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CHAPTER I
INTRODUCTION

The first proklem in bubble dynamics was propesed by Besant in
1859. In 1917, Rayleigh gave the first solution to a bubble dynamics

problenm for one set of boundary conditions. After World War II, inter-

[

4

est in boiling heat transfer, cavitaticn, and fluid pumping directed
the attention of many scientific wminds to the field of bubble dynamics.
This concentrated interest resulted in the development of the thecreti-
cal equations governing the bubble dynamics problem.

The theoretical knowle&ge in the area of bubble dynamics has baen
experimentally tested only for non-cryogens. The purpose of the pres-
ent investigation is to extend the knowledge of bubble dynamics into
the field of cryogens. To maks use of the theoretical work done for
non-cryocgens, experimental svidence must be available to demonstrate
that this theoretical work is valid for crycgens.

Photographic records of vapor bubbles in superheated liquid nitro-
gen were obtained experimentally in this investigation. The dynamic
behavior of these vapor bubbles was measured and compared to the behav-
ior predicted theorstically for non-cryogens. Several investigators
have verified this theoretical solution for non-cryogens.

There are two mechanisms causing bubble collapse. Ons mechanism,
inertia centrolled, results from the inertia forces of the liquid. The

other mechanism, heat transfer contrelled, results from the reduction

s



AV

5 )

of the wapor pressurse inside the vapoer bubble due to the redusticn of
the temperature of the bubble wall by heat transfer to the liquid.
Experinental measurements of heat transfer controlled bubble collapse in

X

liguid nitrogen were made in this investigation., The theoretical solu-
ticns of the bubble dynamics equations governing heat transfer con-
trolled collapse are presented and possible modifications of these
solutions are suggested. The experimental data of this investigation
were used to demonstrate that the theoretical equations have not been
adequately resclved. A previous experimental investigation of heat
transfer controlled collapse, using water and alcchol at zmero gravity,
aided in this demonstration (1)'. A comparison of fhe data for water
and liquid nitrogen is presented.

The equations governing bubble growth with transient liquid pres-
surs wWere developed and the soluticn for the case where the change in
bubble wall temperature can be neglected is presented. This solution
is the solution for inertia contrelled collapse or growth, Three
nitrogen vapor bubbles were measured for measured liguid pressure vari-
ation., These measurements are compared to the theoretical solution feor
inertia controlled growth and to the theoretical sclution for bubble
growth in & superheated liquid.

A limited amount of data on the persistence time of vapor bubbles
is presented. In this thesis, persistence time is defined as that
time, after the apparent bubble colliapse, that a bubble has the poten-
tial to reappear or rebound. This investigation provided experimental

evidence of the persistence time of vapor bubbles in liguid nitrogen

-
4. . - . . v N -
Numbers in parentheses indicate references in the Bibliography.



N

subcecoled less than four degrees Rankine., The only other sxperimental
o L

evidence of persistence time is for steam bubbles collapsing by an

fde

nertia controlled process (2).
In addition to demonstrating that theories of bubble dynamics may

te applied to cryogens, this investigation provided experimental data

[

n three areas where data are lacking: (1) temperature controlled
collapse, (2) bubble growth with transient pressure, and (3) the per-
sistence time of wvapor bubbles. This data should be ﬁaluable in the
extension of the theories of bubble dyneamics. Several theoretical and
experimental studies are recommended to continue the growth of knowledge

in the field of bubble dynamics.



CHAPTER II

REVIEW OF PREVIOUS INVESTIGATIONS

The dynamic problem associated with the appearance of a vapor

bubble in a liquid was first proposed by Besant (3) in the form:

.0 ° PNL
RR + 1.5R?= = — (II-1)
L
where
R = bubble radius
RxL = pressure in the liquid away from bubble
pL = liquid density
and . dots represent differentiation with respect to time.

Lord Rayleigh (L) gave.a solution to Equation (II-1) for the time
required for a bubble to collapse. More recently, the equation has been
modified to account for the effects of viscosity, surface tension, and
vapor pressure inside the bubble. The modified equation was developed
from the continuity equation and the equation of motion by Zwick (5).
This development is presented in Appendix A along with order of magni-
tude considerations for liquid nitrogen. The modified Besant-Rayleigh
equation is:

o .

R P
RR + 1.5 R + b == oy - (11-2)

where
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(dynamic viscosity)
o = surface tension

and Pv = vapor pressure inside the bubble.

Eguation (II-2) governs both bubble collapse and growth. The boundary

conditicns for bubble growth result in one type of sclution while the

boundary conditions for collapse result in another. Therefore, the

problem is divided into the classes of bubble growth and bubble

collapse.
Bubble Coliapse

The theoretical solution for the dynamic behavior of a collapsing
bubble has been the subject of many investigations beginning when Lord
Rayleigh (4) first gave a solution to Equation (II-1) for the case where
wL is a constant. I the viscosity anrnd surface tension terms are nege
lected in Equation (II-2), it reduces to

oo P P

RR + 1. 532 = ~—3£~p <k | (1I1-3)

Rayleigh solved Equaticn (II-3) for the case where P - Rmm was aasumed
Y 4

N

to be constant, This assunpticn physically represents inertia con=
trolled collapse. Fritz (6) and McNisto and Smith (7) presented tabular
results for the problem considered by Rayleigh.

Plesset and Zwick (8) and (9) recognized that any change in the
size of a vapor bubble was accompanied by a change in the liquid temper-
ature in a thin shell sround the bubble because of the latent heat of

vaporization or condeunsation requirement. They solved the non=cgteady

heat diffusion problem with moving spherical boundary to obtain the



temperature distribution sround the wapor bubble. Their sclution for

. @?)
& e () =
»,l,j‘ P ><O:z* r=R(x) dx

(4 T X s & T I
B L A v } (12-4)
[s] ‘:‘ e
L‘K&, R oy

where

(%)

H

temperature at the bubble wall

TQ = initial temperature of the ligquid

% ard y = variables of integration

R(x) = bubble wall radius dependent on the integration
variable, x
R{y) = bubble wall radius dependent on the integration

variable, ¥y

o = thermal diffusivity

k = thermal conductivity

=
~~
2
~r
il

heat source per unit volume (by radiation)
r = spherisal coordinate
and t = time.
This particular solution is valid for the assumptions:
L. The temperature change in the liquid effectively takes
place in an infinitely thin boundary layer around the

bubble. The first order approximation given here

satisfies this assumption.

A%

. The bubble is stationary with respect to the liquid.
Plesset and Zwick assumed that thermal equilibrium existed inside

the vapor bubble. They neglected the motion of the vapor and assumed



that the vapor pressure, Pv’ was equal to the equilibrium vapor pressure
of the liquid at the temperature of the bubble wall. Equations (11-3)
and (II-4) must be solved simultaneously for the collapse of the vapor
bubbles.

Plesset and Zwick solved these equations numerically for one set of
liquid conditions and found that the solution was almost identical to
the Rayleigh solution. This should have been expected since the case
they chose was for a vapor bubble in water subcooled by 110°R. Inertis
controlled collapse is dominant for water subcooled greater than approx-
imately 40°R because the collapse occurs so rapidly that the effect of
temperature change is negligible (1). Therefore, the collapse was com~
pletely dominated by liquid inertia effects.

Florschuetz and Chao (1) investigated Equations (II-3) and (II-4) -
to theoretically determine the effect of various fluld conditions on
bubble collapse. Their “investigation. provided information on bubble
collapse controlled by heat tranSfer; bubble collapse controlled by
liquid inertia, and bubble collapse where both effects must be con-
sidered. Their theoretical solutions predicted that when both liquid
inertia and heat transfer must be considered, the resultant bubble
motion may be oscillatory. The reason for this was that the energy of/
condensation increased the temperature of the liquid around the bubble
which increased the vapor pressure. The liquid inertia caused compres-
sion of the vapor bubble until the pressure inside the bubble became
large enough to cause bubble growth and resultant cooling of the ligquid.
The oscillatory vibration was dampened by the transfer of heat away from
the bubble wall into the liquid by conduction and convection.

Hsieh (10) developed the bubble dynamics equations in their most
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4 f i Lo
and (IT-4) couwld

be derived from his equations by wmaking varicus assunpticons.
Experimental verificaticn of the walidity of Equaticns (II-3) and
(II-4) has been provided by a number of authors. Table I is =z sumnmary

of the experimental work.

TABLE I

SUMMARY OF BUBBLE COLLAPSE

Radius Range  Liquid Collapse

Reference Fluid inches Pressure Type Subcocling

Knapp and

Hollander watexr 0.01-0.14 variable inertia -
(2)

Plesset water 0.005-0,.14  variable inertia -
(11)

Ellion water 0.004-0.02  const. inertia %5134 °F
(12) ' L ‘

Gunther water 0.005-0.0%  const. inertia 60-130°F
13)

Levenspiel water 0,02:0,2 const. inertia 1-20°C
(14) alcohol heat transfer

Florschuetz water 0,01~0.1k const. inertia 5.2=13°C

and Chao heat transfer
(1)

Plesset (11) and Kaaspp and Hollander (2) solved Equation (II-3)

numerically, predicting the growth and collapse of vapor bubbles formed



in water by the cavitation phenomenon. Vardious experimental obstacles
were placed in a flowing weter stream. FE_. for Equaticn (II-3) was de=
termined from Bernoulli's equation by the water velogity and the type of

betacle placed in the stream. The theoretical solution for both growth

O
i

and collapse was obbained by neglecting the effect of the changing temp-
erature of the bubble wall. Therefore, the collapse was inertia con-
trolied. The theoretical solutions gave adequate predictions of the
experimental behavior.

Ellion (12) and Gunther (13) generated vapor bubbles by super—
heating water. They observed inertia contrqlled collapse after the
bubble moved away from the heating surface.

Levenspiel (14) generated bubbles by forcing water vapor into a
container of water. Bubble collapse was contrclled by both inertia and
heat ftransfer.

Florschuetz and Chac (1) provided some experimental results for

bubble collapse controlled primarily by heat transfer.
Bubble Growth

Plesset and Zwick (8) (9) demonstrated that Equations (II-3) and
(II-4) were also valid for bubble growth.
Forster (15) solved the heat diffusion problem to obtain a solution

very similar to that of Plesset and Zwick. From his analysis,

L P,

(t) - T_ = b R(x) R(x) ax

- chl(ﬂ;a)% A R(£) (t-x)%

(II-5)

whers

L = heat of vaporaticn
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il

c specific heat of the liquid

L

and Pv density of the vapor.

Forster and Zuber (16) solved Equations (II-3) and (II-5) for
bubble growth in a superheated liquid. Their solution for asymptotic

bubble growth (bubble growth after R = 0.0015 cm) is

Vr P, ¢, AT
R = L L (g1 (II-6)
£, L
v
where
AT = To- Tsat
and
Tsat = saturation temperature at E”L'

Plesset and Zwick (9) obtained
£ P c
12 L SLAT NE
R =<—-—m> —————-pv T (at)®. (11-7)

Seriven (17), Birkhoff and Horning (18), and Dergarabedian (19) all ob-

tained an equation of the type:

R = Alo t)’lé (11-8)

where

A = a constant for a given fluid conditlon.

Experimental verification for the theoretical bubble growth equa-
tion has been provided by several authors. Table II is a summary of the

previous work.



TABLE II

SUMMARY OF BUBBLE GROWTH

Reference Fluid inches Superheating
Dergarabedian water 0.001-0,01 Lokw6,3°C
(19) (20) carbon tetrachloride
benzene
ethyl aleochol
methyl alcohol
Fareuff water 0.001-0.01 Selected
MeLean and to fit
Scherrer (21) theory
Semeria water 0.002=0.05 -
(22)
Staniszewski water 0.002-0.06 -
(23) ethanol

Dergarabedian (19) (20), Faneuff, McLean, and Scherrer (21), and

Semeria (22) 21l obtained experimental results
1

theoretical solution, R = A(qt)®, was valid.

mental work, it is necessary to shift the time

time the bubble started to grow is unknown for

two reasons:

indicating that the
However, in all experi-

axis since the actual

(1) bubbles

smaller then 0.001 inches are almost impossible to photograph, (2) the

shutter speed of the camera, used in obtaining experimental results,

must operate at a finite rate and there is an uncertainty of when the

bubble was first observable.

Therefore, an exact experimental determi-

nation of the constant of proportionality has not yet been completed.

Experimental errcr and the uncertainty of the time when the bubble is
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first observable allow the value of A from Equation (II-8) to be deter-
mined in such a way that all authors claim agreement between thecry and
experiment within ten percent.

The experimental work of Staniszwski (23) did not fit the theoreﬁu
ical solution. However, his bubbles were observed while near a heater
unit, and Zuber (24) pointed out that a modified equation must be used
for this type of experimental data. The temperature of the liquid

around the bubbles was higher due to the heating surface.



CHAPTER IIT

ANALYTICAL APPROACH

The equations governing vapor bubble dynamics were discussed in

Chapter II and are developed in Appendix A. The following assumptions

were made in the development:

1.

15.

external body forces neglected

constant viscosity

irrotational flow

incompressible liquid

viscous heating neglected

liguid velocity at the wall equals bubble wall velocity
constant fluid densify

spherical bubbles

Newtonian fluid

vapor inertia neglected

constant thermal properties

uniform temperature in the ligquid

vapor velocity neglected in comparison to bubble wall welocity
surface tension negiected

infinite liquid.

