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ABSTRACT

Condensation, of steam bubbles generated at an
orifice and rising freely through water, subcooled from 5
K to 36.6 K at pressures of 1 bar and 2 bar, has been
analysed theoretically and experimentally. Orifice
diameters were 1 mm and 2 mm, and steam flow rates of 0.5,

1 and 1.5 g/min were used.

The data indicate a decrease in collapse Fourier
number with increase Iin either Jakob number or steam flow
rate, or with a decrease in pressure, while change in

orifice diameter does not have a significant effect on

collapse Fourier number,

Average values of heat transfer coefficient around

the collapsing bubbles have been determined to be between
0.15 . 10° - 0.35 . 10°® W/m32K,

The effect of bubble distortion and of local heating

of the liquid, close to the orifice, due to condensation
of the bubbles, have both been included in the

quasi-steady state theory which has been presented. The
experimental data 1s compared with the theoretical

predictions.

A semi-empirical correlation for bubble rise height
has been proposed, which is also based on the quasi-steady

theory combined with a correlation for the velocity of
steam bubbles condensing in subcooled water.
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NOMENCLATURE

3
Ar Archimedes number = 5%9-

A, the surface area at the rear of the bubble, m*

p
B parameter defined as B = Ja?,=—, L
Ro"' AP

Barr Parameter defined by equation (2.10)
C1 variable defined by equation (A 6.19)
Cp constant defined by equation (A 6.16)

Cy the centre line of the inlet oriflce

CX horizontal distance of the centrold of the
bubble from the orifice centre line, mm

CY vertical distance of the centroid of the bubbdble
above the orifice, mm

Cp specific heat, J/kg.K
D diffusion coefficient, m?/s
d orifice diameter, mm

"2
Ec Eckert number = L
d“lcpiPOizTo-Tws
P.popno.d"
Eu Euler number = —=fo-.=_

m

F number of frames in c¢cine film



Fo

Foo

Foe

Fr

LE

LP

Fourler number for the collapse

q,.t

region = TR 2
o

Fourier number for the growth and

c ot
collapse regions = t
YRy
Q ntc
collapse Fourier number = ﬁ%—T—
o
h 2
Froude number = —g—
8d”po

gravitational acceleration, m/s?

instantaneous heat transfer coefficient
¢+ heat transfer coefficient, W/m2K

specific enthalpy of evaporation, J/kg

P .C

Jakob number = Sf—2PI
PgeNrg

thermal conductivity, W/mK

mass transfer coefficlent, m/s

distance of leading edge (i.e. top most
point) of the bubble above the orifice, mnm

distance of lowest point of the bubble
above the orifice, mm

m,mg Steam mass flow rate, g/min
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Nu

Pe

Peg

Pr

Re

Reo

AT

instantaneous Nusselt number

pressure in the bubble chamber, bar

pressure, N/m?

2R

Q

Peclet number =

Peclet numdber = 35&!

Prandtl number = -

a

2

h
f

R

rate of heat transfer from the bubble

at time t, W

heat flux at angular position © on the surface

of the bubble, W/m?

equivalent bubble radius, mm;

bubble wall radial velocity =

2R

Reynolds number = S

Reynolds number = g%ﬂ!

- 2RUE
u

bubble radius, m

d

bubble radius at detachment, m

radial coordinate, m

surface renewal rate,

temperature, K

1/8

R
t

m/s

subcooling or superheating of water relative

to steam, K

E L T )

wlivlingr =

n e el s ey € =

B b B el gl gyl gl

ix



At

We

time from the beginning of bubble growth or
bubble detachment, ms; time, s

time from detachment to a mean point between
successive frames, ms

time interval between alternate frames in
¢cine film, ms

average vertical velocity of bubble during
condensation (after detachment), mm/s;
bubble rise velocity, m/s

velocity in the radial direction, m/s

velocity Iin the tangential direction, m/s

bubble volume, m?

steam volume flow rate, mm?/s

Weber number = -d—r—UT
] ' o

velocity of subcooled liquid in bubbdble
chamber or flow channel, mm/s

radial distance from the bubbdble
surface = r-R , m

dimensionless bubble vyolume = m L

'§'l “Ro'



thermal diffusivity, m?/s

dimensionless radius based on bubbdble

radius at detachment = %—
O

dimensionless radius based on maximum

R
radiusg = R

polar angle from vertical defining the base

of the spherical-cap bubble, radians

thermal boundary layer thickness, m

dimensionless variable = {%)’ s rate of

energy dissipation by turbulence per unit
of mass, W/kg or m?/s?

total rate of energy dissipation per unit
of mass, W/kg or m?/s?

polar angle from vertical, radians
dynamic viscosity, Ns/m?

kinematic viscosity « u/p, m2/s

density, kg/m?

surface tension, N/m

dimensionless temperature ratio = %%%%—
o
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v bubble shape factor defined by
equation (5.50)

Subscripts

a average

b bubble ;3 back

C condensation or collapse region

d detachment

g fluid ;: front

8 growth region

i vapour water interface

| liquid

m maximum : mean

o value at detachment ; {nitial value

r rear

s steam §; separation

sat saturation

T,t total

v vapour

W water : wake
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- bulk liquid value

Y to define heat transfer from spherical-cap
bubbles

Note: The nomenclature f{or experimental parameters
and the experimental results on the test data
sheets are given in section 4,2,
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INTRODUCTION




1.1 General aspects of direct contact condensation

Direct contact condensation is {important 1in the
design of equipment such as condensers, cooling towers,
feed water heaters and deaerators, It 1s of current
importance Iin the development 6: economic water
desalination units, utilisation of geothermal brine for

energy production and emergency cooling of nuclear
reactors.

The advantages of direct contact condensation over
conventional processes using metallic transfer surfaces,
are due to relative simplicity of design, reduced
corrosion and scaling problems, lower maintenance costs,

greater heat transfer area for a given volume, higher heat
transfer rates and lower temperature driving forces.

The limitations of direct contact condensation are
due to the physical properties of the fluids in contact;
low solubility, low viscosity and surface tension,
differences in the specific gravities for ease of
separation with no affinity for stable emulsions, chemical

inertness and stability being required for economical and
trouble free operation,

While condensation on a solid surface is limited only
by the extent of the surface and the rate of cooling of

the surface, direct contact condensation {s naturally
limited by the balance between the latent heat of

condensation and the sensible heat that the liquid can
absord until saturation is attained,



1.2 Emergency cooling of nuclear reactors

When a loss of coolant accident (LOCA) occurs in a
nuclear reactor, due for example to the fracture of a maln
pipe In a Pressurised Water Reactor (PWR), various types
of direct contact condensation may occur, *dependent on the
methods adopted to counteract the effects of the fracture
(see Fig. 1.1 for a typical PWR loop). The resultant
direct contact condensation betﬁeen vapour and water may
be
1) Condensation of steam bubbles or Jets in a pool

of water : e.g.,

1) In the upper plenum and/or reactor core

when hot leg emergency core cooling (ECC)
injection is employed,

ii) 1In parts of the downcomer,
i{1{) In the containment vessel.

2) Steam condensed by a spray of water : e.g., in
the upper plenum with hot leg ECC injection.

