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BUBBLE GROWTH RATES AT REDUCED PRESSURE
by

Yeong-Cheng Lien

Submitted to the Department of Mechanical Engineering on January 13,
1969, in partial fulfillment of the requirement for the degree of
Doctor of Science.

ABSTRACT

, A general method is developed for calculating bubble growth
in a uniform temperature field. It is verified by comparison with
bubble growth data taken in water at reduced pressure, The experiments
cover the following range of parameters: pressure 0,18 to 5.6 psia;
Jakob number 58 to 2690, Experimental results have been correlated
in the form of a normalized radius versus time curve. In these experi-
ments bubbles were initiated by means of a spark discharge between the
gap made by two wires. :

, It is found that the dynamic effect is of increasing impor-
tance with decreasing pressure, while the significance of heat diffu-
sion ‘diminishes. The interfacial mass transfer resistance does not
ever appear to have appreciable influence upon the bubble growth rate.

Thesis Supervisor: Doctor Peter Griffith
Title: Professor of Mechanical Engineering
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NOMENCLATURE
\
a minor diameter of a spheroidal bubble
b major diameter of a spheriodal bubble
C capacitance
¢y | constant, defined in Equation (IV-6)
<y constant, defined in Equation (IV-7)
<, heat capacity of the electrode
cy _ specific heat of liquid
Dg bubble diameter
De ‘ diameter of the electrode
d, d1 apparent and actual sizes of reference object
E voltage |
hfg latent heat of vaporization
I | frame number
Ja Jakob number
kl the;mal conductivity of liquid
n number of gram-moles of gases
P pressure
po° system preséure.
pg, poz, sz. partial pressures of the inert gas, oxygen, and hydrogen
Py v saturation pressure at T,
psat(T&) saturation pressure at T,
P, | vapor pressure
Q ' electric charge

r radius

3
¥
:
&
i
4
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\
R bubble radius
R bubble growth fate
R a*r/at?
R* radius, defined in Equation (V-3)
R dimensionless radius, defined in Equation (V-5)
Rc critical radius of a vapor bubble
Rg gas constant ‘
ﬁm maximum bubble growth rate, defined in Equation (V-1)
Rr reference radius, equal to 0.1 inch
Ru universal gas constant
T ‘ témperature
T, uniform liquid temperature
Ti interface temperature
T e (P saturation temperature at P_
Tv vapor temper;ture
ATd temperature difference, T, - Tsat (P.)
ATh tempefature difference T, - Tv
ATi interfacial temperature drop, T, - Ii
ATs : liquid superheat, T - Tsat (P,)
t time
t* time, defined in Equation (V-4)
U | uncettain;y,
u o radial liquid velocity
vy specific volume of liduid
vA specific volume of vapor
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. .
v bubble volume
: w mass flow rate per unit area in unit time
i x radial distance measured from bubble wall

Greek Letters'

oy thermal diffusivity of liquid
T defined in Equation (II-20)
§ thermal boundary layer thickness
0 , temperature difference T - Ti
; 60 témperatufe difference, T - Ti
Pe density of the electrode material
Py . liquid density
é Py vapor density
g, condenstion coefficieﬁt
o, - evaporation coefficient
o ‘ surface tensibn
¢ constant, defined in Equation (II-16)




=
A
Gk
=

D e i s
R LR SR T S i T

-12-

/
CHAPTER I -~ INTRODUCTION

One of the important safety problems related to liquid-metal-
cooled fast reactor is the vapor voidage of a subchannel in a loss—
of-flow accident. During the normal operations, ebullition is avoided
by maintaining the coolant temperafure well below the saturation value.
When the accident occurs, the temperature increases-rapidly since the
reactor power density is extremely high. It has been shown that the
liquid may become superheated in about half a second (1). Because
1iquid‘metals have the peculiar behavior of being’able to sustain super-
heat up to several hundred degrees Fahrenheit prior to the incipieoce
of boiling (2), the subsequent growth of a bubble may be explosive in
nature. If the growth rate 1s sufficiently high, the expanding bubble
displaces a large amount of coolant from the subchannel, causing reac-
tivity changes and, possibly, melt-down of the fuel cladding material.
Once the latter happeng, the dispersed fuel gives ever bigger changes
in reactiviﬁy.‘ Moreover, the excessive pressure force associated with
the collapse of the vapor'bubblerio regimes where the ooolant 1s still
subcooled could seriously damage the whole core aSsembly.

For these reasons knowledge of bubble growth :atés is essential
to the fast reactor safety analysis.. There emerges the question of
whether the existing bubble growth theory can be directly applied to
the liquid metals. This leads to the broader problem concerning the
applicability of the well—documented bubble growth equations under
B general conditions. It is to this general problem that the present

work is addfesse&.
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K% | I.1 Previous Work
Bubble growth rates were first studied in a uniform temperature

field by Rayleigh (3), Plesset and Zwick (4,5,6), Forster and Zuber (7),

Scriven (8), Bankoff et al (9), Dergarabedian (10,11), and others.
Later, other investigators such as Griffith (12), Savic (13), Han and
Griffith (14), Bankoff and Mikesell (15), Zuber (16), Cole (17), and
Mikic and Rohsenow (18) investigated the bubble growth problem involv-
ing nonuniform temperature field.

The most successful analytical result appears to be the simple
solution of Plesset and Zwick. This solutionKQas’dérived ffom con-
sideration of asymptotic growth of a spherical vapor bubble in a uni-
formly superheated liquid. The asymptotic bubbleAgrowth 15 charac-
terized by negligible surface tension and dynamic effects so that the

growth rate of the bubble is limited by the heat diffusion process in

the liquid to the bubble wali. The Plesset and Zwick solution, which

i

e

has been modified by other investigators (16,17,19,20) for the general

case of nonuniform temperature field, is in satisfactory agreement

=

with experimental growth rate data of water vapor bubbles at pressure

~levels ranging from 1/2 atm. up to 100 atm. (2,10,11,12,14,21,22,23).

However, recent experiments on water by Cole and Shulman (24)

e e
PR oy :

show that bubble growth rates at reduced pressure are almost an order

tmes

of magnitude lower than might be predicted by the heat diffusion limited
theory. AThg discreﬁancy increases with decreasing pressure, as can~be
seen from Figure 1. These expériments.were run in such a way that the
tﬁermal initial conditions were not known. Consequently, the cause of

this large discrepancy cannot be properly assessed.
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I.2 The Problem

Why does the heat diffusion limited theory, which seems so relia-
Ble at high pressure leVels, fail to predict bubble growth rates at
reduced pressure?

It is suspected that the dynamic effect, which is considered as
- negligible in the heat diffﬁsion limited theory, may be significant
under reduced pressure conditions. Scriven's analysis (8) indicated
that the asymptotic solution is a good approximation only for values
of Jakob number,* Ja, much greater than unity. On the other hand,
Griffith (12) stated that: "For very lafge values of the parameter
Ja, the assumption that the dynamic effects are unimportant is not
valid." Thé maximum Jakob number in those experiments that showed
agreement ﬁith‘the asymptotic solution is 119, whereas it is as high
as 792 in Cole and Shulman's experiment. The dynamic effect could
be important ini»;hose runs with high values of Ja.

It was‘suspected that the reason for the discreﬁancy is a lérge

mass transfer resistance at the liquid-vapor interface, also known as

" ,
Jakob number, Ja, is defined as

AT, Py <y
Ja = F——~?;-—-—
fg v

(1-1)

, In this equation ATg is the liquid superheat, cg is the speci-
fic heat of 1liquid, hg, is the latent heat of vaporization, pg and
Py, respectively, are %he liquid and vapor densities. The Jakob
number is a measure of the energy excess per unit volume of the liquid
relative to the energy required for the formation of the unit volume
of vapor. :
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the nonequilibrium effect.* The theoretical analysis of Bornhorst (25)
shows ﬁhat discontinuities of chemical pgéential and temperature pro-
files at the interface duiing a nonequilibrium phase change process
become appreciable at low pressures. The discontinuities can be inter-
preted a§ a&ditional resistances to inéerphase mass and héat transfer.
Neglecting this nonequiiibrihm effect at low pressures could also con-
tribute to the discrepancy.

Therefore, in the light of the above discussion, the objective
of the ﬁresent’investigaiion is to examine under closely controlled
conditions these two effects-—namely, the dynamic gffect and the non-
equilibrium effect--upon bubble growtﬁ rates, at reduced pressures.

I.3 Purpose of This Work

The purpose of this work is to obtain water vapor bubble growth

Aratgs‘at reduced pressure under known thermal conditions so that the

relative importances of the heat diffusion, dynamic, and nonequilibrium

effects can be determined. The results may then be used to examine

the applicability of existing bubble growth theory under general condi-

“tions.

In addition, it was hoped that numerical values of the evaporation
coefficient for water might be inferred from the boundary conditions for

a clean liquid-vapor interface.

* ' A
The nonequilibrium effect is dependent essentially on an empirical

quantity called evaporation coefficient. In evaporation, this coeffi-

cient 1s defined as the ratio of the number of molecules per unit sur-

face per unit time that actually escape from the liquid-vapor interface
to the maximum evaporation rate predicted by the kinetic theory. Thus

its value lies between zero and unity. Exact value of this coefficient
has not yet been established (26). :
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CHAPTER II - REVIEW OF BUBBLE GROWTH THEORY

’II.l Overall Remarks

A bubble starts growing from a critical size nucleus, or nuclea-
tion site, in a superheated liquid pool as a result of a thermal fluctua-
tion that upsets the otherwise metastable equilibrium condition, In -

the process toward a new equilibrium state of the liquid-vapor system,

- evaporation of the liquid at ;he bubble bdundary maintains the bubble

growth; but the bubble is not entirely free to expand, as its expansion

is subject to retarding effects of surface tension, liquid inertia, and

nonequilibrium interfacial resistance to mass transfer. 1In addition,
the rate of evaporation depends on the rate of heat diffusion into the

liquid. The observed bubble growth rate is a result of both of these

. phenomena acting.

During the earlier phases of bgbble growth, the growth rate is
small, but it is greatl& enchanced with small increases in bubble size
sincg the effects of surface tension rapidly become negligible. With
increased growth rate, the latent heat of vaporization éauses cooling>
of the liquid that surrounds the bubble. This cooling decreases the

bubble groﬁth rate; therefore, the bubble growth rate reaches a maxi-

mum value and then decreases. Eventually, the growth depends solely on

the rate at which énergy is being'supplied from thelliquid to the liquid-
vapor interface. This heat—diffusiqn—liﬁited pﬁase of bubble growth is
terméd the "ésympéotiﬁ stage," -

A theo:etic#l analysis of thé bubﬁle growth problem, which has jﬁst

been described qualitatively, is by no means easy; Mathematical
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formulation of this problem involves all\three of the conservation

‘equations applied to both the liquid and the vapor phases. It is fur-

ther complicated by the nonequilibrium interfacial boundary condition;

As is to be expected, it is not possible, nor practical or worthwhile,

to solve the complete problem'exactly.. With several major simplifying
assumptions, a few limiting cases ot bubble growth have been studiéd and
~documented in the literature. Three special cases, {i.e., growth litited
separately by liquid inertia, heat diffusion, and evaporation rate, rele-
vant to the present investigation are briefly reviewed in this chapter.