The continuity equation, the equation of motion, and the energy equa-

tion were combined and simplified, by the above assumptions, to the

forms:
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B 1.5ﬁ2 ) Pv(Tw)p; Pop(t) (ITI-1)
and
o o [E 4V vr]=xvz g (III-2)
where
Pv(Tw) = the saturation pressure at the bubble wall temperature
V = liquid velocity
T = liquid temperature
and

heat generation rate per unit volume.

el]
"

The boundary conditions for these equations are:

R(t = 0) = R, R(t = 0) = ﬁo (III-3)
d(R3P,,)
oT SR Ryt
R2k e 3 1t (IIT=4)
and
™z, t = 0) =T . (III-5)

The vapor pressure, Pv(Tw), of Equation (III-1) depends on the
temperature of the bubble wall. The bubble wall temperature comes from
the solution of Equation (III-2) with the boundary conditions given.
This functional relationship between Equations (III-1) and (III-2)
requires that they be solved simultaneously to give the solution to the
bubble dynamics problem. Before exploring the possibilities of a simul-
taneous solution of these equations, it is desirable to solve Equations

(I1I-2), (III-4) and (III-5) for the bubble wall temperature. Then, a
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relationship between bubble wall temperature and vapor pressure can be
used to reduce the two equations to one.

The solution of the energy equation, Equation (III-2), involves the
soluticn of a heat transfer problem with moving boundaries. No solution
in closed form has been obtained for the moving boundary condition. The
most prominent approximation to a solution to Equation (III-2) was pre-
sented by Plesset and Zwick (9). The essential steps of this solution
are presented in Appendix B. The result of this presentation for zero
heat generation (a = 0), neglecting the Veve term, assuming a thin
thermal boundary layer around the vapor, and using the boundary condi-

tion Equations (III-4) and (III-S), is

d
E-(Rs(x)Pv) dx

{[raf?

The solution of Equations (III-1) and (III-6) simultaneously has

&
TR, t) - T = ;—II(‘ E‘f . (I11-6)

not been obtained for the general case. However, the bubble dynamic
problem can be solved for four special cases: (1) bubble growth in a
superheated liquid, (2) bubble collapse in a highly subcooled liquid,
(3) bubble collapse in a slightly subcooled liquid, and (4) bubble
growth and collapse under very fast transient pressures in the liquid.
The bubble dynamic problem can be solved for bubble growth in a super-
heated liquid and bubble collapse in a slightly subcooled liquid because
the inertia terms can be neglected and only the energy equation remains
to be solved. For the other two cases, the effect of temperature can be
neglected and only Equation (III-1) remains to be solved. These special

cases will be considered in the following paragraphs. The development
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of new theoretical solutions was not attempted. The experimental data
of this investigation was taken for fluid conditions similar to the

special cases.
Bubble Growth in a Superheated Liquid

When no variation in the external pressures occur, asymptotic
bubble growth in a superheated liquid is controlled by the heat trans-
fer rate at the bubble wall. Equation (III-1) shows that the potential
for bubble growth results from the difference between the pressure in-
side the bubble and the external pressure of the liquid.

The pressure inside the vapor bubble is determined by the tempera-
ture at the bubble wall. This pressure is the saturation pressure at
the temperature of the bubble wall. The maximum value of vapor pressure
occurs when the bubble wall temperature reaches the liquid temperature,
Toa The bubble wall temperature at which no growth occurs is the satu-
ration temperature, Tsoﬁ associated with the liquid pressure away from
the bubble, Pw.

When the bubble wall temperature is greater than Tsaﬂ the pressure
inside the bubble is higher than the external pressure, and the bubble
starts to grow. However, evaporation must occur at the bubble wall to
provide growth, and the heat of evaporation results in the cooling of
the liquid around the bubble to the limiting temperature, Ts«f The
asymptotic growth is then controlled by the heat transfer rate to the
bubble wall required to provide the heat of vaporization necessary for

growth. The temperature solution of Equation (III-6) tends toward

™R, t) - T =T _-T
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for asymptotic growth.
The details of the solution of the governing equations are pre=

sented in Appendix C. The result of this solution is Equation (C=14),

- P e AT 1
Y BAT E ?/}é L L E "
R - T L prv&'- (t) - T pv L (OL't) ° (III@{)

Equation (III-7) results from the analysis of Plesset and Zwick

(9). References (17), (18), and (19) all arrived at the conclusion that

R = A(oct)%a (111-8)

The results of Forster and Zuber (16), Equation (II-6), gave a coeffi-
cient of t% that varied from that of Equation (III-7) by nine percent.
The other authors either used a coefficient already determined or left
the goefficieni in an indeterminant form. The value of the cosfficient
was determined by the assumptions made in the solution of the energy
equation. A discussion of the experimental verification of the theo-

retically determined coefficient is presented in the resulis of this

investigation.
Bubble Collapse in a Subcooled Liquid

Inertia controlled collapse and temperature controlled collapse
are two special cases of bubble collapse that can be solved in an ap-
proximate form. In inertia controlled collapse, the initial value of
PV(TW) - Poc(t) of Equation (III-1) is so large that the liquid inertia
completely dominates the collapse. The resultant increase in Pv(Tw)

kb

with collapse never significantly affects the collapse rate, therefore,
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the solution of Equation (III-6) simultaneously with Equation (III=1) is
not necessary. The only equation te be soived for imertia controlled

collapse is:

P(T ) - P (t)
Y W o

P

RR + 1.5 R2 =

vhere PV(TW) - P_(t) is assumed to be a constant. This constant has
been called AP in several references. When a change of variables,

Y = R/Rcs is made in the above equation, the eguation becomes:

. oa o A P
Y'Y + 1.5Y2 = = . (I11-9)
PR ‘

Eguation (III-9) is the Rayleigh equation and the solution is

easily obtained in the following manner:

2 L (pye) = RE- (I11-10)
2yey Lo

For inertia controlled collapse, the right side of Equation (III-10) is

a constant and one integration of the equation gives

Solving for ? and integrating again gives

£ = R fi.féfl LQL (ITI-11)
YT Yol 2AP Y VITET -

This can be sclved for a zero lower limit of integration by gamma
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functions. No additional analytical work was done in the area of
inertia controlled collapse because all of the experimental data of the
present investigation was taken for fluid conditicns where bubble
collapse was conftrolled by the bubble wall temper*ai:urea

Temperature, or heat transfer, controlled collapse is defined to be
sollapse governed by Bquations (III-1) and (III-6) where the inertia
term, R R + 1.5 ﬁzg is assumed to be zero. If this assumption is

applied to Equation (III-1),

P(T) = Qw(ﬁ)o (III-12)
This requires that

™R, t) =T .

g

For this condition, Equation (III-6) becomes

L (5 (x) Py) '
. ( -1%)
Ts o Y—‘] {f R (y) ay} R

The solution of Equation (III-13) is given in Appendix C. An indication
of the fluid conditions under which Equations (III-1) and (III-6) must
both be considered for the solution is also given in Appendix C.

The error introduced by neglecting the bubble motion with respect
to the fluid is inherent in Equation (III-13) because it was developed
by neglecting the effect of this term. A study of the effects of this
error on bubble behavior predicted by the above analysis is presented in

Chapter VI.
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Bubble Dynamics With Transient Liquid Pressure

When a transient pressure occurs in the liquid, the term,

Pv(Tw) - P _(t), becomes a variable forcing function in Equation (III-I).
The transient pressure is represented by R”(t). If the transient pres-
sure occurs rapidly enough, the heat transfer is small and the vapor
pressure inside the bubble is approximately constant. However, when

the transient pressure occurs slowly, the effect of a change in the
vapor pressure must be considered. The frequency of the transient pres-
sure determines the type of solution that must be made.

The numerical solution of Equation (III-1l) presents no problems if
the effect of vapor pressure and the corresponding Equation (III-6) may
be neglected. A numerical solution using the Runge-Kutta technique is
given in Appendix C. This solution was written for a particular tran-
sient pressure and neglects the effect of vapor pressure variation.

The solution did not converge for increments in time greater than one
microsecond.

When the vapor pressure must be considered, Equations (III-1) and
(III-6) must be solved simultaneously. This solution may also be accom-
plished by numerical methods, but Equation (III-6) requires the storage
of R and R for each step of the numerical process. The same time step
was required for convergence and the solution was not included in the
present investigation because of the computer time and storage require-
ment. An extension of the discussion of the problems associated with

this solution is given in Chapter VI.



CHAPTER IV
EXPERIMENTAL APPARATUS

The goal of this experimental study was to obtain photographic
records of the dynamic behavior of single vapor bubbles in liguid
nitrogen under known, controlled conditions of liquid pressure and
temperature, Figure 1 is a schematic drawing of the bubble observation
chamber constructed to obtain the desired experimental conditions and

instrumentation,
Outer Chamber

The outer vacuum jacket of Figure 1 was necessary to prevent frost
formation on the liquid nitrogen container windows and to reduce the
heat‘transfer raté to the liquid hitrogeno This vacuum Jjacket was con-
structed from fourteen inch diameter carbon steel pipe with welded
steel flanges. The window for -this chamber was made of one-half inch
thick plexiglas. A Viton O-ring was used to seal the window to the
steel flange. The force of the vacuum helped to secure the seal withe
out the introduction of severe clamping stresses.

The pressure between the vacuum jacket and the inner chamber meas-
ured 10“=5 mn mercury on a McLeod gauge. The vacuum system was leak
checked using a leak detector model MD-140, made by the Vacuum Instrue-

ments Corporation., The vacuum pumping system consisted of an oil dif-

fusion pump and a Sargent duo-seal vacuum pump. The pressure between

21
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Figure 1. Schematic View of Bubble Observation Chamber
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the chambers of II.O-3

mm of mercury was adequate for the prevention of
frost formation on the windows. According to Chelton and Mann (25,
page 126) this pressure was not low enough to produce a significant re-
duction in the heat transfer rate to the liquid nitrogen. However, the
duration of an experimental observation was less than five seconds and
the heat transfer rate did not cause an observable change in the liquid

conditions for this short time. This was checked using the thermocouple

readings.
Liquid Nitrcgen Container

The inner chamber contained the liquid nitrogen and had the connec-
tions necessary to measure the liquid conditions, to control the liquid
conditions, and to generate vapor bubbles. It was constructed from six
inch diameter stainless steel pipe with welded stainless steel flanges
and fittings. All connections to the inner chamber were made of stain-
less steel to reduce the conduction heat transfer to the liquid nitro-
gen container by reducing the thermal conductivity. A cooling coil was
placed around all connections to the inner chamber and liquid nitrogen
was forced through this coil during experimental observations to reduce
the conduction heat transfer down the connections by reducing the temp-
erature gradient.

The windows on the inner chamber were made of five-eighths inch
thick beveled pyrex glass. The thermal stresses due to the difference
in the thermal expansion of pyrex glass and stainless steel required
that the pyrex glass be first attached to a holder made of invar metal.
The linear expansion of invar is approximately that of pyrex for the

temperature range of this investigation. Therefore, the thermal
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stresses in the glass were not excessive. The pyrex glass was glued to
the invar holder with Armstrong epoxy A-6. The invar holder was then
attached to a stainless steel flange with the same epoxy. These two
windows were purchased from the CryoVac Company of Columbus, Ohio. A
teflon coated metal O-ring was the seal between the stainless steel
flange of the window and the flange of the inner chamber.

Figure 2 is a view of the inner chamber. Three of the five copper-
constantan thermocouples can be seen in the chamber. Two additional
thermocouples were located at the surface and inside the horizontal
¢ylinder shown in this figure. The horizontal cylinder contained a 120
ohm, one-half watt electrical resistance. Armstrong A-6 epoxy was used
to hold the resistor in place. Electrical leads connected to an ex-
ternal variable power supply allowed this resistor to be used as a vari-
able electrical heater for the generation of vapor bubbles.

A second method of generating vapor bubbles was provided by the
two vertical tubes located in the center at the bottom of the inner
chamber. These tubes were connected to a high pressure gaseous nitro-
gen tank through a valve system including a solenoid valve. A micro-
switch controlled the solenoid valve allowing pulses of gaseous nitrogen
to be forced into the inner chamber.

The third method of generating vapor bubbles was to evacuate
chamber B of Figure 3 and open the solenoid valve connecting this cham-
ber to the inner chamber. The connection is shown in schematic form in
Figure 1. The pressure drop obtained by this method resulted in a
superheated liquid which boiled readily. Chamber A of Figure 3 was
used to provide transient increases in the pressure inside the inner

chamber. The chamber was charged with pressure from the gaseous



Figure 2. Inside View of Bubble Chamber
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nitrogen bottle, and with the solenoid valve to chamber B closed, the
chamber A solenoid was opened. A third quick opening manual valve was
located above both chambers for safety against power failure in the

solenocid valves.
Instrumentation

Transient pressure in the inner chamber was measured by a Kistler,
model 606L, piezoelectric transducer with charge amplifier and oscillo-
scope. Drift in this system made it undesirable for static pressure
measurement. Static pressure above the liquid in the inner chamber
could be measured by the two manometers connected to chambers A and B.
For this measurement, it was necessary that at least one of the solenoid
valves to these chambers be open.

The copper-constantan thermocouples were used to measure the liquid
nitrogen temperature. The ice point was used for a reference junction
and a Digitec potentiometer, made by United Systems Corporation, was
used to measure the thermocouple emf. The complete calibration of this
experimental system is discussed in the next chapter.