3) Steam condensed in a parallel stream with water:
8.8,
1) As a falling film from the upper plenum,
i{) In the downcomer,
{i1) In the lower plenum,

When the emergency core coolant is injected through a
hot leg during a LOCA in a PWR, water enters the upper
plenum of the reactor vessel and falls on to an upper core
plate (adapter plate or tie plate) and tries to penetrate
to the reactor core against a flow of rising stean, In
the safety analysis and prediction, informatidn s
required on the effectiveness with which the water

penetrates to the core and on the steam water interactlions
{in the upper plenum and at the core plate.
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1.3 Project description

This work is a study of the behaviour of steam
bubbles generated at an orifice and passing upward through
a water pool in a bubble chambdber., The experiments were
carried out to find out whether the bubbles condensed
completely within a prescribed liquid pool helight or
whether they escaped through the pool,

The main variables in the tests are, the helght of
the liquid pool, the water subcooling relative to the
steam, the steam mass flow rate, the orifice dlameter and

the syastem pressure, The experimental results are
compared with predicted bubble collapse rates obtained
through a theoretical analysis,



CHAPTER 2

LITERATURE REVIEW




2.1 Introduction

The processes governing the growth or collapse of
vapour bubbles in a liquid pool are determined mainly by
the temperature of the liquid and by interactions
resulting from the hydrodynamic behaviour of the bubbles
in the liquid pool. The precise effects of thess
parameters can involve both heat transfer between bubble
and liquid, and 1iquid inertia. In some cases liquid
inertia may be the dominant feature while in others heat
transfer may be the main factor controlling growth or
collapse. Many research workers, using an extended form
of the Rayleigh equation, originally developed for the
collapse of a cavity in a liquid, have demonstrated the

close relationship between the phenomena of bubble growth
and those of bubble collapse.

This, of course, implies that many of the features
noted by these workers in bubble growth may also be
{important factors in the field of bubble collapse.

2.2 GCrowth of vapour bubbles

An extensive amount of work has been carried out into
the growth of vapour bubbles in a superheated l1iquld and
much of this has been the subject of a comprehensive
review In a book on bolling phenomena by Stralen and Cole
[1]. In addition, Bankoff [7] has given an extenslive
review of heat transfer controlled bubble growth,

As mentioned earlier much of this work owes a great
deal to Rayleigh [3]. In his work on the collapse of a
spherical cavity in a liquid under a constant pressure

difference, he derived an equation giving the time for the
inertia controlled collapse of a bubble as



3p | s/ 2
) J B*/2 dg
t = Ro V335 Pf_ (1=§5) 172 (2.1)

Further work by Forster and Zuber [4], Plesset and

7wich [5] and others led to an extended form for the
equation of motion as

e 3%, _ AP(t) _ 20 _ , R
RR + > R l ﬁPR 4y R (2.2)

the last two terms beling included to account for surface
tension and viscous effects.

In boiling, the infitial stage of bubble growth, when
the vapour temperature equals the temperature of the
superheated liquid around it, is controlled mainly by
liquid inertia effects and a solution can be obtained
corresponding to that given by equation (2.1). As growth
continues, heat transfer effects become moré éignificant
and, towards the later stages of growth, when the vapour
pressure inside the bubble i1s approximately the same as

the system pressure outside the bubble, growth 1s
controlled by heat transfer, In general after a few

microseconds of inertia controlled growth the remaining
bubble growth takes place in a few milliseconds and 1n

most of the work reported in the next paragraph heat
transfer effectively controls the growth.

Stralen and Cole [1] reported that Bosnjakovic [38],
by assuming a conduction layer surrounding a spherical
bubble and by equating the heat conducted through this

layer to the heat absorbed by evaporation, showed that the
bubble radius was given by



R(t) = C Ja (at)/2 (2.3)

where the value of C depended on the time dependent

thickness assumed for the conduction layer, and Stralen

suggested

The same result was obtained by Forster and Zuber [4] who
considered the bubble boundary as a moving sink,. A

different value,

124/2
c = (=)

T ’

was obtained by Plesset and Zwick [5] who assumed a thin
boundary layer between the vapour bubble and the liquid

and applied a perturbation technique to a stationary
growing bubble, This value of

12f/2

C==[;—

was also obtained, by Birkhoff, Margulies and Horning
[39], in a detaliled solutlon for*a growing bubble and by
Sceriven [6] for large superheats. Scriven [6] also gave
an equation which he suggested was more accurate for small

superheats as

R(t) & (2Ja)?/ 2 (qt)3/2 (2.4)

Ruckenstein [8] investigated the effect of a constant
translational velocity on the bubble growth rate. He
reduced the energy equation in the liquid to the diffuslon

problem solved by Levich [9] giving the temperature
distribution around the bubble as



10

% UR y sin?e

— (2.5)
——
2#% UR’a(% - cose+§cos’9]

T-Ty __2
T ~Ti yn ert

and gave a correlation for the heat transfer rate as

1/2

Nu = (%) . Ppel/:z (2.6)

A further theoretical analysis by Ruckenstein and
Davis [31] assumed potential flow around a spherical
bubble ahd showed that for zero translational veloclity,
apart from the effect of an initial radius, the growth
rates conformed closely to the values given by Plesset and
Zzwick [5], (equation (2.3) with C = (12/7)%/ 2), but noted
that, at lower values of Jakob number'the growth rates
increased with increasing velocity although this effect
reduced with increase in Jakob number as radial convection
increased, being of no significance for Ja > 50. They
also pointed out that caution should be exerciséd in
applying this analysis to low Jakob numbers, especlially at
low translational velocities because, under these
conditions, the assumption of a thin boundary layer became
questionable. The theory was in good agreement with

Florschuetz et al's [40] data on growing and translating
vapour bubbles at uniform superheats in the low Jakob
number range (3 < Ja < 10).

Growth and collapse of vapour bubbles in liquid
nitrogen was studied by Hewitt and Parker [41]. Thelr
experimental data for bubble growth in boilihg was 1n good

agreement with the Plesset and Zwick [5] theory (equation
(2.3) with C = (12/%)1/2),
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2.3 Condensation of vapour bubbles

Although 1t was 1mpiied in the previous section that,
for bubble growth in a liquid of small superheat, liquld
inertia effects soon became negligibleqand thereafter
growth was controlled by heat transfer, the same
conditions do not necessarily apply throughout bubble
collapse. Thus, in highly subcooled boiling, where the
temperature driving'force remains relatively large, bubble

collapse appears to be dominated by liquid inertia.

Florschuetz and Chao [10] investigated the relative
importance of liquld inertia and heat transfer on the
spherically symmetrical collapse rate of vapour bubbles

(see table (2.1) in the attached portfolio for
experimental values).

Bubble collapse was classified into 3 regions :

i) Where the Jakob number was high, so that the
wall temperature was approximately equal to the
bulk liquid tempefature so that the vapour
pressure remained constant at the initlal value
throughout collapse, this lmplying liquld'
inertia controlled collapse and conforming to
the simple Rayleigh solution (see equ. (2.1)),

the solution for the dimensionless collapse time

being given as

t 2AP
T, = 5— Vo 2.
I Ro 3& (2.7)
1ii) Where the vapour pressure in the bubble remained
equal to the system pressure, so that liquid
inertia effects were negligible and collapse was
dominated by heat transfer, Neglecting the

effects of surface curvature, a plane interface
solution was derived for heat transfer



ii11)
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controlled collapse as

B = 1- THZ (2.8)

where ﬁi --E—Jaz at

ﬂ Ro*

The Plesset and Zwick temperature integral was
solved leading to a solution for the
dimensionless time, v , in heat transfer
controlled collapse as

1 ¢2
T, = 3 (E + B2 '3) (2.9)

Although both equations (2.8) and (2.9)

were approximate results, hevertheless it was
concluded that these two equations should
represent lower and upper limits to the collapse
time for heat transfer controlled collapse and
that in each case the nature of the collapse was
quite different from the inertia controlled
collapse of equation (2.1).