II, 2 General Assumptions

It is appropriate to begin with statements of the various basic
assumptions that are common to all the limiting cases to be considered

in the following sections. The assumptions have been justified By many

'1nvestigators (4,7,8,9). The justification statements will not be repro-

duced here. It sufficés to $§y that solutions thus obtained are applica-

ble only to situations that conform reasonably well to the stated assump-
tions, or requirements.
In essence, the system consists of a spherical vapor bubble grow-

ing in a initially quiescent,‘uniformly superheated liquid of infinite

extent. The analysis will consider only incompressible, inviscid

Newtonian liQuids. The bubble growth is assumed to be strictly spheti—
cally symmetric, and the liquid motion purely radial and laminar. Other
assumptions include constant thermophysical properties and liquid demsity
and negligible vapor inertia. Asymmetric external body forces are
excluded from considération. finally, temperature and pressure gradients

within the bubble are neglected.
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I1.3 Growth Controlled by Liquid Inertia

Lord Rayleigh (3) was first to solve,ghe bubble growth problems
from the dynamic point of view. Assuming the growth process to be iso-
thermal, he considered the motion of the liquid as é spherically symme-
tric, incompressible flow caused b& the differences in pfessures of the

vapor and the liquid phases. Thus bubble growth rate is controlled by

the 1iquid inertia only. His conclusion is that the bubble grows at a

constant speed, except during the earliest stage when the bubble radius
is small and the surface tension effect is dominant.

Based on the general assumptions, the continuity equation may be

written as follows in terms of the bubble radius, R, for constant vapor

density and for when it is negligibly small compared to the liquid density.

ur” = RR* _ - (11-1)

where u denotes the radial velbcity of a liquid element at distance r

from the center of the bubble. R is the bubble growth rate. The coordi-

nate system 1s shown in Figure 2,

The momentum equation for the liquid phase is

Ju Ju 1 dp

—_— = o —

ot Y ar Py dr ' (11-2)
where t is timé, and p is pressure.k The expression for u glven by (II-1)
can be substituted into (II-2), and the resulting equation can be inte-

grated from the bubble wall out to infinity to obtain the familiar

Rayleigh Equation:

) = pv(Tw) + Py “Pw "R - (I1-3)
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In this equation R is the second derivative of R with respect to
time t, pv(Tm) is the vapor pressure at system temperature T_, pg is

the partial pressure of inert gases within the bubble, and 0 is the

~surface tension. The Rayleigh Equation is the foundation of bubble

dyhamics. This equation relates the dynamic pressure, which is the

term on the left-hand side of the equation, to the total pressure within
the bubble, the system pressure, P, and the pressure drop across the
bubble wall, Assumption is made for the following considerations that

pg = 0; that is, the bubble contains no inert gases. It can be shown that,

for equilibrium,pv(Tw) and p_ are related to the critical radius Rc by

 the expression

20 :
R & —re— | II-4
¢TI “wL - a8

. In terms of Rc’ Equation (II-3) can be recast in the following form:

4
de

1

3:2
(R'R®) =
Py

-1
2

R
20 c
2R%R Re R

With the initial conditions i~= 0 and R ?'Rc at t 5'0, Equation
(II-5) can be integrated to obtain

3 2
v2 4o Rc 20 R

R® = L-—)-=a--). (11-6)
3p£Rc _R3 sz R

For R >> R,
c -

2 40 _ 2P - P

(II-7)

This is the liquid‘inértia controlled bubble growth equation. It

will also be referred to as the Rayleigh solution. The significance
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of this result is that the bubble grows at constant speed hence the

bubble radius is directly proportional to the growth time.

In the derivation of Equation (II-7),kthe driving force Ap = pv(lw)
- p, was assomed to be constant. But in reality, the actual driving
force 1s less than Ap'due to the cooling effect of evaporation; hence

the Rayleigh solution gives an estimate of the upper limit of bubble

growth rate under any circumstances.

II.4 Growth Limited by Heat Diffusion

Plesset and Zwick (4, 5 6) as well as Forster and Zuber @) and
Vothers 8, 9) studied the asymptotic growth of a spherical bubble in
uniformly superheated liquid and found that the bubble growth rate is
inversely proportional torthe square root of growth time. In this case,
the nonequilibrium effect is ignored by assuming thermodynamic equilibtium
'at the bubble wall. The solution of Plesset and Zwick is presented
below. | ‘

The problem is formulated as a heat‘transfer problem coupled with

a dynamic problem. Hence in addition to the equations of continuity

and momentum”consefvation, the energy equation is introduoed into the

analysis. The energy equation appropriate for the liquid phase is

| 2
oT oT _ 9T _ 23T
EE TR R S v (11-8)

where T denotes the liquid temperature T(r), and ap is the thermal
diffusivity of liquid. Equations (II-l), (II-2), and (II-8) together
With the following initial and boundary conditions completely specify

the problem of asymptotic bubble growth.
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‘The initial conditions are:

T = vafor all r, t =0, | | | (11-9)
R=0, t=0 (II-10)
R=R, t=0, (II-11)

and the boundary conditions,

T=T, r+w ‘ (I1-12)
T N | . -
kz(s;or-n " Py g R (H113)

where klris the thermal conductivity of liquid, and hfg is the latent
heat»of Vaporizatioﬁ.‘ Equation (II-13) is a,siﬁplified form of the

complete boundary condition at the bubble wall, obtained by applying

“the first law to a control volume consisting of the vapor bubbie.

f'Simslification was made by neglecting smaller terms due to desuperheat-

ing of vapor molecules and pdv work of expansion. Justification of
this simplifying measure is given in Reference (51).

In order to solve the heat transfer part of the problem, Plesset
and Zwick made a '"thin thermal boundary layer" assumption, They assumed
that "the drop in temperature from T to the value T at the bubble wall
takes place in a layer qf liquid surrounding the‘bubble which has small
thickness compared with R(t)." It is.justified-physically in the cases
where the thermal diffusiVity ef liquid is small. Employing a successive
approximation technique, Plesset and Zwick obtained a solution for the
temperature at the bubble wall, for which the zeroth—order approximate

expression is



Y
| 2, . 3T '
) T 1/2

o "t % dx . : | (I1-14)
° U5 RM(y)dy] :
The value of T thus calculated was estimated to Be accurate within
10 bercent. With the expréssion for T given by (II-14), Plesset and
Zwick then solved the dynamic part of the problem. The solution for
the asympto;ic stage oflpbble g;pwth was in the form of an infinite
- series, of which the leading term can be reduced to ”

12 1/2

R = 33 Ja(azt)l/z ) (11-15)

Although Plesset and Zwick attempted to account for the effect of
temperature vairation at the bubble wall, the above equation does not
include any effect of this nature. It can be seen that the driving
‘forge'ATs =T, - Tsat(pm)léontaiqed in the Jakob number, Ja, is a fixed
value.t Thus Equation (II-15) is expected to be applicable only to the
isobaric bubble growth prohlemé. In other words, tﬁe pressure field,
within and without the bubble, is ﬁniform and is equal to Po-

Other investigators‘have obtained similar solutions for the same
problem, with only slight difference; in the va;ue’of the coefficient ¢,

which is defined in the following equation:

R = chai(m,Lt;)l/2 . (II-16)

Table II-1 lists the values of ¢ obtained by different investigators.
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TABLE II-1

Comparison of the Coefficient ]

Investigator(s) Value of ¢ Reference
Plesset and Zwick viz/m | (4)
Scriven viz/m~ (8)
Forster and Zuber 7 | ¢))
Fritz and Ende‘» 2/ (21)
Birkﬁoff, et al | /12/m (9

It has been mentioned in Chapter 1 that the asymptotic solution,
Equation (11-16)‘with ¢ = (12/n)1/2, or Equation (II-15), compares well

with experimental data obtained at high pressures. Forster and Zuber's

~ solution underestimates the bubble growth rates by 9 percent, at high

pressures.

I1.5 Growth Limited by Evaporation Rate

Kinetic theory predicts a finite rate of evaporation. As a conse-

queﬁce, there is a possibility that the growth’;ate of a bubble might

.~ be 1im;téd by the evaporation rate. Recently a bubble growth equation

~ based on this concept-has been developed (27, 28)., This equation is

derived in the following paragraphs.

- First of all;‘consider a liquid~vapor system which is in equilibriuﬁ

at interfacial témpe;ature Ti' For equilibrium; the number of molecules
entering and leaving the phase boundary must be equal, as must the molecular
velocities since nd net energy is being tranéferred. According to the

kinetic theor&, the mass flux of vapor molecules striking a surface is
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where w' = mass flow rate of molecules striking unit surface area
in unit time.

P, = saturation vapor pressure at 'I‘i

Rg = gas constant per unit mass of gas.

If a fraction 0 of the w' unit of mass condenses on the liquid-
vapor interface, then in order to maintain equilibrium conditions, it

is necessary to have w units of mass evaporate from the interface per
unit area per unit time, with

Gpi

We— ' ‘ ' (I1-18)
(2R ri)” 2

The fraction o is referred to ae "condensation coefficient" or
"mass accommodation coefficientt" In the similat fashion, an "evapora-
tion coefficient" O, is defined. | 7 4

Schrage (30) investigated the mass transfer problem in a slightly
nonequilibrium liquid-vepor system.” In the case of evaporation, the

interfacial mass transfer rate was found as

-~ 1/2 o_p, oTp
1 e i c Vv
g . Ti Tv

in which pi and p, are the eaturation pressure corresponding to the
interface temperature Ti and the vapor temperature T » respectively.

I is a correction factor that takes into account the effect of vapor

velocity. For small mass transfer rates, the factor I' is given by the

following approximate expression (30):
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At equilibrium when there is no net evaporation, w = 0. Then

=1, P; = Py and Ti = Tv. Thus ce = cc. For small mass transfer

rates, if it is assumed that Ue = oc’ then the expression for w becomes
(, 1 1/2
e 2mR

P Tp
1

wego . ) 77 7 - | (I1-21)
i v

Equation (II-21) implies discontinuity of the temperature distribu-
tion at the interface. The vapor pressure and temperature are assumed uni-
fofm up to the interface; thus the vapor molecules étriking the interface
are characterized by the température Tv' On the other hand, the molecules
escaping the interface are‘idenﬁified by the interface temperature_Ti.
‘The interfacial temperature drop is

ATi = Ti - Tv . (11-22)
With the help of the perfect gas law, the Clausius-Clapeyron equa-

1/2 _ . 1/2
Ty

Equation (II-21), the latter can be combined with (II-20) and (II-22)

tion, and assuming Tv in the denominator of the brackets of

to give (29)

20, 1 S 1/2 he p, AT,
V=305 GmT) T ) (11-23)
e gv v
In the bubble growth problem, the quantity w is simply
W= pvR . (I1-24)

The bubble growth rate R is therefore

ﬁ ] Zoe ( 1 )1/2 hf ATi
2mR T T *
- v
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The gfoﬁth'rété R can be evaluated by means of (II-25) provided

‘the value of ce is known. The evaporation coéfficient must be‘deter-

mined expe;imentally. Unfortunately at tﬁe present time, we are not
certain of the vﬁlue of this’empirical coefficient due‘to lack of preci-
sion in temperature-measuring techniques. For many years the evapora-
tion coefficient of clean water has been accepted as 0.04. But more
refined experiments 1n recent inveétigations (31,32,33,34) have raised
the value to approach the theoretical upper limit, unity. A collection
of experimental values of the evaporation or condensation coefficienf

of water is tabulated in Table II-2, It is evident from Equation (II-25)
that if de turns out to be of order 0.0i, the evaporation rate will
govern the bubble growth. If oé is-cloée to unity, then it will have
negligible effect., ’

In Equation (II-25) the dfiving force is ATi’ or the temperature
drop at the interface. Since‘in this special case the evaporation rate
is the only controlling factor of bubble growth, the driving force has
been assumed by Shai (27) gnd Labuntsqv et al (28) as equal to ATS, or

the superheat of the system. In this way, it is questionable whether the

calculated growth rate has any practical significance.

As far as the prediction of limiting bubble growth rate is concerned,

Equation (II-25) has no value at all in view of the fact that the exact

value of ce has not been determinéd and that ATi cannot be estimated.