The Wollensak Fastax camera shown in Figure 4 was used to record
the events occurring in the inner chamber. Experimental date were taken
for camera speeds up to 3500 pictures per second using one hundred foot
rolls of sixteen millimeter, Kodak Tri-x reversal film. Bright and dark
field photography were used at the start of data recording. However,
best results were obtained with bright field photography. For bright
field photography, two 625 watt sun guns were placed on the side of the
test chamber opposite the camera side and a sheet of paper was placed

between the lights and the plexiglas window to provide a diffusion
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the 1ights were placed on the

semera side of the test chamber.
Operation of the Chamber

The procedure for {illing the inner chamber with liquid nitrogen

’

was to first twrn on the Sargent duo-seazl vacuum pump wntlil the pressurs
in the vasuum spacse was lOua mm of mercury. Then, the oil diffusion
punp was put into cperation. When the vacuum reached E.CJM‘3 mn of mercury,
additicnal decrease in pressure could be cobbtained in this syztem.
Liguid nltrogen from the container of Figure 5 was forced through the
cooling coil placed sround the connections to the inner chamber. This
cooled the inner chamber wery siowly and the cool-down was monitored
using the thermocouples inside the inner chamber. After the ins
chamber had cocled down to approximately 350°R. a nitrogen fill line
located under the horizontal heater of Figure 1 (not visible in the
figure) was used to aliow nitrogen vapor to flow into the innsr chamber.
Chamber B was opened to the atmosphere and ﬁﬁe solencid wvalve between
this chamber and the inner chamber was open. During the cool=down
phase, the heat in the sxternal lines was the source used to vaporize
the liquid nitrogen and a low wapor flow rate insured relatively slow
zool=downn. The problem assoaiated with very fast cool-down was the

@

thermal stresses developed oun the inside surfaces and at the interfaces
between the different materials of the dnner chamber.
Eventually, the system would £i11 with no change in the above cone

o

ditions, but more rapid sool-down was accomplished by increasing

¥

& A 3

nitrogen flow at the time when s small amount of liquid nitrogen had

accunulated in the bottom of the inner chamber. From the time when the
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Figure 5.
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filled, the fill iine

was ilnarsassd i

transfer to the inner chamber to result in higher temperaiurs.
Approximately thirty mluutes were avallable for experimental work

T

before it was necessary ito refill the dnner ﬁhamte“ with Iiquid niteo-

C’

This elapsed time depended upon the liquid zornditicrs desirsd in

the inner chamber. The liquid rnitrogen lines cutside the test chamber
warmed up when they were not in use, and the refill process tock approx-
imately thirty wminutes.

Termination of the expsriment was accomplished

stmosphere all lines and chambers containi

o

[

g iiquid

valves were copened excepit the cne to the liquid nitrogen source.



CHAPTER V

EXPERIMENTAL TECHNIQUES

Ore of the most important techniques in an experimental investiga-
tion is the calibration of all measuring equipment. The calibration
progedurs for this lnvestigation is given in the following paragraphs.
This procedure was completed before and after ecach day of

experimentation.

Calibratiocn of Measurements

-

2

The static pressures from either chamber A or chamber B of Figure
were measured using the mercury filled mancometers shown. Baromstric
pressure was read on each day of experimental observation. The mercury
manometer and known baromeiric pressure combination was considered to be
g standard for pressure measurement. The combined errvor in static pres-
sure measurement on these instruments was 00,12 inches of mercury or 0.06
vsia. The pressure at the thermocoupls level in the inner chamber was
approximately 4.5 inches of 1iquid nitrogen or 0.0LL psia higher than
the pressure meazsuved in chambers A and B. This corrsction was neg-
lectsad in cowmparison to the srror in the manometer reading.

Dyramic pressure was measured with a Kistler 606L plezoelectric

transducer, charge ampls

messuring system was calibrated staticslly under liquid nitrogen condi-

tiong using the mancmsters and high pressure nitrogen gas. The



salibration was conducted over the pressurs range used in the sxperi-

ments. The dynamic response cof the Kistler transducer was rated at

150,000 cycles per second. The fastest transient pressure change in

the Xiquid occurred in 0.2 ssccnds. Therefere, the dynamic response of
this transduser was compistely reliabls in reprssenting the pressurs.

The temperature sigral was sensed by copper~constantan thermo-

.L

“T h’

couples, referensed to the ice point using tap water, and measured with

a Digitec potentiometer, made by United Systems Corporation. Reference

g

(26, page 159) stated that the ice point is a repreducible standard.

Figure 6, taken from page 206 of this refersnce, shows a plot of some
calibration work on several thermoccuples for the same arrangement as
the ons used in this investigation. The range of temperatures in the
present investigation was from 140 to 150 degrees Rankine. For this
small range Figure 6 indicates that the change in the microvolt error
per change in temperature is very small. However, thls infermation was

not directly used in the calibration since a complete calibration of

the temperature measuring system used here was made for eash psriod of

operation. The 1liguid nitrogen was allowed to boil at a pressurs mease

ured by a mancumeter zomnnected to chamber A, and the saturation tempera-

tures from Strobridge (27) were calibrated sgai miilivelt
readings. The day-to-day v cn in the calibration curve of a given

ibtration data for each day of oper-

o

ermocouple was negligible. The cal

ation is given in Appendix D. Errcrs in the measurement of temperature
were less than 0.2 degrees Rankine.

merk the f4lm. This

- y " PN Mo
an oseilloscope, with tinme
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between two

N v

timing warks aiter the zamera had reached consiant velocity operation.
he drivisg veltage frequency would have resulted in a
noticeable difference in the picture count betwsen successive timing

From this double check, it was

hundred and twenty times per

second.

When transient pressure condliicns were studied, it was necessary
to synchronize the ploture of the traunsient pressure taken from the

o5 . £ 4

osciiloscope with the pictures taken on the Fastax camera. This was

accomplished by using ore switch to trigger the oscilloscope sweep and

to turn on a light simultansously. The 1light was reflectsd to th

b

Faxiax camera film snd this mark on the £ilm dndicated the time of the

start of the oscilloscope swsep,

function of time 23 sould be

e
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related to the same time.

Length measurement of the bubble accomplished using

dividers and a steel scale marked in sixty-fourths of an inch. This

£ a)

measurement was checksd by a cathetouweter, made by the Gasrior Sclen-
tifie Corporation. The pletures were projechsd opto a soysen and ¢

5

dimension was in

luded on each picture. The swall wapor bube on

Figure 2 was made of twenby-six gauge hypodsrmic needle. The dismeter

fa

was 0.008 inches at room rature. This dimension is the same as
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shat published in tables for hypod

by micrometer measurement. At 1liguid nitrogen temperature, this dimen-
sion was calculated from the data of Scott (28) to be 0.0178 inche

The dismeter of this tube was measuved for cach picture by dividers and
seale and was used for the standard length. The projector remained 4in
one position, and the measured diameter of the hypodermic needle was
constant at %%Qwa The information gained from the above procedurs was
used to convert measured bubble diameter to actual bubble diameter.

This step completes the calibration of every measurement made in the

Techniques in Recording Data

Experimental data were taken for bubble growth and collapse with

1stant pressure above the liquid and for bubble growth with variable
pressure above the liquid. For constant pressure, the Kistler trans-
ducer was not used. Approximately five minutes were allowed for the
pressure above the iiquid to reach é steady state condition, and vapor
bubbles were generated either by forcing gasecus nitrogen through the
steel tubes or by passing a current through the heater. The high presge
sure gaseous nitrogen bottle was equipped with a pressure regulator
valve for adjusting the source pressure. Flow from the botile wasg cou-
trolled by a microswitch valve. The flow branched to twe pipes con-
nected to the two vaper buble tubes shown in Figure 2. Each pipe had a
gate valve to allow the selection of the tube to be used to generate
vapor bubbles. The tube selected determined the size of the wvapor
bubble to be studied.

Since the btubbles produced by this wethod were superheated, they
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were not measured until they had risen through approximately ocne inch of
liguid nitrogen. Any superheat left in the bubble after this time was
neglecsted. The bubble measurements were terminated when the bubble
moved to within one inch of the liquid surface. Turbulence at the sur-
face made study of the bubbles there useless since fluid conditions were
unknown. The same procedure was followed for bubbles forming on the
electrical heater. The thermocoupls readings were not affected when
current was passed through the electrical heater. No change in thermo-
couple output was obssrved to accompany the start of cperation of the
electrical heater.

When transient pressures were studied, it was necessary for the
operator to perform four functions in approximately one second. The
cperations consisted of starting the camera, switching on the oscille-
scope sweep, generating vapor bubbles with a microswitch, and switching
one solencid valve to either chamber A or B to the open position. An
electronic delay circuit was not feasible because the bubble generation
method was not reliable enough to assure the presence of z bubble by one
microswitch cperation. This procedure required several practice runs
before a roll of film could be used. Although the experimental tech~
niques could be improved, excellent results were cbtained.

The measurements of bubble diameter were taken along the major and
minor axis of the bubble, and the average diameter was ussd. The two-
dimensional shape of nearly all bubbles was ellipsoidal. The experimen=
tal data of references (1), (2), (12), (13), (14), (i9), and (20) were
analyzed by this method. Florschuetz and Chao (1) used a drop chamber
in their experimental work and still had non-spherical bubbles. The

experimental work done in these references has compared favorably with
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the theoretical work where the spherical shape was assumed. Apparently
the spherical assumption caused only small error in the analysis since
all experimental work has actually been done on the non-spherical

bubble.



CHAPTER VI
RESULTS AND DISCUSSION OF RESULTS

The experimental data recorded in this investigation were used to
determine whether or not the theoretical solutions of Chapter III could
be applied to liquid nitrogen. The experimental liquid nitrogen condi=
tions, résulting in bubble growth with constant liquid pressure, were
similar to the conditions in non-cryogens investigated by other authors.
A summary of the experimental work in non-cryogens was presented in
Table II.

Experimental data on vapor bubble collapse contrclled by heat
transfer was previously limited to the work of Florschuetz and Chao (1).
Their study was made using a drop chamber to eliminate the effect of
gravityob The present investigation considered heat transfer controlled
collapse in the presence of a gravitational field. Both experimental
investigations gave indication that the theoretical predictions for heat
transfer controlled collapse need modification.

The present investigation also considered a limited amount of data
on bubble growth with a transient liquid pressure and some information
on the persistence time of vapor bubbles. The experimental results for
bubble growth with constant liquid pressure, bubble collapse with con-
stant liquid pressure, bubble growth with variable liquid pressure, and

bubble persistence time are presented in the following pages.
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Discussions of each of the above experimentel results are alsc included.
Bubble Growth With Constant Liquid Pressure

Vapor bubble histories were recorded on four rolls of film for
liquid nitrogen superheated above equilibrium conditions 3.8, 4.1, 6.8,
and 8.0 degrees Rankine., The pressure above the liquid was constant for
the time when the measurements of bubble diameter were made. The first
measurement of bubble diameter for each set of experimental results was
taken at an arbitrary but unknown time, tg, corresponding to a particu-
lar frame of film where a timing mark was recorded. The time between
the first measurement and all other measurements was determined by
counting the timing marks and knowing that the distance between two
timing marks represented 1/120 seconds.

The Plesset-Zwick solution for bubble growth was the theoretical
solution selected for the correlation of experimental data. The solu-

tion used was Equation (III-7),

R = ‘/13- LAL B (VI-1)
oL pv\/'&

Several other references, (19), (20), and (21), used this same equaticn
for correlation. The temperature and pressure of the liquid nitrogen
were measured for each experimental observation. This information and
information on the properties of nitrogen from Strobridge (27) and
Johnson (29) were used to determine the coefficient of t% in Equation
(VI-1). The thecretical curve for each set of fluid conditions was

calculated and plotted along with the sxperimental results. A set of

sample calculations for one theoretical curve is given in Appendix D.
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Tables of all theoretical and experimenital values plotted for each get
of fluid conditions are alsc given in Appeundix D. /
The problem of determining the initial time, t09 whenn the bubble
was first measured has been encountered in all experimental investiga-
tions. According to Bquation (VI=1), the bubble radius is zero when
time is zero, and bubble radius is an increasing functlion of time. In
some experimental work, (19), (20), and (21), one frame cn a roll of
bubble data film was blank and the next frame had a measurable bubble
on it. The time when the bubble first started to grow could not be
determined more accurately than the time between frames of f£ilm.
Dergarabedian (19) experimentally determined the initial time to be less
than 0.001l seconds by this method. Since the exact determination of to
was impossible experimentally, a combination of analytical and experi-

mental techniques has been applied to the selection of the initial time.

A look at the coordinates of the first two experimental points, (Ro’ Go
and (Rl, to-+At), shows that the selection of t_ physically represents
a shift of the time axis., In all experimental work, the time shift has
been sgelected by some combination of analytical and experimental teche
niques. Two of these methods are discussed in the following paragraphs.

In the present investigation, the method of generating wvapor
bubbles and the technique of measuring the vapor bubbles after they had
moved through cne inch of liguid resulted in very large initial bubble
diameters. Therefore, the initial time, t09 was large. The time axis
was shifted so that the first measured diameter was forced teo lie on the
theoretical line.

It is obvious that a selection of initial time, ﬁ09 by an averaging

method would result in a bebter fit between experiment and theory. One
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averaging scheme would be:

R = At + aAt)? (VI-2)
n o

and

=k
=ED b
o g on
n=1

where

R = measured radius

1
A = coefficient of %% in Equation (VI-1)

g
et
t

time between timing marks on the frawme where the bubble
was measured

n = index of timing marks

k = the number of measurements
and tcn = initial time calculation from Equation (VI-2).
However, one purpose of this investigation was to determine how accu~
rately the theoretical work of Plesset and Zwick could predict bubble
growth. For this purpose, the method of requiring the firét data‘point
to fit the theory exactly was more appropriate. The accuracy of pre-
diciting all other points was a measure of the validity of the Plesset-
Zwick theory. One disadvantage of the method of selecting the time
shift, used in this investigation, was that an error in the measurement
of the first bubble produced an error in the selected time shift.