In general cases, where both liquid inertia and
heat transfer affected the collapse, the
relative importance of the two effects was

considered to depend on the value of a
parameter,

1
B = Ja’-%; rp 9 heat transfer effects

becoming more important as B decreased and
liquid inertia effects more important as B
increésed. They also included an interesting
1ndicatioh that, for certain intermediate values
of B (0.05 < B < 10.0) the combined effects of
liquld inertia and heat transfer could produce a
range of alternate collapse and regrowth perilods
before collapse finally continued.
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An effective value of B was defined as

Pysat

Bere = V2B ("= )°2 (2.10)

where .y was a factor introduced to account for the
non-linearity of the vapour pressure and temperature
relation and used an average mean value of reference
density, E; for the temperature range T to Tgat-

They suggested that collapse would be heat transfer
controlled for Bgee < 0.05, and 1liquid inertia controlled
for Beee > 10.0 with both effects present in varying
amounts betﬁeen these values. However it may be noted
that, In the example glven for heat transfer controlled
collapse of water vapour bubbles at atmospheric pressure,
for 40 £ Ja < 100 the value of Bopps was always greater
than 0,05 while for inertia controlled collapse with 150 <
Ja & 250 Berr Was always less than 10. |

For heat transfer controlled collapse, the collapse
rates were, in general, faster than given by equation
(2.9) although agreement was reasonably good with
theoretical predictions for low translational velocities,
but the collapse rates 1ncreased 1if transla%ional
velocitlies were significant, in some cases collapse being
more rapld than that given by the plane interface solution
of equation (2.8). It was suggested that deviation from
the slow collapse rate of equation (2.9) would be greater
for small values of Jakob number, due to the relatively
earlier breakdown of the thin thermal boundary layer
approximation for slowly collapsing bubbles. They noted
that results published by Levenspiel [21] géve a more
rapid collapse rate than any of the above and showed a
markedly faster collapse even than that indicated by the

lower bound equation (2.8). However these collapse rates



14

were still very much slower than for purely inertia
controlled collapse and it was suggested that the rapidity
of collapse in this case was due to the high translational

velocitles of the bubble and that liquid inertia effects
were insignificant,

Wittke and Chao [11] used the same apparatus as
Florschuetz and Chao [ibl. modified to study the effects
of translational velocity and the presence of
noncondensables in the collapsing bubbles (see table
(2.1)). As it was considered that translational velocity
woﬁid ﬁave little effect in liquid inertia controlled
collapse, attention was directed solely at heat transfer
controlled collapse, but they rejected the thin boundary
layer assumption of Plesset and Zwick as unsatisfactory
and obtained a numerical solution of the governing
equations. Thelr experimental results showed reasonably
good agreement with their theory. It was shown that, at
any value of Jakob number, an 1nérease in translational
velocity not only increased the collapse rate, but in the
absence of noncondensables caused it to increase with time.
However, the presence‘of noncondensables, except for |
stationary bubbles at very low Jakob numbers, caused a
reduction in the collapse rate, with the collapse rate
decreasing as collapse continued. They found that the
Florschuetz and Chao upper bound solution was
theoretically valid for large Jakob numbers but the
applicability was restricted as heat transfer controlled

collapse would only occur at low values of Jakob number.

Brucker and Sparrow [12] investigated the collapse of
water vapour bubbles of abéut 3 mm initial diameter, at
pressures in the range 10.3 to 62.1 bar, subcoolings from
15 to 100 K (see table (2.1)). They found the bubble
translational velocities éﬁpréximately constant, with a
range from 150 to 220 mm/s, and also that the bubbles
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followed a pattern of spherical at detachment, changing to
hemispherical, then to ellipsoidal at which condition the
shorter lived bubbles collapsed, while longer lived
bubbles changed again to spherical shape before final
collapse. It was noted that, irrespective of the total
bubble céllapse time, the times of change to hemispherical
and then to ellipsdidal were essentially constant at about
0.010 and 0.020 seconds respectively. The average heat
transfer coefficients obtained were about 10* W/m2K and
both collapse time and height to collapse incréased with

increasing pressure and decreasing temperature difference.

Empirical relations were given for both the collapse
time and the height to collapse in the form

Fo, = 13.9/Ja®/% Ral/? (2.11)
and Zc _ s/s t/ |
e 1536/Ja . Ra (2.12)

where Ra = [8g(p =p )Rg*/p v 2].Pre
| VvV t f
Nordmann [13] studied the heat transfer around

bubbles supplied through an orifice into a slightly
downwards flow of water (see table (2.1)). Using

sensitive pressure transducers, coupled with high speed
film of the emerging bubbles, pressure fluctuations were

recorded near the surface of the condensing bubbles.

These measurements, showed that the maximum pressuré
fluctuations occurred at detachment, with a further
slightly lower amplitude fluctuation towards the end of
collapse. It was noted that the magnitude of the
fluctuation depended on the Jakob number, the effect belng
much greater for Ja > 100 than for lower values of Ja.

The amplitude of the fluctuation against condensation

time was plotted as shown in Fig. 2.1, which clearly
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indicated, that for Ja > 100, the amplitude increased

. rapidly as the condensatién time was reduced, while for
Ja < 100 there was comparatively little change of
amplifude with change in condensation time,

R

o 0,25 bar

¢ 0.5 =

- v | »

v 2 »

® 8

Ja <100

T;“.‘J-—_;_v_______'__
.—_'.——_—'—————r——_——'"
X0 15 20 25 tyims}

Fig. 2.1 Maximum pressure amplitude - Py at the end of

condensation as a function of condensation time, ty [131].

Holographic interferometry was also used, tiis beling
-only feasible while a stable smooth boundary layer
prevalled at the phase boundary of the condensing bubbles,
This was the case for Ja < 30, the irregularity of the
surface increasing as the Jakob number increased,
eliminating the regularity of the fringe pattern around
the bubbles,. It was concluded that the presence of the
thermal boundary layer indicate& that the bubble collapse
was dominated by heat transfer for Ja < 30, while the

pressure fluctuation pattern indicated that for Ja > 100,

the collapse was dominated by liquid inertla effects,-and

for 30 < Ja < 100 there was a transition region in which
‘both effects were present.

Values of Bepe, as defined by Florschuetz and Chao
[10], were obtained as Bgpee < 0.025 for heat transfer
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controlled collapse and Bgee > O.44 for liquid inertia
controlled collapse compared with the values of Bare
< 0.05 and Bgee > 10 given by Florschuetz and Chao.

In the heat transfer controlled region, it was
observed that the bubble formed a long neck before
detaching as hemispherical, changing to pear—-shaped and
back to hemispherical before collapsing as horizontal
ellipsolds., Also, after detachment the bottom of the
bubble rose rapidly, passing through the bubble volune,
penetrating and deforming the top of the bubble. - This
sometimes caused entrainment of water into the bubble and

the emergence of tiny water droplets or steam bubbles at
the top of the bubble,

In the transition region, the turbulence at the phase
boundary increased with increase in Jakob number and the.
detached bubble shape alternated between hemispherical and
ellipsoidal. The neck at detachment became shorter,
condensatioﬁ occurred more around the bubble, the

translational movement of the centre of gravity was
greatly reduced. The top of a bubble frequently
penetrated the ﬁreceding bubble producing a toroidal
volume with rapld collapse.

In the 1nertla controlled region, the turbulent

bubble surface continually changed shape during growth.
Detachment occurred with a short neck and after detachment
condensation took place all around the bubble, with no

apparent translational movement of the centre of gravity.

