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ABSTRACT

For a better understanding of the physical phenomena involved
in subcooled boiling the growth and especlally the collapse of
bubbles at free convection in water was Ilnvestligated expexrimental-
ly. In order to eliminate the influence of the inhomogeneous Lem-
perature field at a heated wall the investlgatlons were carried
out injecting single vapor bubbles by a nozzle. As measuring tech-
niques highspeed cinematography and holographlc interfaerometry
were used. Additionally the temporal pressure behaviour in the
environment of the growing and collapsing bubbles was measured
by sensiltive pressure probes. The experiments were performed fon
a range of pressures from 0.5 to 4 bar and for subcoolings f[rom
3 to 80 K.
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p pressure N/m?

r ordinate m

£ time 5

u velocity m/s

Greek Letters

o heat transfer coefficient W/m?X
4 difference

A thermal conductivity W/mK

v kinematic viscosity n?/s

» mass density kg/m?
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INTRODUCTION

The thermo-~ and hydrodynamic phenomena during the collapse
of vapor bubbles in subcooled liguids are of sclentific interest
for the better understanding of the instability condition in two-
phase flows. They are also of great gignificance for the practical
layout of heat generating systems wilith high power densities, e.q.
oil-fired boilers, chemical reactors and especlally the core of
water cooled nuclear reactors.

In the literature the growth and collapse of bubbles is des-
cribed by the laws of heat transfer or liquid~inertia depending
on the liguid subcooling. It is the aim of our investigations to
determine the thermo- and hydrodynamic conditions, whether the
condensation is controlled by inertia or heat transfer effects.
The investigated pressure range varies from 0.5 to 4 bar and
subcoolings between 3 and 80 K were used. As measurlng technlques
the holographic interferometry and the high speed cilnematography
are used. The interferometry allows to observe the temperature
field in the boundary layer around the bubble and thus allows to
determine the heat transfer at the phase boundary. The cilnemato-
graphy gives information on the decrease of the bubble volume.
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Inertlia effects are indicated by signals of sensitive pressure
probes, which are positioned near the collapsing bubble.

In order to obtain a clear and usuable result it is necessa-
ry to reduce the investigated range of parameters. To eliminate
the influence of the inhomogeneous temperature field at a heated
wall the investigatlons were carried out injecting single vapor
bubblaes by a nozzle. By use of a vertical countercurrent flow
at a low velocity a homogeneous temperature field could be
established In the test chamber.

MEASURING THECHNIQUES

The left part of ¥ig. 1 schematically shows the test chamber
with the nozzle holder for the injection of saturated vapor into
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the subcooled liguid, The chamber is built in a water loop to
maintaln the operating conditiona. The vapor flowe into the nozz-
le holdar through twoe coaxlally arranged tubes., The vapor needed
for the bubbles growth flowsg in the inner tube and the vapor insu-
lating the nozzle holder in the annulus,. By thls constructlon

the prochamber of the nozzle is guard-heated by the lnsulating
vapor., To get an additional ilnsulation against the circulating
subcoolaed Iiquid, the sholl of the nozzle holder was performed by
a double wall construction, the gap could be evaluated if neces-
sary. Doing holographle interferometry 1t is lmportant, to £ilm
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the first bubbles growing at the nozzle end, because only these
ones are surrounded by an undisturbed temperature field. There-
fore the nozzle must not be opened before the hlghspeed camera is
started.

In order to reglstrate the bubble emanated pressure waves on
the magnetic tape, two sensitive pressure probes are installed
rectangular to the windows of the test chamber at the height of
the nozzle end. From the pressure osclllograms we can obtain some
information about the influence of inertilia forces. The signals
were recorded simultaneously with the highspeed £ilm. The measu-
ring equipment used is shown on the right hand side of the figure
1. The signal of the microphone was recorded twice, firstly the
original one and secondly the highpass filtered (f > 3 kHz) one.
This is necessary to ldentify high frequency pulses, appearing at
the end of the collapse perlod. The highspeed camera and the ope-
ning of the nozzle valve are triggered by the magnetic tape recor-
der, when the end-velocity is come up to 60 inch/s. To compare the
record of the magtape to each frame of the highgpeed £ilm, the
first 1.000 Hz timing mark was used. The timing mark generator was
set to work after five meters film length. With help of a photo-
cell each timing mark and a signal of each frame were recorded on
the tape.