Figures 7, 8, 9, and 10 show the comparison between the theoretical

Eguation (VI-1) and the experimental data of nine different vapor
bubbles under four different 1liquid conditions. The initial datz point
for each experimental run was required to lie on the theoretical solu-

tior by a shift of the time axis.
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Dergarabedian (19) recorded the bubble history for a period of
0.015 seconds. This was the longest period of measured bubble history
for all previous investigations. The present investigation measured
bubble histories for periods of time ten times longer than this. All
data points deviated from the theoretical curve by less than twenty-five
perceﬁto However, eighty-nine percent of gll data points were in error
from the theoretical curve by less than ten percent. The only bubbles
deviating from the theoretical curve by more than fifteen percent are
bubbles number 1 and 4 of Figure 7. Some of these points deviated by
twenty-two percent. These two bubbles were replotted assuming that the
irnitial bubble radius measurement was in error by ten percent. The time
shift was calculated for a ten percent larger bubble and the deviation
between these alteved data points and theory was calculated. A1l of
these data points deviated from the theoretical sclution by less than
fourteen percent. This points out the fact that any error in the measg-
urement of the initial bBubble radius could cause a relatively large

deviation between the theoretical and experimental results.
Bubble Collapse With Constant Liguid Pressure

Photographic records of vapor bubbles were made for liquid nitrogen
subcooled below equilibrium conditions 0.74%, 0.90, 1.0, 1.2, 2.16, 2.23,
2.88, 3.60, and 3.71 degrees Rankine. Twelve bubble histories were
measured and are recorded in Appendix D. A bubble was observed until
the bubble wall veleocity was approximately zero and this frame was
arbitrarily selected to be at the initial time of zeroc. The reason for
this selection was to satisfy the initial conditions imposed on the

theoretical solution. They were:
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at t = 0O, R=R , and R = 0,
o

The bubble radius=time histories were taken from these films and
plotted in Pigures 11 through 20. The results of Florschuetz and Chao
(1) indicated that the experimental results for small degrees of sub-

ccoling could be correlated by the theoretical solution, (Equation

(C=24))

h?;— I (VI-3)
whers tH and RO are defined in the list of symbols. Therefore, this
equation was plotted on each figure for comparison.

Two equations predicting the collapse of vapor bubbles controlled
by heat transfer were developed in Appendix C. Equation (VI-3) was the
equation that best predicted the Florschuetz and Chao data for a sub-
cooling of 5.6 degrees Kelvin and less. The other solution, Equation
(C-22), gave the best prediction for subcooling of 9 to 13 degrees
Kelvin for water, These conclusions caﬁe from fhé data plotted by
Florschuetz and Chac. Equation (C-22) was an upper limit in that no
experimental data collapsed more slowly than the collapse predicted by
this equation. Neither solution could handle the full range of sub-
cooling. Figure 2la is a comparison of the two solutions, Equations
(C~22) and (VI-3).

The scatter of data both in the present investigation and in the
investigation of Florschuetz and Chac was so great that it was impos-
sible to determine experimentally the errors in the theoretical solu-
tion. A plot of R/RO versus tH (not presented here) was made for the

iiquid nitrogen data. The dimensionless parameters included in tH were
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found to be inadequate in the corrvelation of the sxperimental data.

Using the theoretical Bquation (VI-3) as & guide, & search was made to

o1l

P

determine the additional parameters necessary to improve the correlsat
of data. This study eventually resulted in the correlation Egquation
(VI-10).

The vesults of Florschuetz and Chao indicated that the experimental
results availsble were insufficient te resclve the basic dependency of
the data upon subcooling. The present experiment with liquid nitrogen
gave the same conclusion. ., However, the collapse rate for liquid nitro-
gen increased, beyond that predicted by theory, near the end cof colliapse.
This result was noted in Figures 11 through 20. This phenomenon of
higher cellapse rate near the end of collapse was absent in the data of
Florschuetz and Chao.

Three possible scurces for the deviation between the two experimen-
tal works were found: (1) two different fluids, water and iiquid
nitrogen, were used, (2) the bubble diameters of Florschuetz and Chao
were approximately ten times larger than those of the present study, and
(3) Florschuetz and Chao used a drop-chamber to eliminate the gravity
effect while the gravity effect existed in the present study. 8ince one
object of this investigation was to demonstrate that ne difference
exists between non-cryogens and liquid nitrogen, the first possible
source of deviation was reserved to be studied only if no other reason
could be found for this conflict.

The bubble radii of the present study were an order of magnitude

smaller than those of Florschuetz and Chao. Therefore, the surface

tension pressure, 20/R, was zn order of magnitude higher for the pres-

ent study. The static pressures acting oan the vapor bubble, given in
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Pp= P (T ) = P(t) = 20/R. (VI-4)

The surface tensiocn was neglected in the theoretical work. The

F

effect of including this term in the theoretical solution would be the

prediction of higher collapse rate which could explain the observed
results. The order of magnitude of the terms of Equation (VI-4) was

considered for the case where the surface tension effect would be

greatest. The smallest radius was measured in the data of Figure 12.

For

IS

his result, the liquid pressure, P _(t), was 23.148 psia. Using
Figure 12, Equation (C-18), and the thermodynamic properties for nitro-
gen, Pv(Tw) was approximately 19.8 psia (by a curve fitting approxima-

tion). For the smallest value of R, 0.0157 inches, the surface tension

term was 0.006 psiz. The static force neglecting surface tension wa

5
0]

0.18 percent less than the force when the surface tension term was in-
cluded. This error could not account for the large deviation between
experiment and theory.

A vapor bubble in a liquid must have a velocity with respect to the
bulk liquid when the system is in a gravitatiocnal field. Figure Zlc¢
shows an ddeal case of a vapor bubble with the bucyancy forces and drag
forces acting on it. The photographic records of wvapor bubbles were
used to measure the velocity of various sizes of vapor bubbles with
respect to the bulk liquid. The wvalue of CD of Figure 2l was deter=
wined to be approximately O.4 from the drag coefficient data of Binder
(20) and the range of velocities measured. Newton's seccnd law was
applied to the wvapor bubble to give the equation of moticn of the bubblie

with respect to the bulk Liguid,
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Py v
where Vb = bubble velocity with respect to the bulk liquid
snd g = local acceleraticn of gravity.
One integration of this equaticn together with the boundary condition,
when t = O, Vb = O,
gives
—— _ DE
R e - 1 .
v :Yg :J (VI-5)
fs) 0.15 eDt + 1
where
- of BR
D=2 0515 .
The asymptotic solution of Equation (VI-5) for large t is
. ‘ )%
i (inch ey
= ARG VI-b
V. = 50.76 Z==—== VR (VI-6)
where R is in inches.

This equation compared favorably with the experimental measurements.
Eckert and Drake (31, page 250) discussed the heat transfer to a sphere,
of constant diameter, moving through a fluid. The equation for the

Nusgelt number for this type sphere was

, 1 1
Nu, = 0.37 (Red)o°6(Pr)/5 o (VI-7)

Assuming that a vapor bubble has a fixed diameter instantaneously, the

heat transfer rate from the bubble wall, using the above wvalue for Nuds
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is given by:

1
Nud k.

o L z
q = ER (b nRTICAT). (VI-R)

The heat fransfer rate used in Equation (B-2), a boundary condition for
the energy equation, was

3

o gl 4 ; :
§ = m?;m~ EE £R3(t) pV]° (VI-9)

An order of magnitude comparison of the heat transfer predicted by
Equations (VI-8) and (VI-9) was made for Figure 12 from the theoretical
curve at time equal 0.08 ssconds. This peint on the theorstical curve
was marked. Equation (VI-9) gave § = 8.68 x 10a6 Btu/sec. and Equation
(VI.8) gave § = 4.8 x 1077 Btu/sec. This analysis indicated that the
motion of the bubble relative to the bulk liquid caused more heat to be
transferred away from the bubble wall than that assumed in the theoreti-
cal solution. This was only an order of magnitude estimate and gave
only a trend of what was occurring.

In heat transfer controlled collapse, the collapse rate increases
with increase in heat transfer rate. Therefore, a proper correlation
of experimental data should include a parameter functionslily related

to the heat transfer due to bubble moticn. The parameter, tH

g initial-
1y used invthe correlation, contained all the parameters of Equation
(VI-8) except bubble welocity, bubble radius, Prandtl number, ard
viscosity. The Prandtl number and viscosity were approximately constant
for the temperature range of this study. Equation (VI=5) gave the
bubble velocity with respect to the liquid to be a function of bubble

radius alone. The new parameter for correlation resulted from a modifi-

cation of the original parameter and was:
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I o 2
ty = tH(RO/R) o

R ¢ ~ o .
This modified parameter, Egs was used to correlate the experimental
&

data.
. . 7 u

A plot of R/RO Versus ﬁIi was made for all the data on bubble
The application of correlating techniques to this plot re-

collapse.
(VI-10)

sulted in the sorrelation,

1= VtR

only

R/ RG =
where £ = & (2°€©R/T)1°5°
£ e R W H Yt
All data was compared to this correlation in Figure 22. Two 20% error
bands are drawn around the correlation Equation (VI-10).
sire of

This type of correlation leaves much to be desired in terms
The correlation was shown to be valid

completeness of solution.
for heat transfer controlled collapse in liquid nitrogen subcooled less

Equation (VI-8)

than four degrees Renkine in the earth's gravitatiocnal field. To gain
more insight to a complete solubtion, the mechanisms of heat transfer

from the bubble wall must be more clearly understood.
Therefore, advances

resulted from the experimental correlaticn of data.

in the theoretical area must be proceeded by a basic study of the heat
The experimental method of pro-

transfer process at the bubble wall.
more complete solution requires the study of collapsiung vapor

J a

ducing
hubbles in a wide variety of fluids, fluid conditions, and gravitational
T v

The present experimental knowledge is limited to this investi-
Because the amcunt of

fields.
gation and the work of Florschuetz and Chso.
effort involved in obtaining a complete soclution exceeded the time
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capabilities of this investigation, the present study terminated with

the correlation Equation (VI-10).
Bubble Growth With a Variable Liquid Pressure

Bubble histories were measured for three bubbles initially col-
lapsing in a2 subcooled liquid then subjected to a decrease in 1liquid
pressure. The pressure decreased from 22.5 psia to 16.5 psia in 0.13
seconds. The diameter-time measurements are presented in Appendix D
along with the pressure-time measurements. Figures 23, 24, and 25 were
plotted from this data. In Figure 2%, the initial time was selected to
show a portion of the bubble collapse before the pressure decrease
occurred.

The computer program of Figure 26 was written to calculate the
bubble growth for this transient pressure (shown in Figure 27 of Appen-
dix D) for an inertia controlled process. Inertia controlled growth or
collapse was defined to be growth or collapse predicted by Equation . I
(C-1) negleéting the effect of change in bubble wall temperature. The
computer was used in solving Equation (C=1) by a Runge-Kutta numerical
integration method. The results of this solution are also shown in
Figure 23,

A comparison of the experimental results with the inertia con-
trolled solution demonstrates that the bubble growth was not inertia
controlled. A theoretical solution, which would predict the experimen-
tal results, could be obtained ouly by the simultaneous soluticn of
Equations (C-1) and (C-3). To solve these equations by numericsl meth-
ods, Equation (C-3) must be rearranged to avoid the appesarance of a zero

in the denominator. The technique required was an integration by parts
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performed on the integrand. Upon integration by parts and assuming Py

constant, Equation (C-3) becomes

T (t) - T =- %%{;Lt{f ‘(y)dy} BpV.. Gpvm}dx.

(VI-11)

Equation (C~1) was solved numerdically for the case where the liquid
pressure and the vapor pressure were assumed to be constant. This solu-
tion is the Rayleigh solution and sources of its solution are available
(6) (7). The numerical solution written in this thesis was shown to
converge with less than one percent error when the step size in time was
less than 10'6 seconds. Since Equation (C-1) must be solved simultane-
ously with Equation (VI-11), the time step for both problems must be
less than one microsecond. The numerical solution of Equation (VI-11)
involves the storage of each of the variables R, ﬁ, and R for each value
assigned in time. This would require 600,000 storage spaces to inte-
grate to time equal 0.2 seconds for step sizes of one microsecond. The
variable 1imit of integration inside the integral sign of Equation
(VI-11) requires that the integral be calculated from time equal zero
for each increment of the time variable. Storing R, ﬁ, and R in blocks
on tape is the only method of obtaining the storage capacity required.
When time in the problem is O.l seconds, cne increment on time requires
approximately one hundred exchanges of information between core and
tape. One hundred thousand iterations remain to be made at this time.
The time requirement on the computer is so large that the simultaneous
solution of Equations (C-1) and (VI-11) was not completed.

The experimental data was bounded by fitting an equation for bubble
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growth through the first two data points cccurring aftsr the decrease in
pressure started. These two data points furnished the information for

determining the wvalues of to and A from the two equations below:

_ril,.
R = A(t )*=
o]
and
~nYE
Rl = A(to + 1/120)% .

The A and to from the above equations determined the equations
R= At + At)%a (VI-12)

This equation was also plotted in Figure 23.

One reason for showing Equation (VI-12) in Figure 23 was to demon-
strate that the parameter A was not constant for variable pressure con-
ditions. From Equation (VI-1), A was shown to depend on AT which
depends on Pv(Tw) - P (t). Since this collapse was not inertia con-
trolled, the effect of PV(TW) decreasing was large enough to be éon»
sidered. Rw(t) was measured to be decreasing. The plet in Figure 23
demonstrated that PV(TW) must be decreasing more slowly than P_(t)
because A must increase to fit the experimental data. In order for A
to increase, AT must increase. The pressure difference must increase if
AT is to increase.