Nordmann [13] applied the Nusselt equation for a
solid sphere, Nu = cRe®.Pr® [14] and, using the bubble
wall veloclity as the characteristic velocity, obtained for

the heat transfer controlled and transitional regions the
equation
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B = (1-2.95.102 Pr®:2¢ ja®.87 Fg)s (2.13)

where s = 1-0.005.Ja (for 0 < Ja < 100),

For the heat transfer controlled region, heat

transfer coefficlents were determined from the fringe
patterns around the bubbles, and the disturbance in these

fringes meant that in only a few cases was it possible to
calculate the coefficients after detachment and even then
only for one or two frames. This meant that in most

cases the heat transfer coéfficlents were determined just

before detachment.

The heat transfer around the top half of the bubble
was related to the equation Nu = cRellPr?, modified by
inclusion of the Jakob number and the density ratio, R//ﬂ
with the downward velocity of water as the characterlistic
veloclty. Two values of Nusselt number were determlned;
one at the top of the bubble (0 = 0°) Nugy and one at thé
side of the bubble (0 = 90°) Nug, and these were expressed

as
R o1
Nuy = 4000.Re®+2% Ppro%.68 gao°t? (ﬁLﬂ > (2.14)
. _ 1 .
rpv .75
Nug = 253.Re®+*'.Pro-%¢ _gao.3¢ (—) (2.15)
. . , pL‘ .
where Re = 23w
1

A mean Nusselt number defined as Nup = v/Nug.Nug was thus

given as

b, o
Nuy = 1000.Re®«33ppo.6s gao.27 (X7

i

The values of heat transfer coefficient calculated

(2.16)

were up to 65000 W/m*K, with a maximum value at the top of
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the bubble gradually decreasing down towards the 90°
position, The mean value around the bubble surface
increased with increase in pressure. Thick thermal
boundary layers formed around the neck of the attached
bubble reducing the heat transfer in that reglon.

Mayinger and Chen [15], using the same apparatus as
Nordménn, carried out exﬁeriments on the collapse of
bubbles of R113 vapour having initial diameters about 2 mm
(see table (2.1)). The tests were carried out over a
range of pressures from O.4 to 4 bar with subcoolings from
5 to 60 K. The experimental data were correlated,
together with those of Nordmann [13] and Brucker and
Sparrow [12], to show that the heat transfer coefflicient
was apparéntly unaffected by the value of Jakob number in
the range 1.6 $ Ja £ 60, and agreement, within the range
of the expérimental data, was obtained, to within + 50%,
with the Nusselt equations for a solid sphere

Nu = 0.37 Re®+% pri/s (2.17)
and
Nu = 2,0 + 0.6 Re®-3 ppt/: (2.18)
where Re -—2-591
't

Denekamp et al [16] carried out a study into the
behaviour of water vapour bubbles, injected under
sub-atmospheric conditions into a co-current flow of water
subcooled by 1-5 K (see table( 2.1)). Their main
interest lay in the behaviour of the bubble prior to
detachment. It was observed that the bubbles left the
orifice in pairs, and that after detachment, the second
and smaller bubble was sucked into the leading bubble so
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that the combined bubble formed a mushroom shape. Values
of condensed mass, detachment diameter and bubble
frequency were presented related to subcooling, with water
temperature and water level above the oriflice as
parameters, Approximately half of the vapour was
condensed before detachment. The governing conservatlon
equations were solved numerically, and attentlon was
directed at the leading bubble of each pair to derive a

theoretical prediction for detachment radius and amount of
condensation before detachment.

Delmas et al [17] Investigated the influence of
noncondensable gas on the collapse of vapour bubbles (see
table (2.1)). The bubbles were obtained by boiling under
vacuum and collapse iInitiated by increasing the pressure
to atmospheric. Collapse rates were compared with the
inertia controlled collapse of Rayleigh modified Dby
assuming an isentropic pressure change within the bubble,
This resulted in a much slower collapse, together with a
significant oscillation in bubble radius, these
oscillations also appearing in the experimental
measurements, with a time lag of 0.4 to 0.8 ms. The
collapse rates were, Iin general, between the values glven
by Florschuetz and Chao [10] (equations (2.8) and (2.9))
although as the nitrogen content increased, the collapse
rates were much slower than those indicated by equatlion
(2.9). The effect of the noncondensable gas on bubble
stability was also noted and four regions indicated
depending on bubble iInitial radius and on pressure

difference :

1) Stable region at low initial radius and low
pressure difference,

i1) At high initial radius and high pressure
difference, considerable oscillation occurred

during collapse with a sudden explosive rupture
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iv)
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when the bubble attained a minimum size,

At high initial radius but low pressure
difference, bubble rupture by progresslve
division due to condensation in preferential
sites, |

A mixed region, between (ii) and (ii1ii) at medium

pressure difference and high initial radlus.

Bankoff and Mason [18] measured turbulent heat

transfer coefficients at the surface of bubbles collapsing

in a counter current stream of subcooled water (see table

(2.1)) and observed three different types of bubble

depending on steam flow rate and water temperature :

i)

ii)

At low steam flow rates and high subcoollngs
(50-73 K); essentially ellipsoidal bubbles of
smooth surface with initial diameter of about
0.5 mm and a frequency of about 2500 Hz
corresponding to the bubbles observed by Gunther

[43] in subcooled nucleate boiling. These

bubbles were correlated to within + 20% by the
equation,

Nu = 0.000374 Pels?7% gtl.5 (2.19)

where the Strouhal number, St, is the ratio of
mean bubble wall velocity and liquid jet
velocity

At Increased steam flow rates and decreased

subcoolings (about 50 K) the bubbles had a
frequency of about 720 Hz and collapsed as

irregular ellipsoids conforming, to within
20%, to the equation

Nu = 21.1 Pg %«*°%% gSto0.2 (2.20)
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iii) At even lower subcoolings (18-30 K) the bubbles
were of 1irregular shape, of initial diameter
from about 1.2 to 4.5 mm, with large volume
oscillationé; had a frequency range of 200 to
1000 Hz, did not collapse completely and
éonformed, to within ¢+ 50%, to the equation

Nu = 63.7 Pe%+265 g¢t—0,1 (2.21)

The authors also concluded that a much larger
proportion of the heat transfer was due to latent heat
transport than had been previously estimated, this
fraction decreasing with increase in subcooling and
increase 1In liquid jet velocity but increasing with heat

flux and dominating near burn-out (max. heat flux).

Dimié& [19] carried out a theoretical investigation
into the collapse of one component vapour bubbles with
translatory motion in subcooled liquid. The differential
energy equation was solved to obtain an expression for the
thickness of the thermal boundary layer around the bubble
and hence a general solution was derived for the variation
in bubble radius with time, qualitatively similar to that
of Ruckenstein's [31]|for bubble growth. A solution was
then derived for the collapse of a stationary bubble as

16 2 1 16 -3/,

B = 2[1+;— JazFO) «CO3 [§[n+arccos(1+?— JazFo] ]]

(2.22)

which agreed, to within + 6%, with equation (2.9) of
Florschuetz and Chao and equation (2.24) of Voloshko and
Vurgaft [20], and was in qualitative agreement with the
bubble growth solution of Skinner and Bankoff [44].
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By assuming quasi steady state conditions throughout
collapse and assuming a range of functional relationships
between translational velocity and bubble radius, a range

of solutions was derived for bubble radius versus time.

It is interesting to note that the solution for
constant translational velocity, 1.e.

2/s
g = [1-§— JaPe®+*Fo)

V=

was also obtained by Isenberg, Moalem and
Sideman [23].

Four other solutions were given for different radlus

dependent relationships in the form
8 = (1- C Ar3 prb Ja Fo)€ (2.23)

where Ar is the Archimedes number.