II.6 Comparisonhgg Bubble Growth,qugtioﬁs

' The liquid inertia controlled and the heat diffusion limited bubble

growth equations are quite different in nature. It is interesting to

‘compare the growth rates pre&icted By these equations for identical sets
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TABLE II-2

Experimental Values of the Evaporation or

Condensation Coefficient of Water

(References 32, 33, 34, 35)

‘Coefficient 9 Temgeratﬁre, SQ 'investigator
1,006 - .016 18 - 60 Alty (1931)
.01 - .02 | 18 - 60 | Alty (1931)
.04 | -8 - +4 | Alty (1933)
.036 | | : 15 Alty (1935)
.02 , 100 ‘ Pruger (1940)
.045 A ‘ 20 Hammeche (1953)
.04 - 30 4 " Boudart (1962)
L0415 o ~ Delaney (1963)
.0265 43 Delaney (1963)
.42 0 B Hickman (1954)
35 - 1% o 7-s0 © Nabavian (1963)
| .35% ‘ 0-70 Jamieson (1964)
Close to 1% | Berman (1963)
Close to 1% _ Mills (1967)

This is the condensation coefficient. It can be shown that at thermal
equilibrigm, the condensation and the evaporation coefficients are equal.
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of conditions under which a bubble grows. Table II-3 shows the compari-
son for six aifferenf arbitrary conditions.‘ In the heat diffusion limited
case, growth rates were evaluated at R = 2 cm.

Sincé thé liquid inertia controlled growth equation yields maximum
- rates of bubble growth, it is observed from Table II-3.that the asymptotic
solution overestimates growth fates for liquid metals aﬁd water at reduced
prassure. With water, at atmospheric pressure, the growth is definitely
heat diffusion 1imi:ed. But at the same-pressure, the growth rates calcu-
lated by means of both equations are about the same in the case of liquid
metais. This comparison shows that dynamic effecﬁ can be significant,
but the observations are by no means conclusive. From the data of two
water-vapor bubblés, an apparent switchover from the heat diffusion
limited érowth at high pressure to the liquid inertia controlled growth
‘at low pressure can be noticed. Quantitative analysis of this phenomena
in the subsequent chapters 1e§ds to the establishmeﬂt of a criteria with
the aid of which one can chose with ease the appropriate bubble growth

equation when calculating'bubble growth rates under general conditions.

TABLE II-3

Comparison of Theoretical Bubble Growth Rates

Growth Rate, m/sec

Fluid Pe ézs Liquid Inertia Heat Diffusion
Mercury* 1.0 bar_ 50 ‘°C 2.7 3
Mercury* . .02 bar 50 °C 0.7 6 x 10°
Sodium* 1.0 bar 50 °c 8 10
Sodium* .02 bar 50 °c 1.5 2 x 10°
Water  14.7 psia 5.6 °F 2.86 1.38 x 107>
Water .176 psia 23.9 °F 1.04 78

. : :
The liquid metal data were taken from Referemnce (28).
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CHAPTER II1 - APPARATUS AND PROCEDURES OF EXPERIMENT

III.1 Experimental Methods

An apparatus has been designed to generate bubble-growth-rate data
at reduced pressure. The purpose of the experiment is to take high-speed
movie pictures of single bubbles growing in a uniformly superheated pool
of water. Growth-rate data are then obtained from the bubble history
recorded in the f11m.

The major design problem of this experiment is the nece551ty to
meet the requirements that:

1. test water must be heated\evenly to a predetermined temperature
without any disturbance prior to the regulated nucleation of a
single bubble in the bulk of weter; and

2. bubble formation must be‘activated only upon command both id tiﬁe A
and place in order to syﬁchronize the high-speed movie camera opera-
tion with the bubble event and to permit proper focusing of the
photographic equipment.

The method of Dergarabedian‘as_described in Reference (10) was
adopted in this experiment. Dergarabedian demonstrated the feasibility
of attaining fairly uniforﬁ temperature in a pool of superheated water
by radiation heating. However, he had no control over the formation-
of bubbles at all. In his experiments bubbles formed randomly both in
time and‘in space within the beaker. Hence the probability of record-
ing sharp and clear images of a “bubble on a strip of film 50 feet long
which runs through the camera in about 1/2 sec. is very small. The addi- '

tion of a bubble-triggering device would certainly be a positive improvement
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over Dergarabedian's original method. éuch a deﬁice has been developed
“and useﬁ in this work. A descfip;ion ofrthis device is given in Section
III.1.2. | | |

Experimental methods that approxiﬁately meet the two requirements

are discussed in the foildwing sections.

III.1.1 Attainment of Uniform Water Temperature

Two 250—w$tt infrared lamps were used to heat the distilled, degassed
water, which was held in a pyrex glass container located between the lamps.
Uéing this arrangement, water can be heated slowly, and.mqre or less uni-
formly, but without excessive temperature gradient in the vicinity of the

’ container wall. With specilal care of the clé#nliness and smoothness of
the inner wall, very high superheatvconditién is obtainabié. Depending
on the system pressure, superheat as high as 30 °F has been attained with-
'out_incipiencé of nucleate boiling.

The reason for the succeés‘of this method has been given by

Dergarabedian. Briefly, the infrared lamp emitsAradiation energy at the
' tungsten—filament'tempefature, which is approximately 2500 °% for a line

voltage of 115 volts. The wavelength corresponding to the maximum energy
| output is about 1.16 4 (u = 10_4 cm). The construction material of the

‘water;container, pyrex glass, has the special property that it is trans-

. parent to :adiation emitted at wavelengths between 0.3 u to 3 u, but it
absorbs essgentially all the radiant energy beyond 3 u. Thus the container
walls transmit roughiy 80 percent of the énergy supplied from the source.
Water‘itself.is an excellent absorber of infrared radiatién (36). The

overall result is that the temperature of the container wall, due to its
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high heat capacity, is not much higher than that of the main body of
water. Heat conduction in the water flatten out the nonuniform tempera-
ture distribution.
Dergarabedian measured the water temperature with a mercury-in-
glass thermometer and found the temperature was raised in a uniform
fashioﬁ. Preliminary test rums 6f this work detectéd, however, a slight
stratification of water temperature distribution. The deviations were
. only a few degrees Fahrenheit though. During the course of these runs,
it was observed that water evaporated continuoﬁsly from the free surface.
Thus the temperature in the neighborhood of the free surface is expectea
4to be éloser.to the éatu:ation value than the presumed constant superheat
temperature of the bulk. The évapqratioﬂ problem was eliminated by cover-
ing the water with silicon oil. According to Drummond (37), oil film
~of considerable thiékness is necessary to effectively curb the evapora-
fioﬁ éf water. In the formal runs, the test water~was covered with a
layer of oil about 1/8 inch in thickness.
Under vacuum conditions, measurem;nts made with a ;opper-cohstantan

thermdcouple showed no appreciable variation in temperature levelwise,

and a maximum difference of 0.5 °F over a height of 1 inch in the central
part of water:body where a bubble was expected to grow. This nonuniformity

in water temperature is considered tolerable.

IIT.1.2 Method of BubBle GenefationA

»Boiliﬁg in the bulk of supefhéatéd liquid is not a spoﬁtaneous
érocess. Buﬁbles form Oniy at hoints of discontinuity, or nucleation
sités, within the liquid. These sites could be inert‘gas or vapor

bubbles of critical size, or solid particles suspended in the liquid.
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In order to meke a bubble growing at a desired spot in the liquid, it
is therefore necessary to provide a nucleation site right there. In
this experiment the need to assume positive control over the timing
and the location of bubble formation calls for the development of a
technique capable of geherating artificlal nucleation site at command.
The idea is to cause a small localized disturbance in the superheated
liquid.

The feasibility of employing the ultrasound focusing method (38)
used in neerosurgery was first investigated. This method enables one
to focus precisely controlled bursts of high intensity ultrasound at
specific points in the brain in such a manner that there are minimal
or zero effects in the surrounding regions. The principle involved is
as follows: Radio-frequency power developed by a tuned-plate triode
'oscillator is applied to a quartz cryetal transducer. By the piezoelec-
tric effect of the crystal, ptessure waves are generated which then
pass througﬁ a fbcusing lens located adjacent to the transducer and
concentrate at the desired spot. Unfortunately, this method was found
unsuitable for operating conditioms involving high temperatures, besides
otﬁer experimental difficulties.

A mechanical version of the acoustic focusing method was then
examined. A beaker made of a‘section of pyrex glass tubing with a

plexiglas focusing lens attached at the bottom was constructed. The

lens was placed in contact with the end of an inverted conical wave
guide, the apex of which was to be subjected to an impulsive force.
This force generates pressure waves which, after passing through the

wave guide and the lens, are concentrated at the focusing point, which
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is within the liquid, of the lens. In principle if the applied force
is large enough, thig concentration of énergy should disturb the unstable
liquid phasge sufficiently to trigger bubble formation, The apparatus
was tested and found to be unsuccessful. In all the test runs a greaé
number of bubbles emerged at spots other than the expected one when the
external impulses we;e suddenly applied., It appears that the high density
of nuéleation sites on the container walls more than compensated for the
less severe pressure disturbances occurring away from the point at which
the sound wag focused.

After the attempts to apply these ideal techniques, which have
the advantage of not disturbing the system where necessary, turned
out to no avail, it was thought that a device similar to an automobile

spark plug might serve the purpose. 1In the bubble experiment, a seed

in water. The presence of these electrodes in the system is certainly
not desirable. But itg effects on bubble growth can be minimized by
using the smallest possible size of wires, Based on these underlying
Principles, a bubble—triggering device has been successfully developed.
A sketch of this device ig shown in Figure 3, The.major element
is simply two chromel wire electrodes facing each other with their tips

slightly apart. The electrodes are supported by a frame that has provi-

F .
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Chromel is used as‘electrode material primarily because the elec-
trodes must be placed in water for a prolonged period of time. The
smooth surface of drawn metal wire makes it difficult for bubbles to
form randomly on the wire. The wire diameter should be as small as
possible. Iaking into conmsideration the required stiffness of these
electrodes, wirés 0.005 inch in diameter (36 gauge) were used.

Appropriate values of the capacitance of the capacitor, C, and the
voltage, E, for successful operation of this device were determined by
experimental means. It was found that a combination of C-= 10-4 ufd
and E = 250 volts gave satisfactory results for slightly superheated
water atl atm. The energy introduced into the system was 3 x 10-9 Btu.
This is a very small amount indeed as compared to the latent heat require-
ment for the formation of a vapor bubble 1/8 inch in diameter, which is
fgva, or 2.14 x 10-5 Btu. In another set of preliminary runs
under the condition of 70 °F and 15 mm Hg. abs., it was necessary to
increase the energy input by an order of magnitude. Still, this increased
input is within the acceptable level without seriously disturbing the
thermal condition of fhe system.

Numerous test runs proved the reliable performance of this device.
A Qingle bubble forms promptly upon the discharge of the capacitor,
provided a proper gap is maintained between the electrodes. Experience
shows that proper spacing between the electrode tips is vital to the
success of_this’devicé. Optimum spacing was found by trial and error

to be about one thousandth of an inch when the line voltage was 300

volts.
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Some interesting observations were made during the early étages
of the development of the bubble-triggering device. More than once,
pictures of a pair of twin bubbles were obtained. On these occasions,

the electrode tips were far apart, and the voltage high. It is thought

that, with proper modification, the device could be used to study the

coaléscence phenomena of two bubbles. With the wires touching eaéh
other, é pulse of electric current that would otherwise produce a bubble
failed to trigger one. Instead, the electrodes fused together,

As can be seeh from Figure 4, a bubble triggered by this device
envelopes the electrodes. Question arises as to whether the presence
of the electrode has significant influence on the bubble growth.

To consider the worst case, let's assume that the electrode tem-

perature is equal to the liquid temperature T the vapor temperature

'within the bubble is Tv. The energy excess contained in that part of

the electrode which is enveloped by the bubble is equal to

4

(“n2)~n c(T_-T) .

e b pe e ™ v

In this De and Db denote the diameters of the electrode and the
bubble, and Pe and e the density and the specific heat of the electrode,
respectively. The latent heat required to form a vapor bubble whose

diameter is equal to Db is, roughly,

T _ 3
% b .pv hfg '

The ratio of the aBove‘two expressions gives an indication of the maxi-

mum magnitude of heat interaction between the electrode and the bubble.