This data on bubble growth with relatively slow transient liquid
pressure was presented because no other data of this type has been found
in the literature. Data of this type must be made available to obtain
a xnowledge of bubble dynamics on a low velocity fluid flowing through

valves and piping.
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Perzistence Time of Vapor Bubbles

When a vapor bubble collapses to a point where it is no longer
visible; the heat of condensation remains stored in the liquid in the
area where the bubble was located. Under some conditions of inertia
controlled collapse, the energy stored in this Iiquid has been large
enough to cause the bubble to reappear or rebound (2)., In other cases
the bubble rebound may result from a combination of this energy and a
liquid pressure decrease created by a valve or pipe fitting in a flowing
gtream. A bubble containing an inert gas would always be susceptible to
these conditions because the inert gas would never completely collapse,
Complete collapse is defined in this thesis to mean collapse to the
point where no nucleation site remains. An inert gas that is not
scluble in the fluid would always be a nucleation site. Since vapor
bubbles create problems in the pumping of liquids and in cavitation
damage, a criterion for determining the time required for a vapor bubble
to.céllapse completely should be’establisheda

Krapp and Hollander (2) established one set of liguid conditions
where rebound did occur. These conditions prevailed for inertia con=-
trolled ¢ollapse with no reduction in liquid pressure. In the present
investigation of heat transfer controlled collapse, several bubbles were
observed to collapse and disappear before a liquid pressure reduction
occurred. Any tendency to rebound should have been realized. The last
bubble to disappear before the pressure drop occurred had the best
chance to rebound. This bubble had a diameter of 0.0225 inches 4/120
seconds before the pressure drap of Figure 2% started. At 3/120 sec-

onds before the pressure drop, the diameter was 0.0202 inches. The
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diameter was 0.0157 inches at 2/120 seconds, and the bubble was visible
but not distinct at 1/120 seconds before the pressure drop. The bubble
disappeared completely in the next 1/120 seconds; the pressure drop
ceccurring at that time did not cause the bubble to rebound.

From this limited amount of data, bubbles collapsing by a heat
transfer controlled process with less than four degrees Rankine subcool-
ing have no tendency to rebound once they are no longer visible. The
heat transfer process removes enough energy to cause complete collapse.

Knowledge of fluild conditions where bubble rebound did occur and
where rebound did not occur is available. Additional studies of bubbles
collapsing with higher degrees of subcooling must be made to determine
the exact fluld conditions necessary t§ insure that a bubble will not

rebound .



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS
Conclusions

Much of the knowledge on the dynamic behavior of vapor bubbles in
nop-cryogens can ve applied te the dynamic behavior of wapor bubbles in
1iquid nitrogen. It is most likely that it is safe to extend this
knowledge to include most cryogens with the most probable exception
being liguid helium II. Liquid helium II has exhibited so many unex-
pected phenomena that only experimental evidence can determine the reli-
ability of applying theories to its behavior.

Solutions of the bubble dynamics problem for asymptotic bubble
growth in a superheated liquid can be used with confidence. Excellent

results were obtained using the Plesset-Zwick solution,

2 AT ,E

R =

The present technique for correlating data in nucleate pool boiling heat

transfer is to base the Reynold's number on bubble diameter and bubble

wall velocity,

Zuber and Fried (32) showed that their correlation, using this Reynold's

:? }_]_



number was valid for both subcooled and superheated nucleate pool boil=-
ing data. A correct calculation of bubble radius and bubble wall
velocity can be used by the engineer as an important aid in the corrse-
lation of nucleate pool boiling data.

Theoretical solutions for heat transfer controllied bubble collapse
in a subcooled liquid must be used with caution. Existing solutions
depend on the degree of subcooling, external body forces, and bubble
size. The dependency on these variables is not well established and the
solutions can be applied only in physical situations where all of the
boundary conditions are met. Florschuetz and Chao (1) suggested two

theoretical solutions:

2R
PR - By 40 3 L
3tg= g +<R0> 3 (VII-1)
and
R/Ro =1 = \/tH, (VII-2)

They‘plotted tﬁese two solutioﬁs (see.Figure éla) on oﬁe plot and com-
pared all of their data to these solutions. For subcooling between &
and 13 degrees Kelvin the data were approximated by Equation (VII-1),
but for subcooling between 5 and 6 degrees Kelvin the data were approx-
imated by Equation (VII-2). This experimental data deviated from the
respective theoretical curves by less than sixty~five percent. All of
the experimental data of the present investigation deviated from Equa~-
tion (VII-2) by less than sixty percent. An equation derived from the

data of this experiment,

R/R =1-= )/{cR R (VII-3)
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fits ninety-two percent of all the data points with a deviation less
than twenty percent. None of these correlations can be strongly recom-
mended for the prediction of heat transfer controlled collapse. Equa-
tions (VII-1) and (VII-2) can be expected to predict results with
sixty percent error, and Equation (VII-3) has been verified only for
liquid nitrogen subcooled less than four degrees Rankine in the earth's
gravitational field.

Bubble dynamics with variable liquid pressure was studied experi-
mentally. DBubble growth with decreasing liquid pressure is experimen-
tally shown to lie between growth predicted by an inertia controlled
process and that predicted by bubble growth in a superheated liquid with

constant liquid pressure. The equation of motion and the energy equa-

tion
- o P(P) P (t)
RR + 1.5k = —& ""p (VII-4)
L
and
Vva L ft é‘; [R?(x) Pv]
Tw(t) o K (VII-5)

3k £ FE
o {j; R"(y)dy}

must be solved simultaneously to determine whether a theoretical solu-
tion can be used to predict bubble dynamics with variable liquid pres-
sure. The computer storage requirement for the simultaneous solution of
these equations was too large to be handled in the present investigation.
Persistence time in this investigation is defined to be the time
during which a bubble has the potential to rebound after it has appar-

ently collapsed. The persistence time for a vapor bubble collapsing in
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liguid nitrogen subcocled less than four degrees Rankine was found to be
less than 1/120 seconds. Rebound was not observed. No numerical value
was measured for the persistence time of completely inertia controlled
collapse in water, but the persistence time is large (2). Rebound did
oveur in the experimental work of Knapp and Hollander. From the above
definition of persistence time, a wapor bubble containing an inert gas
has an infinite persistence time if solubility of the inert gas may be

neglected.
Recommendations

A reliable and accurate computer method for simultaneously solving
Equations (VII=4) and (VII-5) is a necessity for additional work in
bubble dynamics. This solution would be a step toward resolving the
problem of temperature controiled collapse. The solution is also nec-
essary in the study of bubble dynamics with wariable liquid pressure.

A Qarefﬁl revision of the theoretical equations governing tempera-
ture controlled éoilapse ié suggested. The error in the present thecry
results either from neglecting the effect of some of the terms of Egua-
tions (VII-4) and (VII-5) or from an incomplete analysis of the heat
transfer process at the bubble wall. The error of neglecting some terms
of the equations could be determined by the computer solution suggested
above; however, a combination of both errors should be considered.

An experimental study of heat transfer controlled collapse for a
wide range of different liquids, different degrees of subcooling, and
different gravitational fields would aid the theoretical analysis sug=-
gested. Since experimental verification must be available for the

proof of any theory, the experimental investigation could precede the
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theoretical investigation. This experimental study should concurrently
provide data on persistence time by having a pressure drop occur near
the end of each experimental observation. RKnowledge of the magnitude of
subcooling, at which bubble rebound occurs, would allow the investiga-

ter to know the conditions for complete bubble collapse.
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LIST OF SYMBOLS

A = Constant . § = Heat generation rate per
A(t) = Variable of integration - . unit volume
a =.Y(2c/pLR5o) .+ r = Spatial coordinant
B(t) = Variable of integration R = Bubble radius
¢ = Specific heat R = Bubble velocity
C(t) = Variable of integration ﬁ = Bubble acceleration
D = Bubble diameter R(t) = Bubble radius dependent
E = Internal energy of an on t
element of mass | R(x) = Bubble radius dependent
g = local acceleration of on x
gravity | R(y) = Bubble radius dependent
h = ﬁtR"'(t)dt |  ony
° Prlrar,
Ja = Jacob number, /va Re = Reynold's number
K = thermal conductivity s = Laplace variable
L = heat of vaporization -t = Time
I/: Laplace operator T = Temperature
m =,%Z3[r3 - R3(t)] | T = Initial temperature of the
Nu = Nusselt number liquid
P = Prgssure ‘ T(t) = Bubble wall temperature
AP = P (T ) - P (t) AT = T - T_,
Pr = Prandtl number Tsat = Saturation temperature at
RxL
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Vector liquid velocity

Linear bubble velocity
Radial bubble wall
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Thermal diffusivity

R/R
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Heat source per unit
volume
T-T
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Dynamic viscosity
Density

Surface tension
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Veloeity potential

Subscripts

d = Diameter

L = Liquid

o = Initial

s = Saturation
v = Vapor

V = Volume

w = Bubble wall

Liquid away from the

bubble



APPENDIX A
DEVELOPMENT OF THE GOVERNING EQUATIONS

An understanding of the equations governing bubble dynamics can be
obtained by following the development of these equations from the conti-
nuity equation, the equation of motion, and the energy equation. The
development given by Zwick (5) is followed in this appendix. A discus-
sion of the assumptions made in déveloping these equations for applica-

tion to liquid nitrogen is given.
Continuity Equation

The Eulerian continuity equation for a liquid or vapor is

-gE . -‘-— » : =
St +Vepl =0 (a-1)
where
é% = the total derivative with respect to time
P = density
and
fny - - A
V = vecotr velocity, ui + vj + wk for rectangular coordinates.

Equation of Motion
The equation of motion, neglectiﬁg external body forces, becomes

ey .3 (4-2)
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where

- m}:_f[\ - %p(v"w\?)f-l-p(vg#-# VA; 2

P = normal pressure
B o= viscosity
=3 S 5. . ¥ i P wd
I =333 + 333 + ksk, for rectangular coordinates and I -
Y

V3V = dyadic product

and
S 2
V:V = dyadic product conjugate to V;V.

That is, for rectangular coordinates:

Y - S N S A -
V;Vm(ia%+,j6@;+k6%); (ui+vi+wk)
2238 F20v P 0w
=131 2+ 13 5 + Lk g
=20 220%u =20
i gy * 3l 5y + Ik 3y
k;i*a'-g+k;g-52+k;k-6z
and :
| 300 220u 2> 0u
ViV o= 1:4 =t jsi g kel 3
220V, 22 0v 220y
Ll g+ 33 gy * 3k g
23 Jw 220w | D Jw
1;ka+3,k5§+k;k6;°
Then

V.P = - Vp - %V[u(vf\'r\)] + 2V [u(V"\'f\)J -V xpl x 7).

And for constant viscosity
b
)

2
If the flow is irrotational, thenV xV = 0, and

) iy o
VeP = «Vp + =pV(VeV) -« pvx(Vx V).

v~$m_vP+%pv(\7~i‘r")



i
e

For an incompressible fluidﬁv : and

Vo

il

Cgp <k

~Vp . (A=l)

The equation of motion for irrotational flow and constant viscosity

fde
0]

-

p%%=mvp+%gv<voi?) (4-5)

and if the additional requirement of incompressibility is considered,

Equation (A-5) becomes

&= LVyp, (4-6)

Energy Equation

The energy equation in a moving fiuid is

[ =% Y °
o %% = P: ViV + VKVT + g (A=7)
where
E = the internal energy of an element of mass
k = thermal conductivity
é = heat generation rate per unit volume
and
a3 A .
P:V:V = trace of the product of the stress and rate of

strain tensors.

- -
For the P and V;V given above for constant viscosity

?Nﬁ==ﬂwﬁ)+%pW°%2+quW2
v 2V e 3V;H2 - Tx (VxT) - v - D1,

Again, for irrotational flow
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> -5 Y Y .
VeV = —p(Va V) + p [V2V2 = = (VeV)2 - 2VV(V. n1. (A-8)

g
AN

When the fluid may be assumed toc be incompressible,

A A
PsV3V = pveve, (4-9)
Equations Applied to the Liquid

From the assumption that the liquid motion is irrotatiomnal, it fol-
lows that there is a velocity potential, P, throughout the liquid such
that

V=-Vo. (4-10)

[
Since the liquid is assumed incompressible (or VeV = 0), the velocity

potential is a solution of Laplace's equation

V2P = Q. (A-11)

The spherically symmetric solution to Equation (A~11) is of the

- form:
P = A(:) + B(t) | (A=12)

where

r = radial coordinate
and

A(t) and B(t) = functions to be determined from the boundary
conditions.

Then,

V= A(t)/r2. (A~13)

The velocity evaluated at the interface between a spherical vapor

bubble and the liquid surrounding it is given by V(R) where r = R at the



o
Co

bubble wall. A(t) can be evaluated for this boundary condition:

A(t) = V(R) R?(t).

i

Equaticn (A-13) becomes

V(r,t) = V(R) R2(t)/x?. (A-14)

5

B(t) is zero if the velocity potential is zero at r = %, and
¢ = V(R) R2(%t)/x.
The equation of motion from Equations (A-2) and (A-L) is
T S
p[-b—g + VVV]: -Vp. (A-15)
By the identity

2 A .
VK(VXV) = 3W2 = Ve VV
where
N a
VXV =0, for irrotational flow,
- -
the identity, VeVV = 3VV2?, results.

With Equation (A-15) this gives
pV(... %EEP + %“Vz) = vao (A“’lé)

For constant density, integration of Equation (A-16) gives

- -g%p + Lve = - 9—%43—)- + C(t) (A-17)

where C(t) from the boundary conditicn, when r = ® then P = P_, becomes

a0’
P _/p-

. For a limited temperature range, the assumption of constant density
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allows the internal energy to be written

E:cVT
where
ey = the specific heat of the liguid at constant velume.