As already mentioned in the introduction the temperature
field at the interphase of the bubbles was investilgated with the
holographic interferometry. The principle of this measuring tech-
nigue shall not be explained in this paper (See ref. /1,2,3,4/.).
To perform measurements at bubbles a special holographic technique,
the so called real-time-method was used. A very often applied
arrangement of the required optical setup is shown in Fig. 2. By
means of a beam splitter the laser beam ls divided Iinto an object
and reference beam. Both beams are then expanded Lo parallel waves
by a telescope. The object wave passes through the test section,
in which the temperature field is to be examined, whereas the re-
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Fig. 2 Optilcal arrangement of a holographic intexferometer
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ference wave falls onto the photographic plate, the so called
hologram. After the first exposure by which the comparison wave is
recorded, the hologram is developed and fixed. Remaining at its
place and repositioned accurately, the comparison wave is recon-
structed continuously by illuminating the hologram with the refe-
rence wave. The reconstructed wave can now be superposed onto the
momentary object wave. If the object wave is not changed and the
hologram precisely repositioned, no interference fringes will be
seen at filrst (infinite-fringe~field adjustment). Now the heat
transfer process, which is to be examined, can be started. In our
example the wave receives an additional phase shift passing through
the temperature field of a growing bubble. Behind the hologram
both waves interfere with each other, and the changes of the in-
terference pattern c¢an be continuously observed or photographed

on still or movie £ilm up to 8.000 frames per second.

From the recorded interference pictures the phase shifting
of the second wave against the first one can be obtained and the
temperature behaviour can be calculated from this information. If
the fluid is a gas, one can use the following formula:

Tiy) =[S 2Rk 1) i
! 3:-N'p:l Teo

To asslgn each interference line to a temperature level the compa-
rigon value Tg has to be measured at one point by a conventional
method, e.g. with thermocouples. With respect to liquilds in the
most practical cases the following simple equation can be used:

_S'xy)k 1
B { dn/gt (2)

AT

with the constant for watex

o

Often local heat transfer coefficients are of special interest.
In this case the temperature gradient at the wall is determined,
and assuming a laminar boundary layer near by the wall, the heat
trangfer coefficient is obtained by:

o - [@Vdy)y )
Iw “nm

The interferometry offers two possibilities to indicate the change
of the refractive index distribution resulting from a temperature
gradlent: In a field without fringes by the appearing interference
fringes and in a glven fringe field by its deformation. At first
both methods were applied separately in oxder to determine the
temperature gradient at the interphase of the bubbles. Using an
infinite fringe field the interference fringes could not be eva-
luated due to the very thin thermal boundary layer. Thus the de-
termination of the temperature gradient was not possible. The
fluiddynamic processes, however, as for example the drift flow,
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could be observed. With a given fringe field, however, it was pos-
sible to obtain deformations of the fringes. The slope could be
used for the calculation of the temperature gradient. For the si-
multaneous application of both methods the optical arrangement as
shown in Fig. 3 was developed. In this arrangement two reference
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Fig. 3 Holographic interferometer with two reference beams for
the investigation of single objects

beams are required. Only one half of each beam is used to 1llumi-
nate the hologram plate. In addition it ls possible to give two
different fringe fields by the shown set~up. In the case of a tem~
perature gradient the fringes of one fleld are deflected to the
upper side of the .plcture, whereas the fringes of the other field
are deflected to the lower part of the interference pleture (see
Fig. 4). This combination was very successful in determining the
local temperature gradient at a growing bubble as shall be shown
later.
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Fig. 4 Interference picture of a bubble with fringe deflection
in two directilons

EXPERIMENTAL RESULTS

Fig. 5 shows a typilcal pressure osclllogram for low subcoo-
lings in the upper part and for a subcooling of 83 K in the lower
part of the figure. Comparing the oscillograms one has to consider
the different time scale. At the high subcooling the bubble col-
lapse wlthin 4 ms, whereas at low subcooling the collapse time is
33 ms. The moment of detachment coilncides with a pressure minimum,
which 18 in agreement with the results of Kemnade /5/ obtained
with gas bubbles. The maximum pressure peak is at low subcooling
11 mbax, at high subcooling 20 mbar. The high frequent pressure
osecillatlons occcuring after detachment probably result from waves
at the bubble surface. Especially at high subcoolings surface
waves could be observed by aid of the highspeed films.

At low subcoolings up to 20 K no pressure peaks of high
frequency could be observed during the condensation period for the
so far investigated prossure range of 1 - 4 bar. At higher sub-
coolings pressure peaks occur gporadically at the end of the col-
lapse perlod, as can be seen especially when regarding the filte-
red signals. The appearance of pressure pulses indicates that
inertia forces are effective.

A dependence of the maximum amplitude of the pressure oscil-
latlong at the end of the condensation on the subcooling could not
be found. During detachment, however, the peak 1s a function of
subcooling and system pressure. Therefore L1t seemed useful to plot
the pressure peaks during detachment versus the Jakob-number, as
is shown in Fig. 6. The Ja-number was calculated with the sub-
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Fig. 5 Comparison of pressure osclllograms registrated in the
surrounding of condensing vapor bubbles at. low subcooling
(upper curves) and high subcooling (lower curves)
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Flg., 6 Maximum pressure peaks at the moment of detachment of
steam bubbles

cooling. The fregquencles occuring at detachment and during collap-
ge are shown 1n Flg. 7. The measured values cannot be predicted
wlth equations for the eigenfrequency of bubbles which are known
Erom the literature.