The ratio is, after simplification,
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D 2 p_ c (T -T.)
%.(BE) R eh Y = Ratio .
b Py fgg :

If the value of this ratio is small, then the effect of the elec-
trode on the bubble growth is expected to be negligible. Calculations
have been made, and the magnitude of this ratio is shown in the following
tabulation for bubbles representing the extreme cases presented in

the next chapter. It can be seen that this effect can be appreciable

at small bubble radii; however, the effect decreases in proportion to

the inverse square of the bubble diameter.

Bubble Bl Bubble B8

Radius, cm .1076 4663 .1529 .3990
Ratio . .674 .0528 .128 .0201

" The electrodes have some effect on the bubble‘shaﬁe, as one cén
notice sligﬁt changes in bubble curvature in the vicinity of the elec-
trodes (Figure 4). Howevef, this minute effect is no cause for concern
because the bubble is not prefectly spherical anyway, and the effor’
caused by the electrode effect is far less.than the error resulting from
using the greatly simplified method to estimate the equivalent radius

of nonspherical bubble (24). At most, the bubble is affected apprecia-

bly by the electrodes only when the bubble size is quite small,

It is believed that the effect of the electrodes on bubble growth

is negligible during most of the bubble life. This is borne out by

~ the result of attempts to reproduce atmospheric bubble growth data of
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Dergarabedian (10), using the bubble-triggering device. Satisfactory

agreement between the two sets of data is evident, as can be seen in

Figure 5.

1I1.2 Descriptioﬁ of Apparatus

The apparatus consists of a4test,section, a vacuum syétem, two
heating lamps, photographic equipmenf, instrumentation, and auxiliary
equipment. Schematic of the apparatus as weLl as a photogréph of the
~actual experimental setup are shown in Figures6 and 7. Major pieces
-of equipment are described beiow.

'? Test Section

Figure 8 shows a close-up picture of the test section, which
includes a water container, the bubble trigger, a thermocouple well,
and appropriate supports. The water container was made of two segments

of a pyrex glass tubing 2-1/2 inches in diameter and 4 inches long, two

pieces of l-l/Z—inch by 4-inch pyrex glass plates, and a bottom plate

of the same material. The flat plates were built in for photographic
purposes, and the curved segments made it easier to clean the container;'
"especially at the four corners. These pieces were fused‘tbgether to fdrm
a confainer, the inside walls_qf which were annealed carefully to obtain
5 ~smooth surfaces free from scratches and pits. Before each experiment the

container was cleaned with a glass ¢1eansing detergent and rinsed with

distilled water. These special pfecautions are necessary in order to

eliminate nucleation sites on the contaiper‘wall.
The two electrbdes{of the bubble trigger were of such a size as

to be accommodated in the water container. The relative position of
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the electrodes and the cqntainer,cén be seen from Figure 8. Also

shown in the figure is a 3mm glass tube which is sealed at the bottom

end. This tube contains a(copper-constantan thermocouple for water

temperature measurement. The test section is placed\inside the vacuum
system, with a pair of glass dishes, served as an insulating seal,
separating the container from the steel base plate of the vacuum system.

The whole assembly is located between two infrared heating lamps.

Vacuum System

A bell jar, a steel base plate, together with a vacuum pump and

necessary piping were used to provide the required vacuum environment,

The jar is made of heavj molded pyrex glass, with a 7/8-inch opehing
in the top. The inside height of the straight section of the jar is

15 inches, and the inside diameter is 8-3/4 inches. Two flat glass

‘windows approximately 2 inches in diameter were installed on the bell

'jar for optical reasons. The Base prlate, 10-3/4 inches in diameter,

was provided with anO-ring groove to accommodate an O-ring seal between

~the plate and the jar, and with outlet connection to a CENCO HYVAC 2

two-stage vacuum pump. The base plate and the vacuum pump were connected

‘with rubber tubings, with provisions for connection to a manometer for

pPressure measurements, a metering valve for adjusting the pressure in
the system and for a liquid nitrogen trap where moisture and oil vapors

were condensed before reaching the pump. Despite some leakage, the sys- .

‘tem was capable of mAintaining a minimum pressure of 5 mm Hg abs.

Photographic Equipment
A General Radio streak camera plus a General Radio type 1538-A

stroboscope, a condensing lens, and Eastman High-Speed 35 mm Type 5305
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Safety Film were used for photography purposes. The camera was fitted
with a f1.5 Wollensak 2-inch lens.

Instrumentation

In order to facilitate recording of the bubble history, the camera
along with a number of other instruments were integrated electrically
with the bubble trigger. The wiring diagram shown in Figure 9 gives the
details. Synchronization of the,cameta ﬁifh the bubble growth event is
achieved by the following arrangements:

1. Both the camera and ﬁhe delay timer are pﬁt into 6beration at the
same time when the whole control system is conngcted to the external
AC pbwer source by pughing’on ;he main switch. The dglay timer
‘makes it possible for the filﬁ speed to reach a constant value before
a bubble is triggered. The strobe flashes at a predetgrmined speed,
~independent of this control system. | |

2. Once the preset delay time is up, the delay timer ehergi;es the
mercury wetted contact relay, which in turn discharges the capacitor,
causing the formation of a bubble;' In this way, pictures of the
Bubb;e can be taken while it is growing.

3. After the camera runs out of film, which is 50 feet in length, the
operation is completed by turning off the main switch manualiy.

The operating condition of each experimental run is specified by
only two variables, namely, the system pressure P, and the water tem-
perature T _. A copper-constantan thermocouple, made of 30-gauge wires
by a thermocouple welder, was used to measure water temperature. It

was placed in the thermocouple well, which has been described under Test

Section. The tip of this thermocouple was approximately levelled with
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the electrode tips of the bubble trigger. The well was filled with

1 gilicon o0il in order‘to,obtain.better measurements of the bulk wéter
temperature. Since the absorptivity of the thermocouple material is
different ffom those of o0il, water, and glass,‘the ﬁemperature meas-

% , ured by the thermocouple is higher than the water temperature when the
heating lamp is on. Thus the»proéedure of experimént is t§ cut off
the heating source for a few minutes before taking the temperature

reading and triggering the bubble. This ensures thermal equilibrium

between the thermocouple and water. The thermocouple output waé read
ffoh a Leads and Northrup potentiometer. With the temperature measuring
equipment properly connected, the thermocouple was caiibrated at the
boiling point #nd the ice point ofbwater. It was also célibrated at
room temperature with a Will Scientific precision grade fractional
'deggeeAmercury-in-glass thermometer. A calibration curve was consfructed
from these three calibration pbints. The curve appears to be linear.
But there is some doubt about the lineérity of this curve. The slight
nonuniformity of the bulk water temperature also contributes to the
- measurement errors. Tﬁe overall uncertainty in temperature measurement
due to calibration and temperature uniformity is estimated to be t 0.5 °F.
The system pressures were measured with a Manostat ABsolute Maﬁometer.
~ The working fluid was mercﬁry. With the system connected to this manometer,
the resulting mercﬁry level in the manometer tube was read by a vernier
on the plastig scale. The uncertainty in pressure measurement is esti-
mated‘to be ¥ 0.2 mmHg. -

Auxiliary Equipment

An oil applicator, placed through the top hole of the bell jar, was

used to apply silicon oil film on the water surface under vacuum conditions.
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The applicator is a pyrex fqnnel with a built-in pinch valve. The

bottom end of it is attached to a piece of bented plastic tubing, the

R 6pening of which is lbcated_l/Z‘inch above the Vater. With this

arrangement, oil can be applied slowly to cover the waﬁer without being
en;rained in the interior of it. The superstructure, shown in Figﬁre 7,
above the bell j#r contains a crank that facilitates rapid removal and |
replacement of the jar.

III.3 Experimental Procedures

" The preparatory work for each run includes degassing the water,
cleaning the water container, loading the film, and checking the instru-
ments. Deaeration of water is very important in that the dissolved air
in w#ter could act as nucleation sites when the water is superheated.

For the subsequent analysis of experimental data, it is desirable to

:estimace the amount of air contained in the testing water. Thus water

degassing is carried out in two stages. The first stage is done with

the water being exposed to the atmosphere. Approximately 1000 ml of

>disti11ed water, cdntained in a narrow-neck beaker, is heated by a Bunsen

burner. After two hours of heating, the volume of water decreases to

about 500 ml. At this stage the air content of water has been reduced,

 but the exact amount of air is not known. The beaker opening is then

sealed with a rubber stopper to prevent the partially degassed water
from being exposed to the environment and is then cooled down to room
temperature. The second stage of degassing is performed at reduced-
pressure'without heating. The treated ﬁafer is introduced into the

system, and the system pressure is reduced to a value at which pool

boiling of water take place. This process has the effect of extracting
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more air out of water, and gradually the water ceases to boil. The

system pressure is then reduced, step by step, to about 10 mm Hg abs.

~ This degassing preséure is maiﬁtained’for>aboﬁt thirty minutes before
 the silicon oil is applied ;6 cover the water.
After this elabofate t?eatmenc, it is fair to assume that the
test water contains a saturated'améﬁnt of dissolved air correspondiﬁg
to the degassing preésure. The amount of air can be estimated by Henry's
Law (41). |
: With the water properly treated and the apparatus in order, it is
a simple matter to obtainra bubble growth film. The desired operating
condition can be attained quickly by radiation heating and by pumping.
The strobe is then put into action. After shuting of £ the heating lamps
’for a few minutes to allow the thermocouple and the water to réach ther-
fmal_eqpilibrium, the main switch is turned on, and a new baby bubble is
born. Pressuré and ;emperaturé readings were taken immediately before
this.moment.
The success rate of this experiment is better than 70 percent., A
few cases of failure were due to improper spacing between the electrodes
of ;hevbubble'trigger and due to inadequate éleaning of the water con-

tainer. The data produced by this method are highly reproducible, as

can be seen by comparing the two bubble growth curves, Figures 17 and 18.

These two curves were obtained under almost identical conditiomns.
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CHAPTER IV - EXPERIMENTAL RESULTS AND DATA REDUCTION

IV.1 Experimental Results

Experimental data of eight(8) bubbles have been anal&zed and are

reported in this thesis. The bubbles are identified as "B" bubbles

in order to avoid any confusion when comparing data of other investiga-

tors. The operating conditions under which these eight bubbles were

obtained are tabulated below:
TABLE IV-1

Operating Conditions of B Bubbles

Bubble Number System Pressure, P, Superheat, QIS

Bl ~ 0.1759 psia 23,95 °F
B2 0.1831 28.34

B3 0.5922 3.09

B4 0.5962 16.56

B5 ©1.8259 19.21

B6 1.9345 1321

B7  5.6072 16.21

B8 5.6324 16.42

Jakob Number, Ja

2370.0
2690.0
95.6
509,1
201.1
130.8
57.5

58.0

In this table, the pressure P includes correction for hydrostatic

pressure which was defermined from the height of water and o0il column

above the electrode tips. A set of pictures of a typical bubble is

shown in Figure 4. These pictures were obtained with a film speed
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of two thousand frames per second. Thus the time interval between

two frames 1s 0.0005 sec. The glass tube containing a thermocouple also

'appears in the picture. This tube was used as a reference object with

the aid of which the actual bubble sizes were deduced. The films on

Whlch the bubbles were recorded have been analyzed frame by frame with

“ a Nikon Measurescope. Under this scope, the pictures were magnified,

and measurements were made of the major and the minor diameters of each

‘bubble and of the outside diameter of the glass tube. These data,

together with the known size of the glass tube, were used to calculate

‘the equivalent radii of the bubbles. The definition of the equivalent

bubble radius and the way the bubble growth time is determined are dis-
cussed in the next section. Tabulations of the bubble radius, growth

time, and otherpertinent data are given in Appendix B. The resulting

>radiusftime curves are shown in the upper halves of Figures 11 through

18, and the results are discussed in Chapter V,

,IV;Z Data Reduction

The procedures used in reducing the experimental data are shown

in the Flow Diagram of Data Reduction, Figure 10. Most of the numeri-

cal calculations ‘were done by an IBM 1130 computer. The end results

are presented in Appendix C. The following is a detailed discussion
on various assumptions and equations used in the data reduction program,

IV.2.1 Assumptions and Equations for Data Reduction

Equivalent Bubble Radius,_g

The bubbles are not perfectly spherical, thus it is necessary to

find an equivalent radius for each bubble. Since the shape of the bubbles

resemble that of a spheroid characterized by its major and minor diameters
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b and a, the equivalent bubble radius R is defined arbltrarlly as the
radlus of a sphere having the same volume as a spheroid of diameters b
and a. The bubble radius can therefore be calculated according to the

following equation (24)

2)1/3

R = -2% (ab (IV-l)
1

where d = apparent 0.D. of the glass tube ﬁeasured from the film

dl = actual 0.D. of the tube.