Equations (A=7), (A=9), and the above can be combined to give
- °
pcv% +V oVT] = k2T + uVeve + g, (A-18)

Some insight on the size of the term, PV2V 2 can be gained using V(r,t)

from Equation (A-15):

i

veIv. D] = B e ]+ L B
' T

i
<3
~n
~
j=v}
~

Evaluating this at the bubble wall and multiplying by viscosity,

, 2
uv2v2 = 124 -——g—’-—-v'lgR t). (A-19)
This is the viscous heat generated per unit volume of liquid per unit
time and is a meximum at the bubble wall where velocity is a maximum and
r is a minimum.
An order of magnitude approximation for this term can be made.

Zwick (5) demonstrated that

?L = fz[l - —g—% (1 - %)] (A-20)
where '

L = subscript for liquid conditions

v = subscript for vapor conditions
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V = velocity.
In the present investigation for 1iquid nitrogen near astmospheric

pressure

T?L = 1'2[1 - 0.006 <IL - %)] ~0.99% R

D °
or Vi = R is a good approximation of the fluid velocity at the bubble
wall. The maximum value for viscosity in the range of this investiga-
3 ma I3 © L
tion was less than 10 lbfmse_c./:_n.?a The maximum velocity measured

experimentally was less than 40 inches/second when the radius of the

bubble was 0.02 inches. Therefore,
2172 . RV s .
PVeVE oy 12U T /=7 x10 Btu/sec. in.3.

The total temperature drop at the bubble wall, according to Zwick,

is approximately 10*°F/sec. and the change in internal energy for this

i

don is

1

condif

Pec

aT
e + in.? .
v 35~ 100 Btu/sec. in

This comparison shows that the viscous heating wmay be neglected in
L) 2

O
o)
=

parison to the heafting or cooling at the bubble wall resulting from

the condensation or evaporation that occcurs there.

o

The ener equation for the liquid is:
y ]

i N )
[«9-?- +V °VT] = kVeT + g (A-21}

[}

for the assumption of an incompressible liquid, neglecting the vwiscous
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heating, and constant dénsity. These assumptions for bubble growth in a
superheated 1liquid are good approximations and for the relatively slow
heat transfer controlled collapse the bubble wall velocity is much less
than sonic velocity and compressibility may also be neglected for this
cases Near the point of total collapse, high fluid velocities, variable
fluid properties, and non~spherical shape all make the above assumptions
invalid. However, experlmental observations are not available for these

conditions because the bubbles were too small to photograph properly.
Equations Applied to the Vapor

The vapor must be considered compressible and the equation of
motion for a compressible, irrotational fluid with constant viscosity

is Equation (A-5).
V2.2 4 3
o[+ 797 = -vp +2RVD.

‘The princiéal resﬁlt of ‘this analysis is to indiCate1that tﬁe vapor
inertia is negligible when compared to the liquid inertia effects. The
vapor density is approximately 1/10 of the liquid density, the coeffi-
cient of viscosity in the vapor is approximately 1/2 of the coefficient
of viscosity ih the liquid, and the velocity and velocity changes‘in the
vapor are at least as small as those in the liquid.  The pressure gradi-
ent in the vapor is, therefore, less than 1/2 of that in the liquld.
Zwick gave a value for pressure gradient in water superheated three
degrees Kelvin to be 1.5 atm./inch. The pressure gradient in liquid
nitrogen is similar in magnitude for bubble growth. For a bubble

2

radius.of lO‘ inches, the pressure variation in the vapor is 0.75)(10-2



atmospheres. However, the vapor pressure is of the same crder of magni-
tude as the external pressure of one atmosphere. The pressure variaticn
in the vapor is two orders of magnitude smaller than the pressure level.
The vapor pressure is essentially uniform throughout the intericr of the

bubble and can be written:

Zwick (5) obtained approximate relationships from the energy equation
indicating that the vapor temperature and density were also functiocns of
time alone. These approximations resulted by considering the vapor to
be thermally and calorically perfect and from order of magnitude argu-
ments. The experimental results of this investigation were insufficient
to verify that the approximations of Zwick were also valid for liquid
nitrogen, howevery a very rough order of magnitude check for liquid

nitrogen points to this conclusion.
Equations at the Bubble Wall

The solutions in the liquid and in the vapor must be matched at the
bubble wall with respect to temperature. Otherwise, there would be
infinite heat transfer by conduction at the wall. Therefore, tempera-
ture at the bubble wall equals the temperature in the liquid at the walil
and the temperature of the vapor at the wall.

The velocity in the liquid has been shown to be approximately equal

to the bubble wall velocity and the heat transfer relation at the wall

is
aoT _ - N : |
K Solpap = AR = V) (A-22)



This equaticn may be written in the form:

RS =55 ®p) (A-23)

where the vapor velocity is neglected in comparison to the bubble wall
velocity.
Finally., neglecting viscous and kinematic corrections, the force

balance across the bubble boundary can be written:

P =P+ (20 /R (A-24)

Equations (A=10), (A=17), (A-20), and (A=24) can be combined tc

give at the bubble wall

P (t) ~ B (%) = pL[R R+ 2R? - 3 R?]

oxr
. . P (t) - P_(%)
RR+§=REz i 5 = -;% (A-25)
L L
where

Pv(t) = gquilibrium vapor pressure of the liquid at the
temperature of the bubble wall.

The energy equation for the liquid is Equation (A-21),

- oL
Pre [at + T VT:] kV2T + q . (A-26)

The boundary conditions for Equation (A-26) at the bubble wall are:

8T
2 - _ mﬁ 3 =
Rek BI r=R 3 (R P ) (4-27)
and
T(r?t =0)=T, (A=28)

e}
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Equations (A=25), (A-26), (A-27), and (A-28) define the problem being
considered and for given boundary conditions on Equation (A-25) the

simultaneous solution of the coupled equations results in the theoreti-

cal bubble behavior.



APPENDIX B
APPROXIMATE SOLUTION OF THE ENERGY EQUATION

The sclution of the energy equation presented here is essentially
that of Plesset and Zwick (8). The energy equation and boundary condi-
tions for a vapor bubble are Equations {A-26), (A-27), and (A-28). For
no heat generation by radiation or chemical reactions, é = 0, and the

energy equations become

1T = ]

2 — | e— ° ~
VT"aat“fv VT (B-1)
QT“ = —mmé-—a ugu 3 A
arirzR ~ %k R® dt (R pv) (B=2)

and .

©(r, 0) = T_. (B-3)

The temperature in the liquid at an infinite distance from the

bubble is ‘I‘O° And, with the substitution of 0 = T - 'I‘03 the equatiocus

become
1o =,
00 - L d .
5;i R I (EPF%) (B-5)
and
8z, 0) = 8(e, £) = O. (B-6)



Using the change of variables:

m= (r3 =« R3(t))/3
t =t
and neglecting ?» VT gives
O (e 9. 180 5
om <r am>~oc6't (8-7)
80 " Loy
amlm=0 “ 3k RE(t) at (82 (t) pv) (8-8)
and
B(m, 0) = B, ) = 0. (8-9)

A form of these equations more suitable for solution results by

assuming a temperature potential, U, defined by

3y

B = . (B-10)
om
Equations (B=7) and (B-10) can be combined to give
..Q.. e azuv,,;.;.@_q)ﬂo
dm qm? T O Bt ’
Then, partial integration with respect to m gives
¢ 2T 13, -
57~ & 3 = AlY) (B~11)

where A(t) is an arbitrary function of time. But from Equaticn (B=10)

m
U af 6 dm + K(t) (B-12)

O

and K(t) can be chosen so that A(t) = O and X(0) = O. Therefore,

U(m, 0) = O since B(m, 0) = O.
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The system of equations to be solved is:

2y 19U
4%;;;~5%%;:0 (B-13)
3%U L 4 o3
aaylmﬁo * K RE(D) at (R (t)pv) (B-14)
and
U(m,0) = -g—r% oo = 0 (B-15)

For the assumption that a very thin thermal boundary exists where the
significant heat transfer takes place, the transposing and adding of
termslin Equation (B-13) give:
R () %%% . %‘%% = (RE(t) - %) %%g. (B-16)
The term, (R*(t) - r*) %%g, has the properties of a perturbing heat
source. The magnitude of this term is small under the assumption of a
thin thermal boundary layer.

Another change of variables,

7
h :f R*(t) dt,
C

in Equation (B~16) results in the differential equation:

2 4 2
02U 10U <§ 0°U

fon - kY . P,
mZ " o oh - R e (B-17)

The unperturbed case, or the zeroth order approximation, of this

equation results when r* = R*(t). Equation (B-17) becomes

2y 1 U _ _
3&7 o i 0 (B-18)
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The solution of Equations (B=18), (B-14), and (B-15) gives the zercth
order soluticn of the heat problem where the thickness of the thermsal
boundary layer is merc. Arguments by Zwick {(5) indicate that the error
in using this zeroth order approximation was less than 0.5 degrees
Kelvin for water. The temperature difference between the zeroth order

soluticn and the first order solution for bubble growth in a superheated

o (b - to)
AT <3 = .

For identical degrees of superheat, a bubble growing from an initial

Tiquid wass

radius, R09 in liquid nitrogen and one growing from the same RO in
water have approximately the same radius for a given time change. The
thermal diffusivity in liquid nitrogen is less than that of water.
Therefore, the temperature difference in liquid nitrogen is less than
that in water. Zwick (5) shows that this error does not affect the
dynamic problem for growth in water, and it causes the same magnitude
error in liquid nitrogen.

The solution of Equation (B-18) is obtained by taking the Laplace

transformation with respect to h.

ulm,s) :f prh U(m,h) dh Ei[U] (B=19)
[»]
L d
F(h) = 5 3 (R pv)
and
£(s) =L (F(n)). (B~20)

The equations tc be solved after transformation are:
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d2u. s 0 3
TS = e = O {(B-21)
g2 w1 o
mimm’) = £(g) , {B=22)
du
peA] = )
dmim:m 0, (B-23)

and the solution has the form:

ulmys) = A exp(~- y%g) + B exp(mX§;a

Substituting in the boundary conditions results in

u(m,s) :-% F(e) exp(- Y%é)a (B-24)

Then,

8 f‘ ] i‘“[‘ff<s> e )r]

B[R,

Equation (B-25), written in terms of the original r and % variables,

becomes

" 2 QLI‘-’ .
T(r,t) - T = “Y_%IE[R (x) arirzR(X)ldx:i )
o

[exp{(r3n.%j(x))z }] (B-26)
26 ocj R*(y)dy

X

The temperature at the bubble wall, where r = R(t), is
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2 GT .
R (%) r R\x) dx

T(R,t) = T = 7—‘[ f Rq(y)d” . (B-27) |

And using the boundary condition of Bquation (B-2), the solution is

i s L ®Gop, Jax.
T(R,t) - T_ = 3"%[%.[ & (B-28)
[s]

{L R4<y>ay}

This solution for the temperature at the bubble wall is based on
the assumptions that there is no radiation heat transfer or chemical
reactions, that there is no heat transferred from the bubble wall by
convection, and that the thickness of the thermal boundary is zero.
However, this is the best solution presently available, and it has bheen
demonstrated experimentally that good prediction of bubble dynamic

behavior results with the above assumptions.



APPENDIX C
SOLUTIONS OF THE BUBBLE DYNAMICS PROBLEM FOR SPECIAL CASES
Bubble Growth in a Superheated Liguid
The equations to be solved in this section are:
P (T ) = Pt)

ca é 2 _ - 20’ -
RR + 2 R? = o "o, (C-1)

R(0) = R, R(O) = R (C=2)
o O

and

R (y) dy}

R3(x)p ) dx
T(Ryt) - T = - —-}Ff {f (C-3)

For asymptotic growth it was stated in Chapter III that the solution of

Equation (C-3) approaches

T(R,t) - TO = TSOO-. Too

The following variables and constants, suggested by Plesset and Zwick

(8), are defined to simplify the writing of the above equations:
R 2g
@
o} pLR o

! LPVRO agy, ROA ) ( )
B! = S H- . 5o I:Poo(t) - Pv Tw ] R

it

S
it
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and

uaégftaﬂw@.

° %

The equations become:

7
tan 2P(E )] vo=o0

'3
Z
S av
T-T = E'
° o Yu="v
and
dz
at u= 0, 2z = 1 and Erie 0

Initially, the static condition, Pv(To) - R”(t) = gg, holds and

R
c

QPCT ) = "lo
o
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(C=5)

(c-6)

(C-7)

(C8)

A liQuid can support only a few degrees of superheat, and for a small

temperatufe rénge thé approximaﬁe relationship between pressure and

temperature,

P (T ) - P (t)
V. W
P,

= AN(T - T,

is valid.

Combining Equations (C-6), (C-8), and (C-9) gives

(s ¥4
v = “ R 2g2 °
[a] o} Vu-v

The integro-differential equation to be solved is

(C-9)

(c=10)
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az
7 It u == dv
14 [,7374 ’] 1 A'E av
= e |19 —— == 2 ] - . (c-11)
6 dz [ (dtZD Z]ﬁ‘ R? a2n£ Rav

The asymptotic case, for u =%, has z = % and g_zﬁ = 0. The inertia
7 2 -1
term, %B% [2/3(3—@ :|, and the surface tension term, z /3, become

negligible in the asymptotic behavior of the bubble. Then,

4z

bt pu- == AV
%1%!‘[ v - =1 (c-12)
o (o] u-

is a good approximation of the bubble dynamics solution. Equation

(C-12) has the solution

2R02a2
Z(u) = Wﬁ 5 (C-13)

The boundary condition, z(w ) = 2; when u = w, results from the solu~-
tion of Equation (C-11) from time zero to time when asymptotic growth
occurs. This time occurs when the bubble radius and velocity attain
the values where the neglect of inertia and surface tension terms is
permissible.

