.Q¥TW)

Z = 7.773E-41SORT(TH)

N
1B N
MM = 2 a0 S

ADBSUM = (NUM/DENDH)$( (ARG }EETERN)
RATIO = ANDSUM/SUM .

IF (RATID.LT.1.QE-6) 60 TO 20

"SUM = SUB +.ADDSUM a

20 - ERFC = 1.0 - 1.12BIBLEXP(-ARGOIARGD ) K5LM L
- IERFC = 8.564H9%EXP(-ARG23ARG2) — ARCIKERFC
FLUX = 1.84280%(X/Y + SUB)}/(ZYIERFC)
-3 IF(FLIX. BE.25080.8) 6D TO 24
IFLUX = TFIX(FLUX/58.08) SR
CALL PLOTSS(3, IELIE, TTH, ISTAT)
TH = T8 ~1.8 ' _
. IF(TW.EQ. @) 60 10 24 : ' s
" BO 1D 18 _
A READ(S,22) KR
-2 . FORMAT(AR)
. © - CALL PLOTS5(9,49,6, ISTAT) - ,
CALL PLOTSS5(12,,’ T, ISTAT)
.60 TO 14 . .
4 CALL: CLEAR
S |, CONTINE , o
END . ?

v s
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COMPUTER ‘PROGRAM FOR CALCULAMING AND PLOTTING =

BUBBLE WAITING TIME AS A FUNCTION OF HEAT FLUX -
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PROGRAM BATTE

- THIS VERSION OF PRDGRAM WAITS INCORPORATES

CONSTANTS CALCULATED USING THE PROPERTIES
OF CH2C12 AT DME ATMDSPHERE PRESSURE
DOUBLE PRECISION P.Q

DIMENSION &(7).B(7), DELTA(120)

REAL INC

DATA A/7%8.9/.B/7%0.0/

DATA @/° 17

COMMON/STATUS/ISTATL16)

DO 25, I=1,108

TYPE 1

FORMAT(//, ' TINE CONST = 1, %)
ACCEPT 2,TC
FORMAT(FG.3)

TYPE 3

“IY = 28

-

FORHAT(* sxmtmuns =’,%)
ACCEPT 4. SUB
FDR?‘AT(F# 13

FORMAT(" Trexx =x.x "} .
N =
N=N+1

REATINS,8) P,B(N).
FORMAT (2X, A5, 8%, F4. 1)

" IF(P.ED.B) 60 TO 10

DECODE (S, 2.P) A(N)
FORMAT{F7.0)

GO 1o 7

Catl IHIT

IX = 58

I

CALl. GRID(IX. IY)

-CAYL PLOTSSA2, 7.8, ISTAT)

CAlY LABFL ("9 ) 10000
1 HEAT FLUX (BTWhr(ft.f1)) 250087,
2" 100 5 b '

" CAll PLATES(2, 8.9, ISTAT)

CALL PLOTREA(12, ., ‘VATTING TIME (ls)’.ISTﬂT)
CALL PLOTS5(9,49.4,ISTAT)

TYPE 11,30

FORMAT(" TIME CONSTANT = *,F6.3,' == ')
CALL PLOTOS(9, 49, 3, ISTAT)

TYPE 12,S5UB - : '
FORMAT(" SQUBCDOLING = ".F4.1.° FAHREMEIT *)
CALL PLOTSG¢(1,8, . ISTAT) i

B0 13, J1.M-1

1A = IFIX(AC))/58.0)

1B = YFIX(2.6%B(1)) o .

CALE PLOTSS(Z, A, IB, ISTAT)
CALL PLOTDS(Y; 48,5, ISTAD)
TYPE 15 -

FORMAT(” NUCLEUS SIZE =
ACCEPT 16, P

FORMAT(AD)

IF(P.ED.B) 60 10 24
DECOIE(S,47,.P) SIZE "
FORHAT(F4.2)

140.
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T

-COEFT =
RATIO = 1.6

IF(SIZE.EG.0) GO TO 24
= 1.80E-31(2.09)
Y = SIZE%1.0E—4
IF(TC.EQ.6.2) TC = @.081
DT = (0.4/TC;
PHISGR = 12.8XDTk(A 0G(DT1+10.0)
INCG = 9.9
T& = DT
TERM = {1.0-EXP(-DT))
(TERM/ ( TAU-TERM®)

Do 18, J=1:1180

PHISER = PHISGR + INC

PHI = SOGRT(PHISER)

N = ({Jj1)/718)+1

DELTA(N) = 3.BB7E-4¥S0RT{(TCISPHI

© INC = DTACOEFF $PHISORY
1(0.5741¥(RATIO)-6. 8BIGE (RATINTEI ) +8. @843 (RATIONR4))+12.8)

TAU = TAll + DT

TERM = (1.8~-DXP(-TaN)

COEFF = (TERM/(TAU-TERM))

CHI = (3.85/50RT(TC) ¥ (TAU-TERNH)

RATIO = PHI/CHI

IF(RATIN.ET.1.8) RATIO = 1.