Figure 4 shows that the bubbles in general are nearly spherical;
 hence no 8TOss error results from using Equation (IV—l) to calculate the

equivalent radius

Bubble Growth Time, t

| Since the time interval between successive frames of the picture is
_.constant, a plot of radius versus frame number is equivalent to a radius-
time curve. The‘zero time is determined by extrapolating the curve to

R = 0; this is justified because the critical radius is very small. The
time t(1) qorresponding-to the first visible bubble recorded in film is
then determined graphically. If a frame number I, I=1,2,3...,, is
assigned to each frame stafting frqmvthe first one in which the bubble

- appears, then the growth time t(I) corresponding to frame No. I 1is

t(I) = t(1) + 0.0005 (I - 1) in seconds. (Iv-2)
Evaluation 2£ R and i{_
Values of R and E’at time t are obtained by successive differentia-

tiOn‘of the function R = R(t) with respect to time. For each set of data,

this function is obtained by fitting all the data points by the least
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square method. Comments on curve fitting are presented in Appendix E.
Naturally, errors inherent in the equation R = R(t) are compounded

upon each differentiation operation. In general the f1tted curve devi-

ates from experimental data points most for small bubble radius, due to

surface tension effect differences between the calculated and the real

values of_R and R are expected to be considerable when the bubble radius

is less than 0.1 em.

Determination of Thermophysical Properties

Properties of water used in the calculations are: (1) thermal

conductivity of liquid, kl’ (2) surface tension at the lqiuid-vapor »

tien, fg’ (5) specific volume of liquid, Vs and (6) specific volume of
vapor, V_. The following table shows the thermodynamic state at which

each of these properties was evaluated.

Property - State
kg  Saturated liquid at T_
o Saturated liquid at T_
Acl a Saturated iiquid at T
hfg : FSaturated state at P
| vy Saturated liquid at T

v, (variable) Saturated vapor at Pv

Values of the thermal conductivity kz’are taken from the ASME Steam

Tables (42) and those of the surface tension ¢ from Reference (43). The

rest of the properties are based on Keenan and Keyes Steam Tables (44)

For each bubble, all properties except the specific volume of vapor are

interface g; (3) specific heat of 1iquid, CE’ (4) latent heat of vaporiza—‘
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assumed as constants. At reduced pressure the value of v, changes drasti-

cally even with small variations of pressure; hence it is evaluated corres-—

'ponding to the vepor pressure inside the bubble, Pv, which varies with

time. To calculate Jakob number, the saturation value of v, corresponding
to the system pressure P_ is used.

Amount of Foreigg Gaseslig the Bubble

The bubble contains a certain amount of inert gases which comes

from two sources: (1) electrolysis of the water and (2) dissolved air

in the liquid. It is shown in Appendix D that the contribution of par-

tial pressure of air to the total bubble pressure is negligible. Elec—
trolysis of water produces oxygen and hydrogen gases the amount of which
can be estimated in accordance with Faraday's Law.

Faraday's Law of Electrolysis states that the mass of substance

'broduced at an electrode is proportional to the amount of electricity

- transferred through the electrode and to the gram-equivalent mass of the

substance (40). For water, the reactions are:

Cathode: be” + 4H,0 > 2H,(g) + 4OH~
Anode: ZHZO -+ Oz(g) + 4H+ + 4e”
Mixing: GE + 4oH™ - 4H,0

Overall Reaction: 2H20 > 2H2(g) + 02(g)

The above set of_equations can be interpreted as: Four faradays

of electricity produces two gram—moles of H2 and one gram-mole of 0

The number of faradays introduced into the system of the present experi-
ment can be deduced from the capacitance C and the voltage E, which have

been measured. For exaﬁple; in the cases of bubbles Bl, B2, and B4
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through B8, C = 0.001 ufd and E = 300 volts; hence Q = CE/96500 = 3.1088 x 10”12

faradays. This amount of electricity produces 1.5544 x 10_12 gm~-mole of
H2 and 0.7772 x 10—2 gm=-mole of 02. The numbers of gm-moles ofVO2 and H2
present in Bubble B3 can be calculated likewise.

The amounts of 0, and H,, or no2 and nHZ, are only approximate values.
It is assumed that the electrochemical process happens instantaneously,
as the actual reaction time is much smaller than the bubble growth time
(v 10"3 sec). No line losses of electric energy have been taken into
~account, and the process is assumed isothermal. Subsequent calculatioﬁs
showed that the presence of 02 and HZ gases has only slightly noticeable
effect on the vapor pressure of the first visible bubble in each set of
film. The effect dies out rapidly in proportion to 1/R3.' Physically
~ this means that the presence of foreign gases in a bubblg 1s important
to pubble nuéleation, but its effect upon the subsequent gfowth of the

bubble is nil.

Vapor Pressure in the Bubble

The vapor pressure within a bubble at aﬁy instant t is calculated

in accordance with the Rayleigh Equation

4 ‘205 v 3 °2 ‘ '
PV=P°°+T+ pg(RR"'iR) —Pg i (1Iv-3)

where P = P + P
g 0

(n, +n, )R T
= §; 02 H2 u e
4 : R3
5 n02 Ru o
or P = oouree— (n =2n. ) . (1IV-4)
g 41 R3 .H2 02
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With the use of Rayleigh Equation, the assumptions associated with
the derivation of this equation, discussed in Chapter II, are automatically
carried over.

P -T, P - v, Relationships

To minimize efforts in interpolating the tabulated values of the

Steam Tables, the approximate functional relationship between pressure
and specific volume of uapot, for each bubble, has been established by
fitting five points from the tables to a fourth -order polynomial. The
po1nts are chosen in such a way as to cover only the calculated vapor
pressure range. In a similar fashion the relationship between vapor
,pressure and vapor temperature has also been expressed by a fourth-order
polynomial.

Temperature Drop Across Bubble Wall ‘

The temperature drop, ATi’ across the liquid vapor interface is

defined as

| ATi = Ti - Tv . | (Iv-5)

The value of Tv 1s assumed to be equal to the saturation tempera-
ture at the vapor pressure Pv' This assumption implies thermal equi-
librium of the vapor phase, up to the bubble wall. The determination of
Ti’ ot the temperature of the interface on the liquid side, presente
major difficulty. The expression for the hubble Qall temperature, Equa-
tion (II-14) which was obtained by Plesset and Zuick with the assumption
of thermal equilibtlum at the bubble wall, or ATi = 0, apparently does
not-aphly here. In order to estimate T;» an integral method (45) has

been used in the present investigation.
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The application of the integral method in&olves many arbitrary
assumptions. First of all, a "thin" thermal boundary layer surrounding

the bubble wall is assumed. It is also neéessary to assume a self-

~ similar temperature profile in the thermal boundary layer; this assump-

tion means that once the shape of the profile ig chosén, it remains
unchanged. The tempe;ature Ti can then be back-calculated by extrapo-
~lating, to the bubble wall, the assumed tempéra:ure distribution from
a point Which lies at the other end of the thermal boundary layer where
the local temperatﬁrergradiént,is approximately eqﬁal to zero.

Using the integral techniqug, oneyﬁpp;igs the heat conduction equa-

 tion to.the thermal layer and obtains

. [ (T - T )
71" o i
Py hfg R = kl 3 . (1v-6)
" An energy balance gives
T30 h = c s8R0 e (T - T.) -7)
3 v fg 2 178" i”

In Equations (IV-6) and-(IV-7), ¢y and c, are constants the values
of which depend only on the shape of the assumed temperature profile. S,
the thermal boundary layer thickness, can be eliminated by combining the

two equations. The resulting expression for '1‘i is

P h : 1/2 ‘
Ti =T - v fg (3 RR ) ’ ' (1Iv-8)
Pyl o ey

where oy is the thermal diffusivity of liquid.
- With the exception of constants ¢y and cz,’all other variables that
appear on the right-hand sidé of this equation are known from experimental

data. The values of c1 and c, are determined as follows:
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If one uses the coordinate system as shown in Figure 19, it can
be shown'easily that a second-order temperature distribution function

of the form (45)

0 .- S & | (-9
O " To - T; "~ '8

i

satisfies the necessary boundary conditions

T =T, X =0 (1V-10)
T =T, X =6, and | (Iv-11)
dT , _ -

E{— = O’ X = 6 . » » (IV 12)

Differentiate (IVe9) with respect to x, and set x = 0, then
3]

dob o ,

x=0 ‘
But, -according to the integral method,
0

do _ 0

& =5 - (1V-14)
x=0

By comparison between Equations (IV-13) and (Iv=14), ¢; = 2 if the

temperature profile is a second-order one. To find 62, one writes
pgc R(T - Ti) cy ——{(R + 6) - R ] = 4ﬂR pg 1 (T - T) dx . (IV-15)

Since 6 is assumed to be very small for a "thin" thermal layer and since

T -T ,
=1, (Iv-16)
o i o ]
Equation (IV-15) can be simplified to

e = S0 & ) ] ax . (1v-17)
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Whence ¢, = 0.334. The values of c, and c, appropriate for other
types of distribution functions have also been determined; the results

are tabulated below.
TABLE IV-2

Values 2£~El and c

Functiog, 8/8 N <, /5152
X
0 1.0 0.500  0.707
X X 2
2(3) - (g 2.0 0.334 0.817
ERCSEYe.S ’ 1.5 0.375  0.750
748 2% . . .
X X 3 X 4
2P -2) + @ 2.0 0.300  0.774
2& - 2(5)4 + (5)5 1.67  0.334  0.747
38 3% 3 . . ‘
sin(% ' 1.57  0.363  0.755
erf (3) 4,07  0.157  0.798

It is seen that the assumption regarding the shape of temperature
profile is not critical.

Evaporation Coefficient ge

The evaporation coefficient oe is calculated, for each value of R,

according to Equation (II-25) developed in Chapter II.
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CHAPTER V - DISCUSSION

V.1 Concerning the Applicability of Existing Bubble Growth Equations

The range of experimental conditions of this investigation varies
from those for which the heat-diffusion limited theory is apélicable
to those under which the liquid inertia appears to be the controlling
factor. Between these two extremes, the transition region in which both
the heat diffusion and the liquid inertia effects have approximately
equal impor;ance has also been covered. The interfacial nonequilibrium
effect does not seem to have any significant influence 6Ver the bubble
growth rates for all_the cases investigated in this work., This last
statement will be justified in Section V.2.

Analysis of the experimental data leads to the establishment of

a simple criteria concerning the regions of applicability of the two

existing bubble growth equationms, namely, the Rayleigh solution and the
Plesset and Zwick's asymptotic solution. A single normalized bubble
growth curve has also been construc;ed from the low-pressure bubble growth
data of fhis work. This curve is believed applicable to the transition
region Qhere both the’Rayleigh solution and the asyﬁptotic solution over-
éstimate the bubble growth rates. Before introducting these interest-

ing results, we begin’with discussions on the relative importances of

the liquid inertia and the heat diffusion effects under glven conditionms.