Voloshko and Vurgaft [20] presented an empirical
correlation for the collapse of steam bubbles in subcooled
water for 40 £ Ja £ 75 (see table (2.2) in the attached

portfolio),
B =1 - 6.7T76.10".Fo (2.24)

which agreed with the experimental data to within t 30%.
When compared with the Florschuetz and Chao [10] equation
(2.8), the collapse rate was slower for the eérly part
(down to B = 0.8) of the collapse time, but accelerated
during the later part to give a more rapid collapse, this

being possibly associated with the effect of translational
velocity.

Using equation (2.24) they obtained the equation for
heat transfer coefficient as
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h = 1.69u.10“.32§_ (2.25)

o,

Levensplel [21] studied the collapse of steam bubbles
in water Dy sudden*pressurisation while boiling under
vacuum conditions (see table (2.2)). Considering a
differential heat balance for the condensing bubble, he
derived a correlation for the instantaneous heat transfer

coefficient for his experimental data :
h = 1]416 -th ° 2.26
3 fg %, ( )

He then deduced the mean heat transfer coefficiént over

the collapse period as

Q
[ hdQ

0
hm = Q

where Q was the total heat transferred during the

collapse, and concluded that the mean value was 0.75 times

the instantaneous initial value, h,.

Prisnyakov [22] applied the first law of
thermodynamics, for stationary condensing bubbles assuming
the vapour obeyed the perfect gas laws, and obtained the

following equation,

Ja? Fo) (2.27)

where ¢ 1s a physical constant to be calculated for the

experimental condition, having values 1 to 0.96 for water
subecoolings 0 to 22 K.

Isenberg et al [23], assuming potential flow and
quasi-steady state conditions around condensing bubbles
derived an approximate analytical solution, including the
effect of noncondensables, As the solution related to

low Jakob numbers, the effect of bubble wall veloclity was
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neglected compared with that of translational velocity.
Using Ruckenstein's [8] heat transfer equation for

spherical bubbles rising independently in boiling liquid
they obtained the solution |

Japa T2/ 202 0 s/a (1-8 )2/ 2(p%/2+p */2)
sape?/*ro-f " [S(1-52/ ) f" an ‘(1—+Bf‘=—f>_(‘e"-7'ﬁ_f—7*_)']]
(2.28)

For a pure vapour*ﬁr = 0, and the equation reduces to

1 2/3
B = (1- %—Ja.l’e/z FO) (2.29)

Isenberg and Sideman [24] also presented a finite
difference numerical solution for bubbles with

noncondensables, condensing either in their own liquld or
in another immiscible 1iquid. Their experimental data
with pentane and steam bubbles condensing in their own

liquids agreed well with equation (2.28) especially at
high values of Peclet number, The agreement between the
numerical and analytical solutions was better at high
Peclet numbers and at low Jakob numbers but correlation of
the experimental data was better with the numerlical
solution for Ja > 30,

In the above analysis, involving noncondensables, 1¢
has been assumed that the noncondensables have been
homogeneously mixed with the vapour. Moalem and Sideman
[25] extended the analysis to include the build up of a
concentration of noncondensables near the phase boundary,
which is likely to occur in two component systems where
internal circulation is restricted, indicating that this
would slow down the collapse process. Moalem and Sideman
[26] also included the effects of translational velocity,
taken as constant for 2 mm < Ro < 4 mm, the solution
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corresponding to equation (2.28), and for Ro < 1 mm
assuming U « YR, obtained the relation

13/
1/ [ 4
JaPe; ., dFo = -Ll“ (—B"g-:g—?-)—- dR (2.30)
f

which in the case of noncondensables reduced to

1/2 “/s
L (1. 2
g = {1- 3=JaPeg . Fo) (2.31)
where Peg -_EE%HQ..

It is clear that, with increase in noncondensables
the rate of collapse would decrease, and in such cases the
radius dependent velocity changes would be slower, so that
the effect of the velocity would decrease with increase 1in
noncondensable content. This is borne out by equations
(2.28) and (2.30). When the analysis was extended to
forced flow boiling, where the bubbles detaching from the
surface were subject to a transverse flow of velocity U,

while rising with the velocity Uy = c¢/R, the equation
resulted as

v/ g7/ 2

JaPey?/ 2dFo = T H(prUR2) /v pe-p v dE (2.32)
f

where Ug = U,/Up and U, was the rise velocity
corresponding to the maximum radius at detachment, which
for the case of zero translational velocity reduced to
equation (2.30).

Equation (2.32) gave good agreement with the
experimental data of Abdelmessih et al [27] for a

noncondensable content corresponding to g = 0.U4.

f

Moalem et al [29] presented an approximate analytical
solution, related to the changes in temperature field and

flow velocity in bubble trains, for pentane bubbles, with
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or without noncondensables, condensing in liquid pentane
or in water, They showed the effect of bubble frequency
and the number of bubbles in a train on both the

temperature field and the flow velocity. The results

predicted the amount of liquid subcooling to maintain a
bubble train and the liquid height for complete

condensation, for different numbers of bubbles in a train

at glven freqdencies.

For a given number of bubbles in a train, increase in

frequency necessitated higher bulk liquid subecooling and

this effect was increased by the presence of
noncondensables for a given frequency. For a given bulk
liquid subcooling, frequency did not have any significant
influence on condensation height but the presence of
noncondensables iIncreased the condensation height.

Moalem et al [30] also presented an exact numericél
énalysis, solving the potential flow field and the energy
equation simultaneously for a bubble train. The solution

In the case of one bubble was in good agreément with the
previous analysis of Isenberg and Sideman [24] confirming
the reliability of the theory.

The agreement between the approximate analytical [29]
and the exact numerical [30] solutions was good,
especially at frequencies above 10 bubbles per second.

The assumption of the energy balance in the analyticai
solution, that all the heat accumulated within the liquid
envelope between the condensing bubble and the bubble
following it, was not completely fulfilled at low

frequencies when bubbles were far apart.

Moalem et al [30] showed that the bubble frequency
affected the condensation rate in two ways : (1) by
reducing the effective subcooling (due to condensation of

the preceding bubbles) leading to a reduction in the
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condensation rate, and (2) by increasing the bubble rise
velocity leading to an increase in the condensation rate.
At low frequencies (up to 12-14 bubbles per second),
increase in frequency reduéed the effective subcooling and
had 1little effect on the rise velocity, and thus decreased
the condensation rate. However, at high frequencles,
each bubble entered the wake region of the preceding
bubble, increasing the rise velocity and hence increased
the convection effects and the collapse rate which, for 26
bubbles per second, approached that of a single bubble.,.

I1f noncondensables were present, they had little effect on
the rise veloclity but affected the temperature field

tending to reduce the condensation rate even more.

The experimental data for pentane-pentane and
pentane-water systems were in good agreement with the
analytical solution except at high frequencies and/or high
noncondensable content. The bubbles deviated from the
assumed axial symmetry and, at high frequencies, different
interaction effects occurred as the bubbles approached

each other. The assumption of homogeneous distribution

of noncondensables was considered inappropriate when the

noncondensable content was high.

Schmidt [35] carried out a range of tests in which
highly superheated steam (100-200 K) was injected 1into
saturated water at high syétem pressures (see table (2.2)).
In such conditions, in contrast to those where saturated
steam 1s injected into subcooled water, the main thermal
resistance is Inside the bubble, where a thermal boundary
layer forms on the steam side of the steam-water 1interface.

He defined an average heat transfer coefficient, in the
range of 0.5 - 7.5 kW/m2K, as

TO—T
h __gﬂ.ln -T: (2.33)
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where S 18 average bubble surface area during growth, ﬁ is
steam mass flow rate, Tg and T, are the respective steam
temperatures at orifice outlet and inside the bubble at
detachment. The values obtained were about one order of
magnitude lower than values reported for the collapse of
saturated steam bubbles Iin subcooled water (see tables
(2.1) and (2.2) for values reported in the literature),
this indicating a better heat transfer when the main

thermal resistance was on the water side of the interface

rather than on the steam side.