Plesset and Zwick matched the solution, Equation (C-13), to the
required initial solution and transformed the solution back into the
original variables of the problem. . The result of this manipulation

gives

_Z kAT :
R-y’“—m;t (c-1%)

and



Bubble Collapse in a Subcooled Ligquid

Inertia controlled collapse was given in Chapter III.

section concerns temperature or heat transfer controlled collapse.

104

The present

Florschuetz and Chao (1) non-dimensionalized Equations (C-1) and (C-3)

using the definitions:

Y.—:.i T, = e
R ? v P* . P ’
o) ' 50
P“St) " quo ot
T ™ "p*x . P 9 T:RES
o0 V,0 o
Tw - TO
and esz T
S
where
pP* = final system pressure
P = vapor pressure corresponding to T .
V40 » o}

Applying these notations in Equations (C-1) and (C-3) gives

YT+ 272 = 52 (v - B ), (0) - m (W)

and

=Pyl fT Y2(x) Y(x) dx

L °

6,(t) = . = 1
(Tyo= T,) PLCI U’ Y"‘(y)dy}
X

Now, defining

= ¥ | 2
C=R (p* Pv,o)/pv"‘

(c-15)

(C-16)



Ja = pLCp(TS“>~ TO)/pVL

the equations can be written

HYY + 2720 =0 (8) - m (™) (C~17)

t 0
eW(T) - ul ! . Y2 (XT) Y(X) dx%° (C~18)
V r Ja o e "
Y*(y)dy

When C is large enough that the left side of Equation (C=17) is
approximately zero, nv(Gw) =n,(T) and SW(T) = 1., When this physical
situation occurs, bubble collapse is said to be controlled by heat
transfer. For the’experimental data taken in the present investigation,
the range of values of C was from 2.73 x 10% to 5.59 x 10®. The solu~

tion of Equation (C-18) is obtained in terms of new variables:

X

Ja T 4 V ::f Y4 (x)dx,
o)

and

t
u :f HY4(x)dx.
o

hd

Applying these variables to Equation (C-18) gives

¥/ . r
u v av

- 2= . (G=19)
2"Lvm

For the boundary condition z = 1 at u = O the solution of Equation
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(C-19) is
¥3=1 - Bu%. (C=20)

The solution in terms of the original variables is

u
£ :f T@-Le | (G-21)
° Z/3 (v)

Integration of the right hand side of Equation (C~21) gives

s =12
by = 3 <:Y + Y2 - 3). (c=22)

Equation (C-22) is the solution of the bubble dynamics equations for
fluid conditions such that the bubble collapse is heat transfer
controlled.

A disadvantage in the form of Eguation (C-22) is the necessity of
solving a cubic equation to obtain an explicit expression for ¥ as a
function of tH. Another approximate solution, using simplified boundary
conditiéns'oﬁ fhe energy Equatién (B-1), results in an explicit expres-
sion for Y in terms of tH'

The boundary conditions of Florschuetz and Chao (1) assume heat
transferred to a semi-infinite region with uniform initial temperature

30 Pyl R
and time dependent surface flux, B;lrzR =

heat eguation for these boundary conditions is

o The solution of the

(C=23).

T2,
-l Y(x) dx
ew(r) = .

Vida 90 Vr-x

For heat transfer controlled collapse (for SW(T) = 1) the solution of
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Equation (C-23) is
Y=1-Vt (C-2l)

Florschuetz and Chao (1) concluded that a bubble would collapse
more rapidly than the ccllapse predicted by Equation (C-22). All terms
neglected in that soluticn tended to make the collapse rate higher than
the predicted rate. The collapse rate predicted by Equation (C-24) was
higher than that predicted by Equation (C~22). Both solutions neglected
radial convection and free convection due to bubble motion with respect
to the bulk liquid. Therefore, a vapor bubble in a gravitational field
would collapse more rapidly than an identical vapor bubble subjected to

the same fluld conditions but having no gravitational field.
Bubble Dynamics With a Fast Transient Liquld Pressure

A fTast transient liquid pressure is defined to be a transient pres-
sure occurring‘so rapidly that the change in vapor pressure inside a
bubble can be neglected. More simply. when bubble behavior can be pre-
dicted from Equation (C-1) where Pv(Tw) is assumed to be constant, the
transient liquid pressure is called a fast transient liquid pressure.
No closed form solution exists for this problem. However, the problem
is well adapted to numerical solution on a digital computer.

A Runge-Kutta integration technique gave very good approximate
solutions to Equation (C-1). An accuracy check on the integration pro-
gram used here was made with the right hand side of Equation (C-1) con-
stant and with the increment size in time equal to ]_Om6 seconds. The
results from the numerical integration were compared to the exact solu~

tion, or Rayleigh solution, and the maximum error was less than one
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percent. Introduction of pressure variation into this program does not
affect the convergence of the problem. Therefore, this integration
technique was assumed to adequately predict bubble dynamic behavior
under fast transient liquid pfessures°

The computer program written for a particular pressure variation is
given in Figure 26. This is the same program that was used to compare
solutions of the Rayleigh solution except for the introduction of the

variable pressure, PI. The particular pressure variation is given in

Figure 27.
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Figure 26.

FORMAT(11H R NEGATIVE)

FORMAT (4E15.6)

FORMAT (1XyE15.6,6X,EL5.646XsE15.6)
FORMAT (6X ¢ 1HT ;16X LHR 16X 1HZ)
FORMAT(I3)
L=1
READ(5,53) N (B2 2
READ(5,8) DEN, PV, PI, R

WRITE(G>8) DENy PYy Plgy R -

WRITE(6,50)
K=1

M = 1001
T=0.0

1=0.0
AH=0.000001
K=K+ 1

AKl = AH®Z
IFIR)11,11,2

AL1=AH®{ (PV=P1)/(DEN)-(1.50(Z#s2)))/R

T=T+AH/2.
R=R+AK1/2.
I=1+AL1/2.
AK2=AH®Z
W=3B.7#T 2
PI=16.5+16./(EXP(W)))

IF(R)I11,11,3
AL2=AH#*( (PV-PI)/(DEN)={1.5#(Z**2)))/R
R=R+AK2/2.
1=1+AL2/2.
AK3=AH#*Z

IF{R)L1,11,4
AL3=AH# ( (PV=PI)/(DEN)=(1.5%(Z#2)))/R
R=R+AK3-(AK2/2.)
1=Z+AL3-(AL2/2.)
T=T+AH/2.
W=38.7%T
PI=16.5+(6./EXP(W)))
IFIRI11,11,5
AK4=AH®Z
AL4=AH*((PV-P1)/(DEN)=(1.5#(Z»22)))/R
AK5=(AK1+2.#AK2+2, #AK3+AK4) /60
ALS=(AL1+2.%AL2+2.%AL3+AL4) /6.
R=R+AK5-AK3
Z=Z+AL5-AL3
IF(K=M) 639,9
WRITE(6,20) Ty Ry 2

IF(K=-200001) 22423,23

M = M+ 1000

GO TO 6
WRITE(6,51)

S A

IFIL - N) 45,10,10
STOP

END

Computer Solution for One Variable Pressure
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APPENDIX D

CALIBRATION AND EXPERIMENTAL DATA

Thermocouple Calibration

The thermocouple oubput measurements were taken for each thermo-

couple simultaneously with the static pressure above boiling liguid

nitrogen.

tion.

nitrogen while 2-2 was located in the electrical heater.

TABLE TII

THERMCCOUPLE DATA

Table III gives the measurements made for each day of opera-

Thermocouples 1-1, 1-2, 1=3, and 2-1 were located in the liquid

Date Numbezr Barometric Liquid Pressure Thermocouple
Pressure inches of mercury Output
inches of MV
mercuxry
121365 29.23%
=1 0.0 S5.494
-l 2.56 5476
1-1 5.18 5.471
1=1 16.62 5.433
1.2 0.0 5.487
1=2 2,56 Sed7h
1-2 5.%6 5.468
1=2 14.60 5.439
1=2 19,23 5.420
1-2 23.71 5,401
1o 2b.75 5397
1-3 0.0 5. 488

[
ot
!__!
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TABLE III (Continued)

Date Number Barcmetric Liquid Pressure Thermocouple
Pressure inches of mercury OQutput
inches of MV
mercury
1-3 3.21 5.476
1-3 5.56 5.467
1-3 1%.26 5.444
1-3 18.41 5.425
1-3 20.35 5.h414
2-1 0.0 5.482
2=1 2.12 5.472
2-1 5976 5‘“56
2-1 11.10 5.439
2-1 12.11 5,434
2.1 21.74 5.403
2.2 0.0 5.488
2-2 2.80 5.481
2-2 5.66 5.467
0.0 10.50 5.452
2.2 22.72 5.411 -
12-17-66 29,37
2-1 23,40 _ 5.394
21 17.58 - 5,412
2-1 12.80 5.422
2-1 ' 9.59 S.hlh
2-1 9.02 R
2-1 0.0 5,478
2=2 23,89 5.402
2-2 16.99 5.420
22 11.87 5.442
2.2 10.65 5.452
2-2 - 7.20 5.464
22 : 0.0 5.492
12-20-65 29.06
1-1 11.68 5.452
1-1 : 15.75 5.442
1-1 18.33 5.432
1-2 11.68 5.445
1-2 16.55 5.438
1-2 18.02 5.425
1-2 18.323 5.427
1-3 , 16.55 5,452
1-3 17.18 5.442
13 18.02 5.434

2-1 11.68 5.439



TABLE III (Continued)

Date Number Barometric Liquid Pressure Thermocouple

Pressure inches of mercury Output
inches of MV
mercury

21 17.78 5.424

2-1 17.78 5.419

2“2 11368 50""‘52

2.2

18.40 5.438

Experimental Data

The measurements of liquid temperature and pressure were used to
determine the constants in the theoretical solution of Plesset and
1

Zwick. A sample calculation for determining the coefficient of t® in

the equation,

R = %% e 5B (D-1)
L p@f&

is given for bubbles No. 1-4. The measurements for these bubbles were
taken from film roll number 10, For this run, liquid pressure = 29.23
inches of mercury, the thermocouple output was 5.462 mv. Table IV gives

the information used in this calculation.



TABLE IV

THEORETICAL BUBBLE GROWTH DATA

Reference Measurement Used Variable Determined
- _ e P - . o
(27) P, = 29-23 inches mercury Tt 138.891°R
Table III Thermocouple No. 1=3 = 5,462 mv TL = 142,7°R
(29) T, = 142.7°R K, = 0.0792 BY st ohrooR
L 1b
(29) T, = 142.7°R pp = 50.2 Wres,
(29) T_ = 142.7°R C. = 0.492 By op
“ | P L © “m
(29) T, = 142.7°R L = 85.0 D%y
1 "
= 1° = ° m +
(29) Tt ™ 1%8.891°R py = 0.29  /f%
— o
T_, and T T = 3.8°R
Using the values from Table IV, Eqﬁation (D-1) gives
inches £ (D
R = 0.08354 === (t)=. (D.2)

(sec)®

Then, using D_ = 0.0427 from the measurement of the film, b= 0.06547
second. The theoretical curve is determined by substituting cne other
coordinant in Equation (D-2) when a log-log plot is used.

Tables V-VIII give the measured diameters and times plus the theo-

retical solution for bubbles No. 1~G.



TABLE ¥

DATA FOR FIGURE 7

1
N

Bubblie Diameter Time Bubble Diameter Time
Number Inch Sacond Number Inch Second
1 0.0427 0.06547 3 0.0551 0.1004%
0.0439 0.0738 0.0563% 0.1088
0.0461 0.0821 0.0608 0.1171
00,0484 0.0905
0.0585 0.0988 4 0.0%94 0.0555
0.0652 0.1071 0.0428 0.0639
0.0664 0,1155 0.0450 0,0722
0.0698 0.1238 0.0484 0.0805
0.0518 0.0889
2 0.043L 0.0839 0.0619 0.0972
0.0506 0.0922 0.0641 0.1055
0,054 0.1005 0.0686 0.,11%9
0.0551 0.1088 0.0697 0.1305
0.0574 0.1172
0.0596 0.1255 Theoretical
0.0619 0,.1339 0.01671 0.01
0.0641 0.1422 0.03342 0.0k
0.05013 C.09
3 0.0405 0.0588 0.06684 0.16
0.0461 0.0671
0.0484 0.0754
0.0506 0.08328
0.0568 0.0921
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TABLE VI

DATA FOR FIGURE 8

Bubble Diameter Time Bubble Diameter Time
Number Inch Second Number Inch Second
5 0.0326 0.0325 Theoreical
0.0%60 0.0408 0.0362 C.04
0.0405 0.0491 0.0543 0.09
0.04329 0.0575 0.0724 0,16
0.0495 0.0658
0.0495 0.0741
0.0506 0.0825
0.0506 0.0908
0.0551 0.0991
0.0574 0.1075
0.0630 0.1158

0.0630 0.1241
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TABLE VII

DATA FOR FIGURE 9

RnL = 29,37 inches mercury Thermocouple 2-1 = 5,422 mv
Bubble Diameter Time Bubble Diameter Time
Number Inch Second Number Inch Second

6 0.0743 0.0618 7 0.0810 0.0735

0.0788 0.0701 0.0889 0.0819
0.0866 0.0785 0.0923 0.0902
0.0911 0.0868 0.0881 0.0985
0.,0990 0.0951 0.0967 0.1069
0.1058 0.1005 0.0979 0.1152
0.1058 0.1118 0.1035 0.1235
0.1058 0.1201 0.1046 0.1319
0.1125 0.1285 0.1069 - 0.1402
0.1159 0.13%68 0,1091 0.1485
0.1215 0.1451 0.1091 0.1569
0.1226 0.1529 0.1159 0.1652
0.1237 0.,1618 0.1170 0.1735
0.1215 0.1819
Theoretical 0.1226 0.1902
0.,02988 0,04 0.1249 0.1985
0.04482 0.09

0.05976 0.16
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TABLE VIII

DATA FOR FIGURE 10

P«L = 29,23 inches mercury Thermocouple 1=3 = 5.434 my
Bubble Diameter Time Bubble Diameter T4me
Number Inch Second Number Inch Seceond

8 0.0525 0.0188 9 0.0615 0.0258

0.0600 0.0271 0.0720 0.0341
0.0840 0.0354 0.0750 0.0425
0.0900 0.0439 0.0855 0.0518
0.0975 0.0522 0.0885 0.0601
0.,1005 0.0605 0.0915 0,0685
0,1020 0.0690 0.0960 0.0778
0.1035 0.0773 0.1065 0.0861
0.,1170 0.0856 . 0.1245 0.0945
0.1275 0,1028

Theoretical 0.13205 0.1111
0.03%836 0.01 0.1260 0.1195
0.07672 0.04 0.1335 0.1278
0.10508 0.09 0.1470 0.1361
0.14344 0.16 0.1560 0.1445

Tables IX-XVIII give the measured diameter ratios and time and the

calculated variables, t . and tR’ for bubbles No. 10-21.