V.1.1 Relative Importances of Heat Diffusion and Dynamic Effects

The radius veréus time curves for all eight ﬁubbles are plotted in
the upper halves of Figures 11 through 18, Supefimpésed on these plots
are the growth curveé predicted by the Rayleigh solution and the Plesset

and Zwick solution, which are reproduced here for convenience.



—54—
Rayleigh R=Rt; R = G » 5, ) (Vv-1)
v . 1/2 ) .
Plesset and Zwick R = (%E) Ja(ci.ﬂlt)l/2 . (v-2)

It is observed from these diagrams that:

1. With pressures about 5.6 psia and the Jakob numbers approximately
equal to 60, the experimental curves coincide with those of Plesset
and Zwick (Bubbles E? and B8).

2, With lower pressures and higher Jakob numbers, the theoretical curves
lie above_the experimental ones.

3. With pressures being reduced to 0.18 psia an& Jakob number increased
to high valuee‘around 2500, the data points approach the Rayleigh
curves (Bnbbles B1 and BZS,‘

These observations clearly indicate the effects of pressure and
Jakob number on the bubble behavior. The physical explanation for this
phenomena can best be obtained by studying the accompanylng temperature-
radius plots of the radius-time diagrams, presented in the lower halves
of the same figures. Three different temperatnres are shown in each plot:
These are T, the liquid tenperature; Tv’ the vapor temperature within
the bubble; and Tsat(pm)’ the saturation temperature corresponding to sys-
tem-preesure-p . Theltemperature difference AT = '1‘eo - Sat(p ) is the
potential driving force that would have caused the bubble to grow, and
the d1fference ATh =T, - Tv is the actual dtiving force that causes the
'bnbble growing., AT accounts for the temperature drop across the thermal
boundary layer in the liquid adjacent to bubble wall and across the liquid-

vapor interface. On the other hand, the difference ATy = T, = T . (Py)
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shows the effects of liquid inertia and surface tension; this can be
seen by inspection of the Rayleigh Equation (Equation II-7). The vapor
pressure pv, and hence vapor temperature Tv’ includes the contributions
due to surface tension and dynamic effects.

As a bubble gets Bigger, surface tension effects die out, and ATd
can be attributed to the dynamic effect only. It will be shown in Sec-
tion V.2 that the tempereture drop in the liquid contributes to more
than half of the total ATh; hence ATh is an approximate indication of the
heat diffusion effect. Consequently, a comparison of ATh and ATd shows
roughly the relative importance of heat diffusion and llquld inertia
in their influence over bubble growth.

With this in mind, let's examine the group of temperature versus
bubble radius curves carefully. In the case of bubbles Bl and B2,
‘liquid inertia is definitely the dominant factor, as is shown by the
large temperature difference AId in comparison with ATh. Althougn the
magnitude of ATh is small comparing with ATd, it is still sufficiently
large to prevent the bubble growth rate from approaching the value pre-
dicted by the Rayleigh solution. The discrepancy, for both bubbles, is
about 14 percent. The liquid inertia controiled—growth curve is charac-
terized by its linearity; on the other hand, the‘shape of a heat diffu-
tion limited-growth curve is a parabola, because of the R tll2 rela-
tionship.

The curves for the'bubbles_B7 and’BB ehow that the temperature differ-

: enee,ATé is practieallyvnil for R > 0.15 cm; thus the growth of these

bubbles is limited by heat diffusion, and the data in agreement with

Plesset and Zwick solution. The slight difference in the case of BS is
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apparently due to improper location of the time origin during the

data-reducing process.

The transition region of bubble growth is typified by the behavior

of the remainihg four bubbles. Temperature-radius curves of this group

show the approximately equal effects of liquid inertia and heat diffu-
sion. It can be seen that the dynamic effect diminishes rapidly in the
case of B6, with higher pressure and lower Jakob number; but it remains
approximately constant in the case of B4, with lower pressure and higher
Jakob number. In the latter case, where the dynamic effect is slightly
more pronounced than the heat diffusion effect, the R-t curve is linear,
and it is closer to the Rayleigh curve than the Plesset and Zwick curve.
B3 is obviously not a good bubble. There are two plausible explanations.

First, the liquid suﬁerheat, ATS, may not be properly determined. Error

.analysis showed that the uncertainty level in ATS is 0.55 °F, which

amounts to a large error of 17.5 percent in the reported value of 3,09 °F.
Second, an excess amount of energy was introduced into the system in
order to trigger this particular bubble. It is shown in the Appendix B

that apprdximaﬁely ten times as much electricity was used for this bubble

-as compared to the other seven.

A detailed error analysis is given in Appendix F. It is found that

the errors contained in the values of ATS, AT,, and AT, are not large

d h
enough to alter the above discussions concerning the relative importances
of the varlous effects.

It was mentioned in Chapter II that the asymptotic solution is only

applicable to isobaric bubble growth process. That this statement is
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valid can be made clear by studying Figure 20, which is a pressure-versus-
time plot based on the data (10) of Dergarabedian's bubble No., 7, identi-
; . fied here as D7. Figure 20 shows that the vapor pressure within the
b . bubble is essentially the system pressure P+ Hence the process is
| isobaric. If the Plesset and Zwick solution, Equation (V-2), is used,
it can be shown that the dynamic pressure term pR(Rﬁ + %—ﬁz) in the
Rayleigh equation is equal to (¢2 Ja2a£p£)8t. This pressure is negligi-
bly small compared to the system pressure which ig 1l atm. Figure 21 shows
the agreement between the asymptotic theory and data of this bubble,
For comparison, a Pressure-time diagram has been drawn on the basis
of experimental data of BI. It is shown in Figure 22. 1In this case,
the bubble growth process is hardly isobaric. Consequently, the asymptotic
solution is not expected to be applicable for this low pressure case.
 Based on the above considerations, it becomes obvious that the large
discrepancy reported by Cole and Shulman (24), which was mentioned in
Chapter I, between the heat diffusion limited theory and the experimental

data is due primarily to complete neglect of the dynamic effects.

V.1.2 The Upper Bound of Bubble Growth Curves

Figures 11 through 18 show that bubble growth curves are bounded
by the two theoretical curves at all times and under any conditione A
better way to make this point more clear is to plot the same set of
curvés in the log-log scale. This has been done and the resulting curves
are presented in Figures 23'through 28. Excluded from this set of figures
are thégrowtﬁ curves of bubbles.B3 andrBB, the latter being almost identi-

cai to that of B7. 1In each diagram, the intersection point of the two

theoretical curves is of greatest interest. It can be seen that to the
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left of the peint, the growth data are closer to the Rayleigh curve than
the Ples#et and Zwick curve; and to the right of this point, it is the
other way around. Oq the right side of the intersection point, the
growth curve approaches the Plesset apd Zwick limit quickly; while on
the left side of this point, the experimental curve approacheé the
Rayleigh limit only asymptotically.

‘The upper bound of bubble growth curvebtherefore consists of the
Rayleigh curve, to the left of the intersection point, and of thé Plesset
and Zwick curve, to the right of the same point. Maximum deviation of
experimental data from this upper bound occurs at the time the twé

theoretical curves cross over each other.

V.1.3 Generalized Bubble Growth Curve
The coordinates of the intersection point, defined as R* and t*
for radius and time, are obtained by solving Equations (V-1) and (V-2)

simultaneously as

22 1/2
¢"Ja"a . p__ (T) -p 2 2
RE = ——2 5 R = (3 S8 %) L= (v-3)
R 2 -
and
t*=_¥i . (V-4)
Rm

It is found that all the bubble radius-time curves, with the excep-
tion of that of bubble B3, can be correlated to form a single curve in
a dimensionless plot proVidéd nondimensionalizations of R and t are made

in the following fashion:

L -_m o (V-5)
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and
t Rm2 t
¢ A, | -

The resultant bubble growth curve is shown in Figure 29 along with
the two theoretical ones. Considering the wide range of experimenta]
conditions covered in this investigation, it is believed that this is
the generalized curve for the transition region of bubble growth. Thié,
in effect, bridges the gap between the liquid-inertia controlled region
and the heat-diffusion limited region.

'The'region boundaries will now be defined through the consideration
of a dimensionless group. Since the radius R=;r expressed by Equation

(V-3) contains all the pertinent variables, such as Jakob number and

-sysﬁemlpressure P,: related to bubble growth, it can be used to form a

useful dimensionless radius, ii by the fdllowing definition:
R==L , V-7)

In this equation, Rr_is a reference radius the mﬁgnitude of which

~_has yet to be determined. In most engineering applications, a bubble

grows from the critical radius to a certain size which 1is limited by
the,arrangement of the equipment and by the operating conditions."
Usually this size is not very large. The critiqal radius cannot be
used as a reference radius because surface tension plays an important

role during the growth of a bubble of this size. It should be borne in

»mlnd that both the Rayleigh solution and the Plesset and Zwick solution

were obtained by neglecting the surface tension effect. Obviously the
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reference radius should not be too big. As a compromise, it is decided
to use 0.1 inch as the reference. This decision is quite arbitrary;
any other radii of similar order of magnitude would have served the

purpose as well. Thus the dimensionless radius is defined as

= 0. 1
R = —-——R* (V_S)

where R* is in inches.

Table V-1 summaries the values of R for the group of B bubbles:

TABLE V-1
Values of R
Bubble No. R
BL |  8.45 x 107
B2 7.4 x 107
B4 2.30 x 1072
B5 248 x 107t
B6 . 477 x 107%
0
B7 , 4,14 x 10
This table has been studied together with Figure 29, and the con-

clusion has been drawn that the three different regions of bubble growth

can be specified as follows:

1. R < 10-4, Liquid-inertia-controlled region

2, 10—4 <R < 1, Transition region (v-9)

3. R>1, Heat-diffusion-limited region.
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It is seen from Flgure 29 that the region boundaries cannot be
clearly deflned ‘But as a rough approximation, the ~above definitions
serve the purpose well as a guide line based on which one could pick
with ease appropriate equations for bubble growth rate calculations.

Although the specification of bubble growth regions is made on
the basis of low-pressure dataAof water, it is nevertheless general
in nature and is expected to be applicable to other fluids and other
operating conditions. In a study of bubble growth problem of waCef,
at one atﬁosphere, Abdelmessik (20) found that the heat-diffusion limited
equation no longer applies for ATS greater than 15 °F, The value of R
in this case is 2.44, 1It is indeed consistent with the prediction

implied in Equation (V-9). TFor the bubble D7 mentloned in Section V.1.1,

R = 130; hence well within the heat-diffusion limited region.

V.1.4 Recommendations for Bubble Growth Rates Calculation

Based on the above discussions, it is apparent that one cannot

. always calculate bubble growth rates by means of the asymptotic bubble

growth equation without resulting in a large error. The recommended
procedure is then to check the bubble growth region first. This can be
done easily by using Equations (V-3), (V-8), and (V-9). 1If the growth
is found to be liquid-inertia controlled, then Equation (V-1) can be
used; if 1t is heat diffusion limited, Equation (V-2). If‘the growth
falls into the transition region, one can use the generalized bubble

growth curve given in Flgure 29,

V.1.5 Application to Bubble Growth Problem of Liquid Metals
Many investigators (2;46,47) have expressed doubts about the

applicability of the asymptotic solution to the bubble growth problem
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of liquid metals, due to the very high thermal conductivity of the
same. In this respect, the criteria deveiOped in the Section V.1.3
of this chapter can be helpful.