From the highspeed film one obtain information about the
volume~decrease of the bubbles. The collapse~time can be plotted
versus the Ja-number ag 1s shown in Fig. 8. The experimental data
can be well fitted by a simple equation:

te=61-Ja”" (4)

The next flgures show some example of our results which were
obtained by aid of the holographic interferometry: The differences
durlng the collapse of bubbles at low and high subcooling shall be
dlacussed by the example of two picture seguences (Fig. 9). On
the right hand slde of the plctures a horizontal fringe pattern
is glven. A temperature gradient causes a deflection of the frin-
ges, whereas on the left hand side an infinite fringe field was
adjusted as already explained before. The upper picture sequence
shows the phenomena in the surrounding of a bubble in water at a
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Fig. 7 Frequencles of pressure peaks: a) after detachmant
b) after detachment (filtered signal)

¢) to the end of the collapse period (filtered signal)

subcooling of 3 K. The vapor bubble detaches and wnrises. The rilsing
period 1s superimposed by the collapse. In thls example the Rey-
nolds-number formed with the rising veloclty is 3500 a short time
after detachment. At high subcoolings as is shown in Lhe lower
pleture sequence the position of the bubble center only changes
insignificantly. The collapse takes place at the nozzle end,

At low subcoolings a thin boundary layer develops at thae
interphase as a result of the condensation, which starts when the
head of the bubble comes out of the nozzle. In this layer the
heat transfer takes place by conduction. During the growth period
and a short period after the detachment Lthis layer surrounds near-
ly the whole surface of the bubble and thereby stabilizes the
interphase., In the reglion of the hubble foolt the surface is sub-
mitted to strong changes resulting from the contraction and the
gréiz flow. Sometimes flow eddies can be obsorved below the rising

ubbles.

At high subcoolings the phase boundary at the bubble head is
full of filgsures as a result of strong dynamle Llocal flow proces-
ges increasing the heat transfer. In contrary te the processes at
low subcooling first at all a lateral decrease of the bubble vo=
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lume can be observed, which indicates inertia effects. The boun-
dary layer ls very turbulent and the bubble collapses gquickly.

At low subcooling the stabilizing thin boundary layer stays at the
bubble head during the first period of the bubble life and the
condensation malnly occurs at the bubble foot due to the drift
flow. In the presented examples the collapse~time is 70 ms at the
low subcooling and 6 ms at the high subcooling.

The temperature gradient at the phase boundary was calculated
wlth help of the Abel~correction analogous to a cylindrical refrac-
tlve index distribution as was already presented by Hauf and
Grilgull /3/. It is based on the assumption, that the light beam
is not deflected by the boundary layer. From the interference
pileture shown on the right hand side of Fig. 10 the deflection of
glven horizontal and vertilcal fringe fields was evaluated. The
determined temperature differences refer to the undisturbed sur-
rounding f£luld. The temperature gradient is higher at the head of
the bubble than at its side. Resulting from the flow at the stag-
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Fig. 9 Interference pictures of growing and collapsing steam bub-
bles at a subecooling of 3 K (upper sequence), respectlvely
at a subcooling of 67 X (lower sequence) . Left hand sildes
of the pilctures without fringes, right hand slde with in-
terference pattern.
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FPig. 10 Calculated temperature gradients and heat transfer coef-
fleients at the head and the side of a steam bubble
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Pg. 11 Temperature gradients and heat transfer coefficients du-
ring detachment of a steam bubble

natlon point, which is induced by the growing bubble the boundary
layer at the head is thinner. With the assumption of a laminar
boundary layer at the interphase the local heat transfer coeffi-
clent was calculated from the temperature gradient, as was already
gtated in equation (3).

Pig. 11 shows the calculated results before and after detachment
of a bubble. The boundary layer grows due to the instationary heat
conductlon and decreasing bubble radius. The heat transfer coef-
ficients were determined between 0.6-10° and 3.75-.10° W/m?K in the
experiments done till Eow. In the literature values are reported
between 0.5.10° and 109 W/m?*K, which were calculated by the volume
decrease of the bubbles.

CONCLUSIONS

By the investigations with the holographic interferometry it
was possible to get a better knowledge of the heat and mass trans-
fer processes during bubble collapse. At low subcooling the local
heat transfer coefficlent could be calculated from the interference
pletures. By a comparison of the pressure oscillograms with the
highspeed f£ilms it was stated, that the influence of inertia ef-
fects gains importance above a subcooling of 20 K. The greatest
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pressure peaks occur at the moment of detachment with bubbles pro-
duced at nozzles.

The informations obtained from the performed experiments
shall be the basis of an analytical descriptlon o:f the bubble con-
densation process.
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