Schmidt [35] reported an increase in heat transfer
coefficient with increased pressure (due to changes in
enthalpy of evaporation and in steam viscosity and thermal
conductivity). The coefficient also increased with
increase in orifice diameter and mass flow rate, the rate
of increase being greater for Re < 1300, at which value
there was a transition from steady state to unsteady state
bubble generation, There was no significant effect on
the heét transfer rate due to increase in the amount of
superheat in the bubble. The heat transfer coefficlents

were presented as Stanton number against Reynolds number,
to within + 204, in the form

h d 03
: _"_E"'—""T = constant.Re 66 f (2*'3”)

where the constant depends on orifice diameter (ranging
from 8 at d = 3 mm to 12 at d = 1.5 mm).

Schmidt [34] also noted that the bubble volume at
detachment and the bubble frequency both increased wlth
steam mass flow rate, the volume also increasing with
decrease in system pressure and increase in orifice

diameter, while, for a given mass flow rate, the frequency
increased with decrease in orifice diameter.
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The bubble surface area at detachment was gliven, toO
within + 30%, as

Fr ((Euq..Ec-)V2 ]'5.35 ]1/3

S = 1-913-10—3 dz ["'"'"""""—"'
N ) Re?We? \ Re

(2.35)

and the frequency of formation, to within + 10%, as

1/2

f = 3.08.10”2 {%) ., Rel®.%2s (2.36)

where Re = ﬁ/dﬂo-

Akiyama [36] investigated growth and collapse of
vapour bubbles in subcooled boiling (see table (2.2)).

Employing the heat transfer correlation, given by Grigull
[37], for solid spheres in laminar flow

Nu = 0.37.Re®-¢,ppt/* (2.37)

and from a heat balance for a collapsing bubble he derlved

the equation,
8 = (1 - 1.036. JaPe®+® pp~0°.27 pp)s/7 (2.38)

This correlation overpredicted bubble collapse rates when

compared with the experimental data.

2.4 Review findings

The following conclusions may be drawn from the

preceding literature review :
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There is a limited amount of experimental data and

theoretical study on vapour bubbles condensing in
subcooled liquids. When such experiments were performed,
no extensive or accurate analysis of the cine-films was

carried out because the necessary electronic equipment was

not in general use.,

None of the existing quasi-steady state theorlies take
account of radial velocities, bubble distortion or local
temperature differences produced around the condensing
bubbles, Each of these may have some effect on the
collapse rate of the bubble although the relative
magnitude of the different effects should depend on the
parameters controlling the collapse. For example, radial
veloclties may be comparable with the bubble rise veloclity
especially at high subcoolings , there may be bubble
distortion especlally early in the collapse and the
condensation of the bubble must lead to local heating of

the water around the bubble.'

Ruckenstein and Davis [31] presented a general

solution for a growing bubble, with allowance made for
radial velocity effects but with no allowance made for
either distortion or local temperature changes. This
gave the bubble radius R at any time t in terms of a
complicated integral equation, which was solved
fteratively for certain cases of the growth of vapour

bubbles, but the result is found to be too complicated for
ready engineering use.

It would therefore be desirable to obtain a more
complete solution, easier to use, and including the
effects of the three variables mentioned.
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3.1 Test rig

A schematic layout of the bubble chamber test rig is
shown in fig. 3.1. It consisted of three main parts; a

steam boller, a steam flow measuring section, and a bubble

test chamber, including an injection orifice.

3.1.1 The steam boiler

The stainless steel boliler was a vertical cylinder of
230 mm inside dlameter, 380 mm height and 12.7 mm
thickness. It was enclosed in another cylindrical steel
container insulated by two layers of bricks at the bottom.
The boiler was placed on top of a 3 kW external ring
heater embedded, in a layer of Kaowool ceramic fibre
(k = 0.08 W/mK), on the bricks. The sides and top of the
boiler were insulated by fibre glass (k = 0.03 W/mK).  An
additional 325 W immersion heater, controlléd by a variac
transformer, was used during the experiments, to maintain
the pressure 1In the boller constant for different steam
flow rates. A sight glass, to observe the water level
inside the boller, and a safety valve, to prevent unwanted
high pressures, were fitted to the boiler, Two pressure

gauges were fltted, one for subatmospheric and the other

for elevated pressures.,

3.1.2 Flow measuring section and calibration

Steam, generated from distilled water in the boller,
was passed through a 6 mm diameter copper pipe to the flow
measuring section. This part consisted of a 1.5 mm
diameter, 200 mm long stainless steel pipe. Another 6 mm

diameter copper pipe carried steam from the flow measuring

section to the bubble chamber, The two copper pipes and
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the stainless steel pipe were each wrapped by a 260 watt
electric tape heater controlled by variac transformers to

superheat the steam before it reached the bubble chamber.

Two pressure tappings at each end of the measuring
section were connected to a 30° inclined manometer.
Carbon tetrachloride (CCl,) (p = 1594 kg/m?®), dyed red to
differentiate it from water, was used as the manometric
fluid. Two copper constantan thermocouples, one before
and one after the measuring section, were installed on the
copper plpes to Indicate steam temperatures, The tape
heater was adjusted to maintain the steam temperature
constant and ensure single phase superheated steam
throughout the measuring pipe.

During the calibration the temperatures at both ends
of the copper pipes were kept at 160°C, In order to
establish the relationship between the temperature on the
pipe and the steam pressure inside the pipe, tests were
carried out, at different pressures, using saturated steam
and it was found that the steam temperature was about 4 K
above the temperature of the pipe surface. Therefore the
steam temperature inside the pipe during calibration was
assumed to be 164°C. Apart from the manometric liquid -
CCl,, the arms of the inclined manometer and the copper
pipes connecting them to the pressure tappings were filled
with water, The valve to the test chamber was closed and
differences in steam flow rate were obtained by adjustment

of the valve leading to the condenser.



Fig. 3.2 Pressure drop in inclined manometer

As illustrated in fig. 3.2, pressures on both arms of

the manometer should be equal at plane A-A.

P, + zSing = P, + zSin
. pwg a 2 OC g o

° AP = P,-P = gZSin ( - ) ( !1)
X 2 a DC DW 3
with the density of water, pw = 998 kg/m® and of CCl,,
p. = 1594 kg/m?®* (both at 16°C). LP is the pressure drop

C
in the pipe, which for a manometer inclination of 30° is

glven as
AP = 2.922.2z N/m? (3.2)

where z(mm) is the difference in CCl, levels in the limbs

of the manometer.

While carryling out the calibration, the steam flow

rate (m) was measured in g/min by collection of condensate
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while, at the same time, recording the corresponding

pressure difference (z) on the manometer,

The pressure drop in a pipe having a diameter d and

length 1 is glven by

AP m )\ = e (3-3)

where A = A(Re) 13 the flow resistance coefficient and U
the mean velocity pf flow,

2
Multiplying both sides by-E%- in egqn. (3.3),

u
2 - 1 U25d* +
-&de—E = -;—- . _u.;'L- = %—l Rez = ']2'-_;1' f(Re) (3-”)

This Indicates that for a given pipe length and

diameter, the dimensionless group

4 A
B = B%?:— is a function of Reynolds number (Re) only.

This is applicable for all fluids and conditions

(temperatures and pressures).