For a typical set of assumed operating conditions (pm, ATS), one
can calculaterthe nondimensionalized radius R. These calculations have
beén performed for sodium bubbles, and representative results are shown

in Table V-2,

TABLE V-2

Representative Results of Sodium Bubble Calculations

Bubble No.  p_, psia st_, °F Ja

_F Ja R

s1 24,99 9.0 2.80 14.1

S2 24,99 18.0 5.59 495
§3 24,99 36.0 11.18 1.78

S4 24.99 90.0 27.85 0.48

$5 24.99 180.0 55.56 0.19

s6 24,99 360.0 108,14 0.086
57 24.99 1720.0 222.87 0.042
s8 14.70 90.0 45.12 0.14

4

59 _ 0.29 90.0 1770.44 0.24 x 10~

In these calculations the sodium property data were taken from
| Referenée-(48). by Eomparing ;he values of R listed in the above table
with the conditional statements given in Equation (V-9), it is con~
cluded that for bubbles at 24.99 psia, or 1.7 atm, the asymptotic solu-

tion is applicable provided the superheat ATS is less than 36 °F. At
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higher superheats, the bubble growths are in the transition region
where the dynamic effect cannot be neglected. According to Deane (49),
stable boiling of liquid sodium usually occuré with fhe steady-state
values of ATs less than 30 °F under atmospheric conditions; hence,

the bubble growth rates can be, in this case, estimated by means of

the asymptotic solution. On the contrary, under certain circumstances,

the liquid sodium has been found able to sustain superheat up to several

hundred degrees Fahrenheit prior to the incipience of boiling (50).

Such being the case, the asymptotic solution is no longer adequate for

.bubble-growth rate calculations.

The two bubbles S8 and S9 that appeaf in Table V-2 are the same
ones which have been considered in Section II-6. Based on the present
bubble growth criterion, the growth of bubble S8 is in the transition
regioni i.e., the dynamic and the heat‘diffuéion effects aie botﬁ of
considefable importance; whereas fhe growth of bubble S9 is primarily
liquid-inertia controlled. These observatiéns are in accord with those
made in Chapter II.

V.2 Concerning the Interfacial Nonequilibrium Effect and the Evaporation

Coefficient
In order to estimate the influence of the nonequilibrium effect on
bubble growth,voqe can examine the ratio of the interfacial temperature
drop ATi to the superheat of the system, ATS. The ratio ATi/ATs is
that ffaction_of_the poténtial driving force which is not available
for bubble expansion, due to the nonequiliﬁrium effect. As part‘Of
the reéults of data reduction program, the values of ATi have been obtained.

For these calculations a second-order temperature distribution function,

b
5
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Equation (IV-9), was assumed. Table V-3 summarizes the representative

values of ATi/ATs for the B bubbles.

TABLE V-3

Representative Val the Ratios AT,
presentative Values of the Ratios AT, /AT  and Azilézh

ngble Number 9311925 é}&[ézh P, sia
B1  0.075 0.431 0.1759

B2 0.070 0.415 0.1831

B3 - 0.097 - 0.201 10.5922

B4 0.145 © 0.356 0.5962

BS 0.042 0.053 1.8259

B6 0.032 ©0.03% 1.9345

B7 0.013 0.012 5.6072

B8 0.018 0.018 5.6324

"It is evident according to tbe aboye tabulation that the interfacial
nonequilibriqm effect is not impoftant as far as bubble growth is con-
cerned. Because on the average, more than 90 percent of ATS is accounted
for by the heat diffusion and the dynamic effects.

Also shown in’the same table aré the ratios AIi/ATh. The quantity
ATh is the sum of ATi and the temperatu:e drop across the thermal boundary
layer. Thus a small valuevof ATi/ATh implies thaf the majority ofjthe

temperature difference ATh occurs in the thermal layer. Table V-3 shows

vvthat this is-the case, -

Similar results have been obtained by assuming an error-function

temperature profile in the thermal boundary layer., This is expected,

I RS T e
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in view of the discussions in Section IV.2,1. Any one of the seven
arbitrary function listed in Table IV-2 cap be used, but the calculated
value of ATi is maximum if the second-order profile is assumed. It can
be seen by studying Equations (IV-5) and (IV-8) and Table IV-2.

Oniy "representative" values are used in Table V-3. There is
quite a little scatter in the original data of ATi’ given in Appendix C.
Being a small quantity, ATi is very sensitive to the measurement errors
and to the gross simplifying assumptions imposed on the data reduction
program. Error‘analysis (Appendix F) shows that the uncertainty in ATi
is of the same ﬁagnitude as the value of ATi itself. 1In this respect,
it is fortunate that most of the ATi datarare positive quantities.

Even thbugh the uncertainty in ATi is enormous, its effect on the

ratio ATi/ATs is not significant enough to alter the conclusion that

;he interfacial nonequilibrium effect on bubble growth is not important.
,Unfo;tunately, the evaporation coefficient is a strong functién

of ATi; hence we are not in a position to ascertain the value of the

eQaporation coeffiﬁient; .Numerical values of this coefficient inferred

‘from the experimental data are given in Appendix C. These values appear

to bé erratic, as a consequence of the propagation of errors involving

almost all of the primitive and the derived variables of this investigation.
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CHAPTER VI - CONCLUSIONS

Bubble growth rates are limited primarily by the liquid inertia
and by the heat diffusion rates at all pressures. The interfacial
nonequilibrium effect on bubble growth is insignificant.

The relative importances of the two governing effects depend on a

‘dimensionless parameter R, defined as

E=0.11T Rm_ .
12 .72 s
a al
. . P (T)~-P 1/2
with R_ = [2 —S3at g
m 3

Pa

The dynamic effect is of increasing importance with decreasing values

of R; the reverse is true for the heat diffusion effect.

' The asymptotic solution of Plesset and Zwick is found applicable only

for the cases with R > 1. On the other hand, the Rayleigh solution

predicts bubble growth rates satisfactorily when R < 10_4.

For the transition regionm, 1074 R < 1, the generalized bubble

growth curve (Figure 29) may be used to estimate bubble growth rates.
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Figure 1  Bubble Growth Data for Water are compared with the
Asymptotic Solution of Zuber, Eq. (II-16) with ¢ = v .,
Conditions of Experiments are Tabulated below:

Diagram . Pressure, mm Hg Iwall - Tsat" F Ja
(a) 360 , 27 87.7
(®) 195 33 : 191
() 98 27 301
(d) | 50 37 792

From Cole and Shulman (24).
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Figure 2 Spherical Bubble Model
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Time interval between two frames is 0.0005 sec
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APPENDIX B - RAW DATA

TABLE B-1

EXPERIMENTAL DATA FOR BUBBLE Bl

1. System Pressure, P, = 0.1759 psia

2. Liquid Superheat, ATS = 23.95 °F

3. Jakob Number,Ja = 2370.0

4. Liquid Temperature, T = 73.61 °F

5. Capacitance, C = 0.00l pfd; Voltage, E = 300 volts

6. Bubble Radius - Time Data:

Frame No., I Radius R, cm Time t, sec
i 1 0.0592 0.0006
2 0.1076 0.0011
3 0.1532 0.0016
4 0.1994 0.0021
5 0.2432 0.0026
} 6 0.2893 0.0031
, 7 0.3341 0.0036
l 8 0.3777 0.0041
9 0.4214 0.0046
. , 10 0.4663 0.0051
{ 11 0.5092 0.0056
, 12 : ' 0.5543 0.0061
13 0.5963 0.0066
14 0.6470 0.0071
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TABLE B-2

EXPERIMENTAL DATA FOR BUBBLE B2

1. System Pressure, p_ = 0.1831 psia

|
|
|
!
|
|
|

2. Liquid Superheat, AT_ = 28.34 °F

3. Jakob Number, Ja = 2690.0

4, Liquid Temperature, T = 79.08 °p

5. Capacitance, C = 0.001 ufd; Voltage, E = 300 volts

6. Bubble Radius - Time Data:

Frame No., I Radius R, cm Time t, sec

1 0.0430 0.0004

S 2 0.0974 0.0009
1 3 0.1481 0.0014
4 0.1963 0.0019

5 0.2481 0.0024

6 0.2979 0.0029

7 0.3469 0.0034

8 0.3963 0.0039

9 0.4464 0.0044

10 0.4968 _ 0.0049

11 0.5482 0.0054

12 0.5993 0.0059

13 o 0.6559 0.0064

14 0.7153 0.0069

15 0.7686 0.0074

16 0.8174 0.0079
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TABLE B-3

EXPERIMENTAL DATA FOR BUBBLE B3

1. System Pressure, p, = 0.5922 psia

2. Liquid Superheat, AT = 3.09 p
§ 3. Jakob Number, Ja = 95.6

4, 1Liquid Temperature, T = 87.89 O

5. Capacitance, C = 0.003 ufd; Voltage, E = 400 volts

6. Bubble Radius - Time Data:

Frame No., I Radius R, cm Time t, sec
1 0.0848 0.0005
2 0.1195 0.0010
} 3 0.1429 0.0015
; 4 0.1651 0.0020
5 0.1850 0.0025
6 1 0.2033 0.0030
7 0.2213 0.0035
1 8 0.2397 0.0040
1 9 0.2571 0.0045
] 10 0.2743 0.0050
| 11 0.2898 0.0055
12 0.3073 0.0060
13 0.3237 0.0065
14 _ 0.3410 0.0070
15 0.3552 0.0075
16 0.3713 0.0080
17 - 0.3862 0.0085
18 0.4023 0.0090
. 19 0.4181 0.0095
20 0.4322 - 0.0100
21 0. 4490 0.0105
22 ~ . 0.4655 0.0110
|
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EXPERIMENTAL DATA FOR BUBBLE B4
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TABLE B-4

System Pressure, P, = 0.5962 psia

Liquid Superheat, ATS = 16.56 °F

Jakob Number, Ja = 509.1

Liquid Temperature, T, = 101.56 °p

Capacitance, C = 0.001 pfd; Voltage, E = 300 volts

Bubble Radius - Time Data:

Frame No., I

v wN =

Radius R, cm

. 0.0587
0.1104
0.1573
0.2056
0.2547

0.3025
0.3536
0.4026
0.4501
0.4981

0.5459
0.5931
0.6476
0.6880

Time t, sec

0.00055
0.00105
0.00155
0.00205
0.00255

0.00305
0.00355
0.00405
0.00455
0.00505

0.00555
0.00605
0.00655
0.00705
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TABLE B-5

EXPERIMENTAL DATA FOR BUBBLE B5

System Pressure, p, = 1.8259 psia

Liquid Superheat, AT_ = 19.21 °F

Jakob Number, Ja = 201.1

Liquid Temperature, T = 141.96 F

Capacitance, C = 0.001 ufd; Voltage, E = 300 volts

Bubble Radius - Time Data:

Frame No., I

v

[@JANe R0 cRL N B o )}

11
13
14
15

16

Radius R, cm

Time t, sec

0.0578
0.1446
0.2190
0.2904
0.3542

0.4155
0.4761
0.5317
0.5868
0.6370

0.6872
0.7326
0.7803
0.8366
0.8819

0.9257

0.0003
0.0008
0.0013
0.0018
0.0023

0.0028
0.0033
0.0038
0.0043
0.0048

0.0053
0.0058
0.0063
0.0068
0.0073

0.0078
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TABLE B-6

EXPERIMENTAL DATA FOR BUBBLE B6

1. System Pressure; P, = 1.9345 psia

2. Liquid Superheat, AT_ = 13.21 °p

3. Jakob Number, Ja = 130.8

4. Liquid Temperature, T_ = 138.07 O

5. Capacitance, C = 0.0017ufd; Voltage, E = 300 volts

6. Bubble Radius - Time Data:

‘Frame No., I - Radius R, cm Time t, sec
1 0.0069 0.00005
2 0.0746 0.00055
3 0.1380 0.00105
4 0.1936 0.00155
5 0.2440 0.00205
6 0.2893 0.00255
7 0.3343 0.00305
8 0.3770 ' 0.00355
9 0.4282 0.00405