H
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TABLE IX

DATA FOR FIGURES 11 AND 22

EnL = 20,72 psia Thermocouple 1-1 = 5,475 mv
Bubblie Time
Number D/Do Second tH tR
10 1.000 0.0000 0.000 0.0000
0.811 0.0083 0.0074 0.0066
0,840 0.0167 . 0.0149 0.0124
0.757 ' 0.0250 0,0223 0.0228
0.694 0,0333% 0.0297 0.03%66
0.735 0.0417 0.0371 0.0409
0.703 0.0500 0.0446 0.0529
0. 74k 0.0583% 0.0520 0.0551
0.744 0.0667 0.0594 0.0630
0.673 0.0750 0.0669 0.0866
0.648 0.083%3 0.0773 0.1038
0.770 0.0917 0.0817 0.1395

0.595 0.1000 0.0892 0.1477




TABLE X

DATA FOR FIGURES 12, 13%, AND 22

120

P

= 23,148 psia

Thermocouple 2=2 = 5,460 mv

o]
Bubble Time , o
Number D/Do Second i °r
11 1.000 0.0000 0.0000 0.00C0
0.954 0.0083 0.0074 0.0050
0.877 0.0167 0.0148 0.0118
0.723 0.0250 0.0222 0.0261
0,831 0.0%333 0.0296 0.0263%
0.923 0.0417 0,0%70 0.0267
0.831 0.0500 0,044 0.0395
0.692 0.0583 0.0518 0.0664
0.523 0.0667 0.0592 0.1329
0.492 0.0750 0.06656 0.1689
0.446 0.0833 0.0740 0.2285
0.431 0.0917 0.0814 0.2691
12 1.000 0.0000 0.0000 0.0000
0.765 0.0083 0.0068 0.0071
0.809 0.0167 0.0135 0.0126
0.691 0.0250 0.0203 C.0260
0.750 0.0333 0.0270 0.0295
0.618 0.0417 0.0338 0.0543
0.515 0.0500 0.0405 0.0937
0.529 0.0583 0.0477 0.1036
0.412 0.0667 0,0540 0.1952




TABLE XI

DATA FOR FIGURES 14 AND 22

]
n
[

PxL = 19.22 psia Thermocouple 1l-1 = 5.478 mv
Bubble Time
Number D/Do Second tH tR
13 1.000 0.0000 0.0000 0.,0000
0.925 0.0083 0.0021 0.0021
0.762 0.0167 0.0043 0.0063
0.795 0.0250 0.0064 0.0087
0.902 0.0333 0.0086 0.0090
0.902 0.0417 0.0107 0.0113%
0.895 0.0500 0.0129 0.0138
0.886 0,0583 0.0150 0.0164
0.820 0.0667 0.0171 0.0218
0,778 0.0750 0.0193 0.027%
0.868 0.,08323 0.021k4 0.0243
0.770 0.0917 0.0236 0.0341
0.770 0,1000 0.0257 0.03%72
0.770 0.108% 0.0278 0.0403
0.680 0.1167 0.0300 0.0556
0.623% 0.1250 0.0321 0.0709
0.590 0.1333 0.0343 0.0844




TABLE XIT

DATA FOR FIGURES 15 AND 22

122

E”L = 25,16 psia Thermocouple 2<1 = 5.422 mv
Bubble Time
Number D/Do Second tH tR
14 1.000 0.0000 0.0000 0.0000
0.873% 0,008% 0.0008 0.0014
0.9%45 0.0167 0.0016 0.0023
0.93%6 0.0250 0.0025 0.0035
0.928 0.0333 0.0033 0.0048
0.964 0.0417 0.0041 0.0055
0.700 0.0500 0.0049 0.0126
0.745 0.0583% 0.0057 0.0130
0.736 0.0667 0.0066 0.,0152
TARLE XIII
DATA FOR FIGURES 16 AND 22
P = 27.76 psia Thermocouple 1-1 = 5.425 my
Bubble Time B
Number D/Do Second tH cR
15 1.000 0.0000 0.0000 0.0000
0.864 0.0083 0.0016 0.0029
0.848 0.,0167 0.,0033 0.0060
0.879 0.0250 0.0049 0.0084
0.803 0.0333% 0.0066 0,0135
0.773 0.0417 0.0082 0.0182
0.773 0.0583 0.0115 0.0255
0.697 0.0667 0.0132 0.0358
0.803 0.0750 0.0148 0.03%03
0.712 0.0833 0.0164 0.0429
0.803 0.0917 0.0181 0.0371




TABLE XIV

DATA FOR FIGURES 17 AND 22

PmL = 21.32 psia Thermocouple 2-1 = 5.442 mv
Bubble Time
Number D/Do Second tH tR
16 1.000 0.0000 0.0000 0,0000
0.900 0.0083 0.0013 0,0050
0.830 0.0167 0.0025 0,0117
0.915 0.0250 0.003%8 0.0144
0.746 0.0333 0.0051 0.0290
0.763 0.0417 0.0063 0.0%46
0,695 0.0500 0.0076 0.0500
0.881 0.0583 0.0088 0.0363
0.847 0.0666 0.,0101 0.0449
0.678 0.0750 0.0114 0,0789
0.508 0.0833 0.0126 0.1590
0.610 0.0917 0.0139 0,1191
0.525 0.1000 0.0152 0.1754
0.491 0.1083 0.0164 0.2172
0.576 0,1167 0.0177 0.1700
0.525 0.1250 0,0189 0.2193
0.491 0.1333 0.0202 0.2674
O.k424 0.1416 0.0215 0.3810
0.305 0.1500 0.0227 0.7795
0.373 0.1583 0.0240 0.5502
0.%22 0.1667 0.0253% 0.7772
0.305 0.1750 0.0262 0.8975
0.305 0.1833 0.0278 0,9529




TABLE XV

DATA FOR FIGURES 18 AND 22

124

eoL = 22,46 psia Thermocouple 2«1 = 5,429 mv
Bubble Time
Number D/Do Second tH tR
17 1.000 0.0000 0.0000 0.0000
0.893% 0.0083% 0.0010 0.0050
0.893 0.0167 0.0021 0.0100
0.872 0.0250 0.0031 0.0158
0.830 0.0%3%3 0.0042 0.0232
0.745 0.0417 0.0052 0.0360
0,660 0,0500 0.0062 0.0551
0.575 0.0583 0.0073 0.0847
0.596 00,0667 0.0082 0.0877




TABLE XVI

DATA FOR FIGURES 19 AND 22

125

P = 22.48 psia Thermocouple 2-1 = 5.428 mv
Bubble Time
Number D/Do Second t"H tR

18 1.000 0.0000 0.0000 0.0000
0.943 0.0083 0.0016 0.0071
0.886 0.0167 0.0036 0.0161
0.914 0.0250 0.0050 0.0227
0.857 0.0333 0.0076 0.0346
0.829 0.0417 0.0102 0.0461
0.743 0.0500 0.0152 0.0689
0.629 0.0583 0.0248 0.1122
0.571 0.0667 0.0344 0.1555
0.543 0.0750 0.0428 0.1935
0.514 0.0917 0.0584 0.2642

19 1.000 0.0000 0.0000 0.0000
0.971 0.0083 0.0015 0.0071
0.882 0.0167 0.0036 0.0163
0.912 0.0250 0.0051 0.0229
0.882 0.0333 0.0072 0.0326
0.677 0.0417 0.0153 0.0692
0.618 0.0500 0.0215 0.0971
0.588 0.0583 0.0284 0.1284
0.647 0.0667 0.0268 0.1212
0.470 0.0750 0.0571 0.2582
0.391 0.0833% 0.0916 0.4145

20 1.000 0.0000 0.0000 0.0000
0.970 0.0083 0.0015 0.0067
0.970 0.0167 0.0030 0.0135
0.970 0.0250 0.0045 0.0202
0.760 0.0333 0.0097 0.0439
0.667 0.0417 0.0158 0.0713
0.636 0.0500 0.0208 0.0941
0.606 0.058% 0.0267 0.1209
0.606 0.0667 0.0305 0.1381
0.546 0.0750 0.0423 0.1914
0.546 0.0833 0.0470 0.2126
0.424 0.0917 0.0858 0.3882
0.333% 0.1000 0.1517 0.6863
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TABLE XVII

DATA FOR FIGURES 20 AND 22

EnL - 19.06 psia Thermocouple 2~1 = 5,440 mv
Bubble Time
Number D/Do Second tH ﬁR
21 1.000 0.0000 0.0000 0,0000
0.867 0,0083 0.0002 0.0021
0.928 0.0167 0.0005 0.003%6
0.916 0.0250 0.0007 0.0056
0.867 0.033%3 0.0009 0.0083
0.880 0.0417 0.0012 0.0100
0.855 0.0500 0,001k 0,0128
0.855 0.0583 00,0017 0.0149
0.916 0.0666 0.0019 0.0148
0.855 0.0750 0.,0021 0.0191
0.807 0.0833% 0.0024 0.0239
0.843 0.0917 0.0026 0.0241
0.807 0.1000 0.0028 0.0286
0.916 0.1083 0.0031 0.0241
0.867 0.1167 0.0033 0.0289
0.795 0.1250 0.003%5 0.03%69
0.759 0.1333 0.0038 0.0432
0.892 0.1416 0.0040 0.0%32
0.638 0.1500 00,0042 0.0687
0.627 0.1583 0.,0045 0,0751
0,674 s 0.1667 0.0047 - 0.0684
0.650 0.1750 0.0050 0.0773
0.578 0.1833 0.0052 0.1023
0.590 0.1917 0.0054 0.1027
0.566 0.2000. 0.0057 0.1164
0.566 0.2083% 0.0059 0.1213

Transient Pressure Data

The pressure-time relationship for all of the data in this section
is given in Figure 27. The liquid temperature for this data was 145.2°R.

Table XVIII gives the measured diameters and time for bubbles No. 22-24.



TABLE XVIII

DATA FOR FIGURES 23-25

Bubble Diameter Time Bubble Diameter Tims
Number Inch Second Number Inch Second
22 0.0349 0,0000 23 0.0%316 0.0000
0.0338 0.0083 0.0326 0.0083
0.0%32 0.0167 00,0372 0.0167
0.0338 0.0250 0.0450 0.0250
0.03%83% 0.03%3% 0.0360 0.0333
0,0248 0,0417 0.0338 0.0417
0.023%6 0.0500 0.0400 0.0500
0.0259 0.0583% 0.0422 0.058%
0,028 0.0667 00,0484 0.0667
0.0293 0.0750 0,0450 0.0750
0,030k 0.0833 0.0507 0.0833
0.0%49 0.0917 0.0507. 0.0917
0.0394 0.1000 0.0540 01000
0.0394 0.1083 0.0653% 0.1083
0.0383 0.1167 0.0653% 0.1167
0.0495 0.1250 0.0788 0,1250
0,0495 0.1333 0.0800 0.1333
0.0541 0.1417 0.0754 O.1h17
0.0586 0.1500 0.0834 0.1500
00,0631 0.1583 0.0732 0.1583
0.0686 0.1667 0.0956 0.1667
0.0698 0.1750 0.1022 0.1750
0.0788 0.1833 - 0.1281 0.1833
2L 0.0298 0.0000 24 0.0653% C.108%
0.0349 0.0083 0.0618 0.1167
0.0343 0.0167 0.0698 0.1250
0.0394 0.0333 0.0754 0.1333
0.0%82 0.0417 0.0720 C.lh17v
0.0405 0,0500 . 0.0731 0.1500
0.0%38 0,0583 0.0709 0.1583
0.0433 0.0667 0.0821 0.1667
0.0L461 0.0750 0.0832 0.1750
0.0473 0,083%3 0.1091 0.1823
0.0507 0.0917 0.1035 0.1917
0.0552 0.1000
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