From the measurement of condensate and manometric

pressure difference, the values of

B and Re (- igu] were determined and the calibration
curve was plotted as shown in Fig. 3.3. As a check on

the calibration curve, measurements were also taken using

air, with the mass flow rate determined by a rotameter.
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3.1.3 Bubble test chamber

After passing through the flow measuring section,
steam passed to the Injection orifice situated at the base
of the bubble chamber, where bubbles were formed which
then rose into the subcooled distilled water. The steel
chamber was 180 mm square x 240 mm high with borosilicate
glass windows installed in three of the sides to permit
observation and photography of the condensation process.
A layer of low conductivity polycarbonate was fitted to
the base of the test chamber to house the injection
orifice, the Intention being to minimise heat losses from
the steam in the orifice before bubble formation and to

reduce convection currents In the region surrounding the

issuing stean.

Apart from the windows, the sides of the chamber were
insulated by a layer of low conductivity cement. The top
and the base were also insulated using fibre glass. A

325 W immersion heater was installed at the wall, near the
base, to heat up the water in the chamber to near bolling
temperature and hence to obtain different degrees of

subcooling. A valve situated near the base was used to
drain water from the chamber.

The test chamber could be filled to any requlred
level with distlilled water and could be pressurised up to
i bar by means of a pressure regulator, using compressed
air from the main supply. A pressure gauge and a valve,
to release pressure if required, were situated at the top
of the chamber. A thermocouple probe was installed for
measuring the water temperature in the chamber at six
different levels in 38 mm intervals, the first one being
6.3 mm away from the base. A valve, situated before the

orifice on the copper pipe, was used to adjust the steam
flow rate.
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The injection orifice was initially manufactured from
brass with the tip just emerging above the layer of
polycarbonate and with two thermocouples embedded into the
brass wall, However, due to the relatively high thermal
conductivity of the brass, excessive convection currents
were set up, particularly at low steam flow rates, 1n the
region surrounding the emerging bubble. In addition, and
especially at high water subcoolings, significant
pre-detachment condensation occurred. To minimise these
effects, the orifice material was changed from brass to
PTFE which has a thermal conductivity of 0.25 W/mK and
could be used at temperaturgs up to 250°C. A sketch of
the 2 mm diameter orifice is shown in Fig. 3.4,

Due to the low conductivity of PTFE it was not

practicable to embed thermocouples in the orifice walls.
Hence a thermocouple was fixed to the wall of the copper

supply plpe just before entry to the orifice. In order
to relate the temperature indicated by this thermocouple
to the actual temperature of the emerging steam bubbles,
provision was made for a thermocouple probe to be inserted
through the roof of the bubble chamber, capable of being
lowered into the steam bubbles at the orifice mouth.
After some tests, at different steam flow rates and water
subcoolings, it was found that a temperature of 165°C on
the copper wall before the orifice would provide steam,
either slightly superheated or saturated, at the orifice
mouth. Therefore the temperature on the copper wall was

maintained at 165°C during the experiments.

3.2 Photographlic technique

A shadowgraph (direct shadow) optical system,
{illustrated in Fig. 3.5, was used to obtain photographic
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recordings of growing and collapsing bubbles. The theory
of the direct-shadow method to detect density gradients 1in
colourless fluids is well documented and will not be
presented here,. A thorough discussion and review 1is
given by Holder and North [33].

The light source used was a 250.watt mercury vapour
discharge lamp having a 250 volt D.C. supply. The
condensing lens was positioned to give a sharp image of
the arc at a slit located at the focus of a spherical
concave mirror, having 8 inches diameter and a focal
length of 6 feet, this reflecting a parallel beam of light
through the test chamber, All the light passing outside
the lens was cut off by a 4-sided covering fitted around

the lamp and the lens,. To minimise aberrations the

reflection angle, ©0 at the mirror was kept as small as

possible (6 < 10 degrees).

A Hitachi 16 HM high speed camera with a speed range
of up to 20,000 frames per second was located on a
horizontal rall which had a vertical adjustment over a
range of 60 mm. The camera could be moved horizontally
along the ralil to give either distant or close up images
of the emerging bubbles and the associated convection

currents. Close up views gave useful detail of bubble

growth, detachment and collapse at high and medium
subcoolings; distant views were useful, particularly, for
studying bubble train effects, when condensation effects
were small, or for more extensive pictorial records of
bubble movement. During filming, the camera was focussed
at the plane passing through the tip of the orifice to get
a sharp image of the bubble and the tip, the diameter of
the tip being used as a reference measure to calculate
bubble dimensions during analysis of the cine films.
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A camera speed of 500 frames per second was used for
zero and low water subcoolings, this being increased up to
2500 frames per second as subcooling increased and bubbles
condensed more quickly. 16 mm Kodak Tri-X reversal film
of 30.5 m length (Type No.t7278) was used. The films
were processed Lo the negative and used in that form
during the analysls. A timing light generator connected

to the camera produced marks on the film {n time intervals
of 10 milliseconds.

3.3 Test procedure and programme

A considerable effort was spent to obtain effective
evacuation of air from the apparatus and finally the

following procedure was adopted :

The boller was filled with distilled water to the
prescribed level and then a vacuum pump was connected to
the boliler and run for about -three hours without any
heating. The external and immersion heaters were then
switched on and, when steam formation started (still under
vacuum), the valve connected to the vacuum pump was turned
down to a minimum level to prevent steam going to the pump
and damaging 1it. When atmospheric pressure inside the
boiler was reached, the vacuum pump was switched off and
the pressure allowed to rise, During the pressure rise,
a purge valve on the boiler was opened to remove any
residual air.

The vacuum pump was then used to evacuate the plpes
leading to the test chamber and, after several hours, the
supply valve from the boiler was opened and the plpe
system allowed to fill with stean. The vacuum pump was
once more disconnected and the steam again purged to

atmosphere, The boller and the pipe systems were
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thereafter maintained at a pressure higher than

atmospheric (about 1.5 bar), by suitable regulation of the

immersion heater in the boiler, to compensate for heat
losses from the systenm.

In the tests, a water level of 40 mm above the
orifice was maintained in the test chamber, with the water
being heated up to boiling point by the immersion heater
and by steam 1njected via the orifice plate, the former
being switched off when the required conditions were
attained, After convectlon currents around the heater
disappeared and while the water temperature was still near

boiling, suitable cine films were recorded while all the

other relevant measurements were taken.

The water 1In the chamber was then allowed to cool
progressively, to glive where possible Jakob numbers up to
75, in increments of 15, with cine film and measurements
recorded at each Jakob number. In each case, whenever
bubbles formed, cine film recording was continued:
throughout bubble collapse. However, at high subcoollngs
the intensity of pre-detachment condensation meant .that,in

some cases,no bubbles detached from the orifice.

The range of test conditions covered is as follows

Steam flow rates : 3 steps ranging from 0.5 to
1.5 g/min
Subcoolings t: at 1 bar, range from 5 K to 29.7 K

to give Jakob numbers of 15, 30,
45, 60 and 75
and at 2 bar, range from 9.3 K to-
36.6 K to give Jakob numbers of 15,
30, 45 and 60

Pressures : 1 bar and 2 bar

Orifice diameters 1 mm and 2 mnm



3.4 Analysis of films

A DT-11A HIPAD digitiser, interfaced to an Apple-11
micro-computer, was usedyto obtain, from the c¢ine films,
measured values of bubble volume, bubble surface area and
bubble position (all related to time), throughout both
growth and collapse perlods,. The speed at a particular
section of film was determined from timing marks on the
film,

To carry out the measurements, the c¢cine film was
projected on to the tablet of the digitiser via a mirror
(silverised on the front face to avoid image distortion)
inclined at 45° to the horizontal. The cursor of the
digitiser was then traversed around the bubble outline and
the resulting X and Y coordinates fed to the computer for
transformation to thé required bubble volume, surface
area, centroid position, etc., using a computer program
written speclally for the purpose. To facilitate the
coordinate measurements, the tablet was covered with paper
printed with a 1 mm square grid. The arrangement of
digitiser and computer together with projector and mirror
is 1llustrated in Fig. 3.6.