CONTINUE .

CHl PLOTSS(4.1,,ISTAT)

CALL PLOTSS(7.0.9, ISTATY

CALL PLDTSR(B, 5120, IS5TAT)

TW = 118.8

ITH = IFIX(2.88TW)

ARG = Y/DELTACIFIX(TW))

IF (ARG.LT.1.8E—18) ARG = 1.0E-18

FUNC = 1.0-3.0%(ARG)+3. &X(ARGXARS) 1 . 4% (ARGEARGRARG)
FLIX = 3 M(MﬂB)I(IE_TMIFIX(TH))xFM)
TF(FLUX.GE.25000.4) 60 TO 24

IALHX = IFDX(FLIDUS0. 8)

CALL PLOTSS(3, IFLIEL, 1TW, ISTAT)

T = TW - 1.4

IF(TM.EQ.0) 60 TO 2t

6D YO 19

READ(S, 22) KR

FORHAT (A2)

CALL PLOTES(S, 49, &, ISTAT) '
call PLOTSS(12.,” 7, ISTAT)
6o TD 14

CALL CLEAR

CONTINUE

STOP

END



SYMBOL

A

NOMENCLATURE

DESCRIPTION

Tofal Area of Heat Transfer Surface
ZcTSat

Pafameter A= m
Py fq

Local Area of Heat Transfer Surface
Height of Bubble Nucleus Above Point

of Contact of Liquid-Vapour Interface
With Heat Transfer Surface

Specific Heat

Constant C = M;t

e
- 1 + cosB
Const?nt C1 St B
_ 1
Constant C2 = 3TnB
G
Constant C, = =—
34

Bubble Departure Diameter
Potential Difference
Bﬁbb]e Emission Frequency
Gravitational-Constant
Heat  Transfer Coefficient

Latent Heat of Vapourization

~ Thermal Conductivity

Ratio L, = Area of Heat Transfer
Surface/Perimeter of Heat Transfer

Surfac
142.'

UNITS

ft
ft

ft

inch

BTU/1bm°F
inch

inch

Volts

sec']

ft/set:2

BTU/hr £t2 OF

BTU/'lbm

BTU/hr ft °F

ft

B s S bl




Na
Na
N/A

=|

n2+1

PU(Na)_

Q/A

=

AT

" Frame Number at which Bubble just Disappeared

et g

143.

Mass . 1b
Total Number of Active Sites : :

Population of Active Sites or Local Area a

Average Population of Active Sites on Area a
Active Site Density

Average Population of Active Sites on Area A

Frame Number at which Subsequent Bubble
just Appeared.

Pressure 1bf/ft2

Prbbabi]ity that a Random Local Area a has
a Population Na :

Heat Flux - BTU/hr Ft°
pParameter q = JS?KE
Electrical Resistance Qhms

Radial Coordinate

Cavity Mouth Radius " inch

‘Bubble Nug1eus Radius : ~ . inch

Mean Nearest Neighbor Distance between inch
Active Sites :

Root-Mean-Square Nearest Neighbor Distancé inch
petween Active Sites.

Most Probable Nearest Neighbor Distance . inch
between Active Sites

Lap]ace'Transportation of Time
Temperafure OF, OC.‘

Temperature Difference between Underside of OF
Glass Specimen and cAmbient



|

oD

sat

Tiﬁe

Time Constant
Bubble Growth Time
Bubble Waiting Time

Interframe'Time Interval

Velocity of Flow at Base of Bubble

Horizontal Component of Velocity
Terminé1 Rise Velocity of Bubble
Specific Volume Change of Vapourization
Horizontal Cartesian Coor&inate

Vertical Cartesian Coordinate

Dimensionless Distance Z = [y/(ZJKEE)]

Number of Local Areas a _having a Local
Population Na '

Liquid Contact Angle
Coefficient of Cubical Expansion

Hydrodynamic Boundary Layer Thickness
Extrapolated Superheat Layer Thickness

Local Thermal Boundary Layer Thickness

Thermal Boundary Layer Thickness at a
Distance from Active Nucleation Sites

Local Thermal Boundéry Layer Thickness
Ratio y/A(t)
Temperature Difference 6 = T - Tm ¥

Laplace Transformation of o

Ty =T

Liquid Subcooling €sat = 'sat @

sec
sec
sec
sec
sec
in/sec
in/sec
in/sec

3
ft /'Ibm

OF'1
inch
inch
inch

inch

!“I‘”i P PR g g



SUBSCRIPT
: .
Cc
%
n

sat

Wall Superheat ew = Tw - TSat

‘ Thermal Diffusivity

Coefficient of Viscosity
Ratio y/8(t)

Parameter ¢ = A(t)/JEE?Z
Densidty

Surface Tension
Dimensionless Time T = t/tc

Parameter x = G(t)//rntc_

145,

££2 /hr
b _/ft hr

3
1bm/ft
1bf/ft

. DESCRIPTION

Bubble
Cavity

| Liquid
Nucleus
Saturation
Vapour _
Wall 7 ~
Bulk
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