10 0.4599 0.00455
11 _ 0.4974 0.00505
12 0.5371 0.00555
13 ' 0.5669 0.00605
14 0.6002 0.00655
15 0.6294 0.00705
16 0.6629 0.00755
17 0.6986 0.00805
18 0.7302 0.00855
19 0.7593 ‘ 0.00905

i ’ 20 - 0.7816 0.00955
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TABLE B-7

EXPERTMENTAL DATA FOR BUBBLE B7

1. System Pressure, p_ = 5.6072 psia
2. Liquid Superheat, ATS = 16.21 O
3. Jakob Number, Ja = 57.5

4. Liquid Temperature, T = 183.34 °p

5. Capacitance, C = 0.001 ufd; Voltage, E = 300 volts

6. Bubble Radius - Time Data:

Frame No., I Radius R, cm Time t, sec
1 0.0626 0.00038
2 0.1192 0.00088
3 0.1572 0.00138
4 0.1880 : 0.00188
5 0.2142 - 0.00238
6 0.2371 0.00288
7 ‘ ' 0.2569 0.00338
8 0.2760 0.00388
9 0.2943 , 0.00438

10 0.3103 0.00488
11 : 0.3271 0.00538
12 0.3406 0.00588
13 0.3561 0.00638
14 0.3699 © 0.00688
15 0.3862 0.00738
16 0.3987 0.00788
17 0.4119 0.00838
18 0.4257 0.00888
19 ' 0.4345 0.00938
20 0.4462 0.00988
21 0.4586 - 0.01038
22 0.4701 0.01088
23 0.4795 0.01138
24 0.4895 - 0.01188
25 - 0.5002 0.01238
26 v ’ -0.5103 0.01288
27 0.5200 0.01338
28 0.5325 0.01388
29 0.5384 0.01438

30 , ~ 0.5491 0.01488
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TABLE B-8

EXPERIMENTAL DATA FOR BUBBLE Eﬁ
1. System Pressure, p_ = 5.6324 psia

2. Liquid Supefheat, ATS = 16.42 °F

|
|
1
|
|
|

I_ 4. Liquid Temperature, T = 183.74 °F

3. Jakob Number, Ja = 58.0

5. Capacitance, C = 0.001 ufd; Voltage, E = 300 volts
l o 6. Bubble Radius - Time Data:
Frame No., T Radius R, cm _ Time t, sec
1 0.0569 ~ 0.0003
2 0.1150 0.0008
! . 3 ' 0.1529 0.0013
4 0.1828 . 0.0018
5 0.2117 0.0023
6 0.2358 0.0028
7 0.2547 0.0033
8 0.2740 0.0038
9 0.2920 0.0043
10 0.3104 0.0048
11 ‘ 0.3261 £ 0.0053
12 0.3401 0.0058
13 0.3552 0.0063
14 0.3705 0.0068
15 0.3839 0.0073
16 0.3990 0.0078
17 0.4118 0.0083
18 0.4234 0.0088
19 0.4346 0.0093
20 0.4485 0.0098
21 0.4621 0.0103
22 0.4693 ‘ 0.0108
1 23 0.4804 0.0113
z 24 0.4887 0.0118
25 0.5003 0.0123
26  0.5125 0.0128
27 0.5210 0.0133
28 ‘ 0.5315 0.0138
; ~ 29 0.5400 0.0143
30 . 0.5494 0.0148
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APPENDIX D
JUSTIFICATION FOR THE NEGLECT OF THE AIR CONTENT OF BUBBLE

~Although the water used in the present bubble growth experiment
is not air free, the presence of entrained air does not affect appreci-
ably the total pressure, and hence the water vapor preésure within a
bubble. In the data reduction program, the effect of air is completely
neglected. It is justified because theAquantity of air is very minute,
as can be seen from the following calculations.

The amounts of dissolved air are estimated from the degassing condi-

tions. These conditions are listed below:

Bubble Numbers Pressuré, psia  Temperature, SE
Bl - 0.1721 56.7
B2 0.1064 50.3
B3 0.1934 66.0
B4 0.2127 ‘ 64.3
B5 0.1547 57.0
B6 | 0.1160 57.0
B7 0.0967 ‘ 55.7

B8 0.0967 55.7

Sample calculations will now be made for the worst case, which
corresponds to bubble B4, since the solubility of air is proportional
to pressure. For convenience, let state "1" be that state of an air-

water system which is identified by the atmospheric pressure py and
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the degassing temperature T. Also, let state "2" represent the state
corresponding to the degassing pressure P, and temperature T. For

the present problem, Py = 14,7 psia, P, = 0.2127 psia, and T = 64.3 °F

(~n 18 %C).

If V is the volume of air dissolved in V ‘volume of
air,1 water,1l

water under the condition of state 1, then according to Reference (41),

p. 1533,

v ir,1
_Bl%,> 2 0.01938 (D-1)

water,l

Pérfect gas law gives

P,V '
L .1 air,l . : (D-2)

Pair,1 T RT
u
Applying the Henry's Law, one finds for the state 2,

P2 Vair,1
= S -
nair,2 R T : (-3)
u
The above equation is obtained with an assumptioy that nHZO,l = nHZO,Z'
This assumption is plausible since the liquid density does not change

much. The ratio of the number of molecules of air to that of the water

molecule is, therefore,

pZ_Vairzl
Nair 2 RuT
N = oV . ' (D-4)
water,2 L water,l
The ratio Nair,Z/Nwater,Z for the case of bubble B4 is found to
- -10
be equal to 4.2 x 10 . . Thus the amount of air that migrates into the

bubble is indeed negligible.

L R L —
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APPENDIX E

EMPIRICAL EQUATIONS

e i et i el i

Empirical equations relating the bubble radius to the growth time

have been derived from observed data by the method of least squares.

The following is a summary of the equations that fit the data satisfac-

torily.

Bubble No.

Empirical Equation

Bl R=90t

B2 R=103 t

B3 R = 14.242 €279 + 0.059

B4 R=298+¢ |

B5 t = 0.0055 R + 0,00325 r?

B6 t = 0.00668 R + 0.00698 R

B7 t = 0.000374 R + 0.04825 R
. ﬁs t = 0.000383 R + 0.047845 R

In these equations-R is in centimeters, and t in éeconds.‘ This

set of equations has been used in the data reduction program to calculate

'R and R.
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APPENDIX F
ERROR ANALYSIS

:An error analysis has been performed to estimate the probable errors
in the results presented in Appendices B and C. The analysis follows
the procedures suggested by Kline and McClintock (52). Uncertainty level
in each result was computed for the bubbles Bl and B8, which represent
the lowest and the highest pfessures covered in the present investigation.
For each bubble, calculations were made for two different bubble sizes.
Based on the results of these sample calculations, it is found that the
error in bubble growth-rate data is within 5 percent. On the other hand,

the uncertainty level in the calculated value of ATi is so large that

. the probable error in ATi is greater than 50 percent. Consequently, the

"evaporation coefficient of water cannot be inferred from the calculated

ATi'

The uncertainty in a quantity X is denoted as Ux‘ If G is a func-

tion of n independent variables Yy each of which is normally distributed,

then
9G 2 3G 2 3G 2,1/2
U . =[(G—U )"+ (U + vere + (/U . F-1
G [ 33’1 v, (ayz Yz) (ayn Yn) (F-1)

The following analysis is based on this equation, which is referred

_to as the !'second-power equatioq.” The uncertainties in the measured

variables are estimated to be
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Measured Variables Uncertaintz
o
T, UTm = 0.5 F
P U = 0,2 mm H
o P, g
R UR = 0.005 cm
t Ut = ,01lt

The derived variables can be expressed in terms of the measured

variables,

R =
R =
P =
AY
T =
v
v =
v
Ti =
ATi =
AT =
S
AT, =
AT, =

either directly or indirectly, as

R (R, t)

ol

(R, t)

P_ (P, R, R, R)

v T e?

T, (T, R, R, v)
i) Tv)

AT [T,

ATi (T
)]
)]

T
sat

ATd [Tv’ Tsat

AT, (T, T )

The exact functional relationships between these variables have

been established in other parts of this thesis.

It can be shown that

. by applying Equation (F-1) to those exact relationships, one obtains

easily the following expressions describing the uncertainties in the

quantities of interest:

u: U.2 U 21/2
R R t
ﬁ = [(E_) + (E_D ]
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Us U, 2 U 2 1/2
R _ R t
STl e

P 20 .
v 1 2 s .2 2 2.1/2
=5 [Up "+ (pgR - —=) Up + (BRo U™ + (p RUL)]
v v oo R
1 —
T £, G
v
UVv UPv
v - 5,67
v
| Up . ) w2 Y% 2172
| T U G G D G ]
{ i i © _ R v
| . |
| ATy el Zay 2412
) B, ~ B, Ut T,
U
AT
1 2 2.1/2
AT a7 Uy tU 17
( s o™ sat (P&)
)
Aty 2 2.1/2
AT =&, Wy tU ]
d d v sat (Pq)
U
_E_T_h.=.i_[U 2+U 2]1/2‘
ATh BT, ‘'t T,
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Results of representative uncertainty calculations are shown in

Table F-1. The quantities U /Tv and UV
v v
Tables on the basis of Up /Pv'
v

/Vv are estimated from Steam

TABLE F-1

Results of Representative Uncertainty Calculations

Bubble Bl Bubble B8
Radius R, cm 0.1076 0.4663 0.1529 0.3990
U /R 0.0465 0.0107  0.0327 0.0125
UL/R 0.0475 0.0146 0.0342 0.016
Up., psi 0.0171 0.0064 0.0039 0.0039
PV
U, /P 0.046 0.018 N0 )
Py’ v
Ur , °F 1.34 0.58 0.03 0.03
v .
Up /T 0.0025 0.0011 N O N QO
T’V v 3 v ;
Uy , £t°/1b 36.4 18.1 0.0422 0.0422
o B
Uy /V 0.0429 0.0205 N0 )
vy! Yy
U, °F 0.504 0.503 0.625 0.527
Upr.» OF 1.43 0.77 0.625 0.528
1
bt °p 1.7497 1.7794 0.143 0.379
Unr, /ot , % 81.7 43.2 437.0 139.0
(o]
,OF 0.59 0.59 0.0 0.03
Toat(p,) 3
Upr °F 0.773 0.773 0.501 0.501
'S"
Uar_/aT, 0.0323 0.0323 0.0305 0.0305
Upt,» °F 1.46 0.827 0.0424 0.0424
Uar, /ot 0.0695 0.0418 0.1246 0.605
Upr , OF 1.43. 0.765 0.501 0.501
ATy, |

0.486 0.184 . 0.0312 0.0306
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A few comments are made coﬂcerning the abofé résults:
At reduced pressure, the pressure-temperature curve of water is

very steep. Thus in the case of bubble Bl with R = 0,1076 cm,

an uncertainty in préssure Pv of 0.0171 psi corresponds to an uncer-
tainty of 1.34 °F with regard to the vapor temperature Tv' Although
1.34 °F is negligibly small compared to the absolute value of Tv’

it is the majbr contribution to the uncertainty UATi’ which is

1.43 °F. Since ATi is the difference between two large quantities,
Ti and Tv’ the error in ATi is bound to be large, as is shown in
Table F-1. In this case, an error of 4.6 percent in PV results

in 81.7 percent error in the value of ATi‘ For the same bubble
with R = 0.4663 cm, the error of PV is only 1.8 percent, but the
corresponding value of ATi is in error by 43.2 percent. It shows
that under reduced pressure condition, the reliability of the calcu~’
lated value of ATi, and hence the evaporation coefficient Ue’ is
very poor even with improved measurement techniques.

Concerning tﬁe data of bubble B8, it is seen that the uncertainty

in ATi is mostly due to error in the measured liquid temperaturé T.-
Judged from the facts that the calculated values of ATi, which are
listed in Table C-8 of Appendix C, are well within the estimated
uncertainty level, and that the data agree with the heat diffusion
limited theory which neglects the interfacial effect, it appears

that the intégral'technique used in the data reduction program is

probably acceptable.
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