The bubble projected on the graph paper was assumed
to be comprised of frustums of cones, each having a height
of either 10 mm or in some cases 5 mm, The computer
program tobk 4 coordinates of a frustum and calculated
volume, surface area, and position of centroid. An
illustration of bubble projection on graph papér is given
in Fig. 3.7.

The calculations were carried out as follows
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The volume of the i th frustum (hatched in Filg.

3.7) was calculated from the coordinate

measurements, X and Y as

Vi = % hy (Rtg1? + Rgy Rpi + Rpy?) (3.5)
where Rp and Rty are respectively the radii of
the bottom and top surfaces, and h is the height

of the frustum, Hence the total volume of
the bubble :

n
=1

The lateral area of the i th frustum was

Ay = ™ (Rpy * Regg) vhy?* + (Rgi = Rpi)? (3.7)
Hence the total surface area of the bubble was

I
Sp = f 1 Ay + Sp + St (3.8)
where S, & Sty are the respective areas at the

bottom of the first frustum and at the top of
the last frustum.,

The equivalent radius of the bubble,

R = (3¥B)/? (3.9)

Location of the centroid of each frustum was
calculated according to the formula,

1 r1+2k+3k2)

¢ =73 9 TTKexe

y (3.10)

where d is the distance between the centrolids
of the bases of frustum, and
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K = %ﬁ is the ratio of the radius of the top

surface £to the radius of the base.

The centroid of each frustum is at a distance ¢ from

the centroid of the base along the line of length joining

the centrolids of the base and the top surface as
illustrated in Fig. 3.8.

Centroid of the top
surface

' Centroid of the frustum
C. (X_.,Y_.)
“l i *%ei’’ci

Centroid of the base

Fig. 3.8 The centroid of the frustum of a cone

Hence the bubble centroid position (Xcg, Ycp) was
calculated as

’ YCB - (3#11)



CHAPTER 4

EXPERIMENTAL RESULTS AND DATA ANALYSIS
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4.1 Introduction

The test results are typified by the set shown in
Figures 4.1 and 4.2, these being printed by the plotter,
These resuits relate to a particular steam flow rate
(0.45 g/min) and water subcooling (9.3 K) at 2 bar
pressure with a 2 mm diameter orifice and include :

(1) An artistic impression of the bubble shape
over a range of frames in the cine film

(ii) A table of experimental parameters

(ii1) A table of experimental results

(iv) 10 plots of experimental or derived data

4.2 Format of Test Results

4.2.1 Impressions of Bubble Shape

For any particular test condition, several sequences
of bubble growth and collapse were photographed. The

impressions illustrated are typical of the events at that
particular test condlition.

4.,2.2 Experimental Parameters

The identification of parameters and other details
relevant to Fig.4.] is as follows:

d : orifice diameter, mm

mg : Steam mass flow rate, g/min
Vg : steam volume flow rate, mm?®/s
AT ¢ water subcecooling, K

Z : water level above orifice in chamber (=40 mm in all
tests)

P : pressure in bubble chamber steam space, bar
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O E
+ |
FRAME 1 -8 10-11 12-13 14-18 19 20-24 |
NUMBERS +
EXPERIMENTRL PARAMETERS -

EXPERIMENTAL RESULTS ¢

e

2,
£ 11.36
U 250
TEST NO @ (4.1).2 FILM NB :  44-2/4

Fig. 4.1 Experimental parameters and results
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4.2.3 Experimental results

follows

Foa

Peclet number —:

55

time interval between alternate frames in cine
film, ms
camera speed, frames per sec

number of frames

Jakob number =.ELSRE£E_

Pgnfg

steam temperature at copper pipe before orifice
(= 165°C in all tests)

2R U
ol

-——
- e NS T ek ek wlie e e T L A, W

The identification of the items in Fig.4.1 is as

time from bubble initiation to detachment from
orifice, ms

time from bubble detachment to complete collapse
due to condensation, ms

total time from initiation to complete collapse
= tg + t,, ms |

bubble frequency, 1/s

maximum radius of bubble, mm

bubble radius at detachment, mm

average heat transfer coefficient during
condensation (after detachment), W/m3K

average Nusselt number during condensation

bubble centroid height at detachment (above
orifice), mm

bubble centroid height at collapse, mm

average vertical velocity of bubble during

condensation (after detachment), mm/s

collapse Fourier number -5%%3%—-
O
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4,2.4 Data Plots

There are 10 separate data plots (identified as 'a‘
to 'k' over Figs. 4.1 and 4.2), the data points on which
relate to computed vélues. | The vertical chaindotted line
on plot (d) indicates the centre line of the orifice
while the vertical chaindotted line on plots (a), (b),
(c), (e) and (g) indicates the point of detachment and
thereby separates the bubble growth and bubble collapse

(condensation) regions.

4,3 Comments on individual data plots

Plot (a) : This is a plot of bubble volume versus
time, as obtained from the cine film analysis. The data
clearly show the bubble growth period, the bubble volume
reaching a maximum value just before detachment, i.e. just
before detachment the reduction in volume due to -
condensation 1s apparently beginning to overcome the
growth due to steam flc:»w:'6 For this subcooling value of
9.3 K, the data iIndicate that, after detachment, bubble
collapse due to condensation is fairly rapid.

Plot (b) : This shows bubble radius R to a base of

time and is an alternate form of plot (a) since R was

evaluated from V = % TR,

Plot (e¢) : This shows the position of the Y
coordinate of the centroid of the bubble with respect to
time, It shows the bubble centroid rising fairly
uniformly throughout bubble growth, with a slight
acceleration at detachment and with a more rapid centroid

movement after detachment than during growth,

It was not possible to sustain a constant steady
steam flow rate,unaffected by fluctuations,

throughout the experiment .
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Plot (d) : This is a spatial plot of the X and X
coordinates of the centroid of the bubble during growth

and collapse. In this plot, the vertical chaindotted
line represents the centre line of the inlet orifice and
the data indicate the bubble movement relative to this
from initiation to collapse, The plot clearly shows
that, during bubble growth, the bubble centroid position
deviates only slightly from the orifice_centreline.

After detachment, however, the bubble does not travel
stralght upwards, but deviates from the centre line by up
to about 0.6 mm, (or perhaps more since these are
X-projected values and the radial deviation may be
greater), which 1s much less than the bubble diameter at
detachment, The height above the inlet orifice at which

complete cdllapse occurred 1s about 12 mm, which means the
bubble rose about 8 mm between detachment and complete

collapse.

Plot (e) ¢+ This is a.plot of the position of the
"leading edge" (LE) of the bubble (i.e. top most point)

against time and, as such, is an alternative to plot (e¢).

Plot (f) : This is a similar plot to (e) but with
the "lowest point™ (LP) of the bubble being plotted
against time, for the collapse region only. A comparison

of plots (c), (e) and (f) gives some indication of the
distortion in bubble shape from the spherical and also

suggests that, after detachment, condensation occurs
mainly on the upper part of the bubble.

Plot (g) ¢+ This is a dimensionless plot which shows

B = %; against Fourler number Fo, = %%#—and is an
m

attempt to physically relate the bubble growth and

collapse to the heat conduction through the bubble
boundary layer.
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Plot (h) ¢+ This is another dimensionless plot of the

data, similar to plot (g), but using the bubble radius at
detachment Ry, 1nstead of the maximum bubble radius Rp, 1n

the expressions for B andJFo, and with time t beling
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