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ABSTﬁACT

A‘technique to initiate a single bubble 1s developed by shooting é laser
beam, either on a tiny spherical thermocouple of approkimately .012"

" diameter or on a thin metallic‘sheet of <Hproximately .002" thickness.
The thermocouple is immersed in a pool df'boiiing water at various sub-
cooled température, the thin metallic sheet is a part of the bottom side
of the water container. The femperature hiétory of the spherical thermo-
couple is obtained for different subcooled water temperatures. Pictures

at 25,000 frames per second for the initial bubble growth are also obtained.

A bubble can be initiated around the thermocouple under various subcooled
water temperatures even as high as Lo®c. During the initial growth period

the sphericity of the bubble is quite good and consistent with other data.

The initial growth rate of the bubble for the duration of the first 300 micro
seconds seems to agree consistently from the classical prediqtions; It is

proportional to the square root of the time.
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INTRODUCTION

L
Most experimental investigations 1,253,

in nucleate boiling are based on
the stﬁdy of high speed photographs of many bubbles generated.in a pool of
saturated or subcooled liquids. Usually one particular bubble‘out of
hundreds is chosen to be analyzed, the growth rate during and after the.
initial growth shape may be correlated with some important parameters,
such as surface tension, viscosity, inertia, the surface cond@tion of the
heéting surface, etc. .Heat transfer may also be evaluated under various ‘

conditions.

Most analytical results 5,6,7,8 are considering the bubble to be perfectly‘
spherical, then the Rayleigh or extended Rayleigh equation is to be .solved
to give the dynamics of the bubble growth in terms of various parameters
.such as surface fnesion, viscosity, and inertia, etc.. Heat balance equations

‘may also be written for the bubble to ‘evaluate the rate of heat transfer.

Ultimately the analytiqal and experimental results are to be correlated
such that the basic important parameters can be tied into the boiling heat
transfer and the bubble growth dynamics into deduced usable forms for

. practical applications.

The assumption of the’sphericity of the generated bubbles in conventional
boiling2 ﬁamely, the bubbles generated from the heated flat surface, is

not at all very good, especially during the iﬁitial grdwfh phase of the
bubble, this is due to the charactéristics of the heating sﬁrface. Further-
more, the single bubble chosen ﬁo be analyzed as in the experimental results
does not represent a sihgle bubble in an undisturbed large medium of the

- liquid. The hydrodynamics of one bubble is certainly influenced by the

- presence of many other;bubbles~genefated before it as in the case of the

conventional boiling.



APPROACH OF THIS STUDY

It is the intention of this study to generate a single spherical bubble
by the use of a laser beam in an undisturbed liquid medium where the
hydrodynamic influence of other bubbles is absent. Experimental observa-
tions of the bubble growth, particulariy the initial growth phase, may

~ be obtained by different subcooled conditions, energy inputs and eventually
various liquids, through high speed photography of single bubble growth.
'If‘tho sphericity of the growing bubble is good,, the observed experimental:
growth rate may be compared to the analytical results which are based on
» the analysis of a spherical single bubble with no consideration of hydrof

\

dynamic influence of other bubbles.

In order to maintain a spherical geomotry, a spherical thermocouple of '
approximately..012" diameter was formed by welding two .003" iron-constantan
~wires together.. The thermocouple leads wore connected to the oscilloscope-
- such that the milivoltage oubtput versos timo can bé‘traced after the laser:
beam hit the junction, thus the temperature history of the thermocouple is
recorded. The motive of this instrumentation is to provide a means of
measuring the heating surface temperature in addition to the spherical
geometry. The rate of heat transfer to the buoble, hopefuliy, may be
evaluated quantitatively. A second thermocouple was installed sbout

;025" distance apart from the first one which was hit by the laser beam,
(the fhermocouple leads are also connected to the oscilloscope) this-
provideé a means of measuring the temperature in the neighborhood of the

interface between the Vapor and the liquid. Hopefully, the thermal

boundary layer thickness around the interface may be evaluated.

A single bubble was initiated on a thin flat metal plate which was a central

part of the bottom plate of the liquid container by the use of a laser beam
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hitting the thin plate from underneath. A thermocouple was installed
sbout a distance of .O30ﬁ above the thin plate in the hope of measﬁring
the temperature of the vapor in the bubble and also the temperature in

the neighborhood of the interface of the vapor and the liquid.

'Although some quantitative measurements have been ﬁade, these only rép:e;"
sent a rather’qualitative picture of all experiménts and serve as more or .
less a prelude of future research. The emphasig right now";s to see the
feasibility of the initiatibn technique of a single bubble, preferably.
spherical, by the use of a laser beam. Ultimately in the future,

quantitative analysis are to be considered for many different conditions.

INSTRUMENTATION AND EQUIPMENT

A boiler chamber consisting of a one-half-inch thick aluminum bottom plate
containing a heating element and six-inch square glass sides was construéted
for purposes of this study. A réised center section provides for the
installation of special thermocouple fixtures. A laser microposition

was designed and fabricated to be attached to the underside of the chamber
to permit accuratel& positioning the laser with respect to the thermocduples.

The set-up is shown in Figure 1.

The laser is g Hughes model 200 ruby ﬁith an output energy of about one
joule at a wa&elength of 6943 angstroms. The output energy can:be varied
by varying the firing voltage. At 1350 volts the output is maximum at
about one joule. The threshold voltage, where thé laser just operates, is
at about 900 volts at‘room temperature. The output var;es from zero to

one joule as the excitation voltage is changed from 900 to 1350 volts. The
laser output-is quite sensitive to ambient temperature, and slight véria-

tions in output from shot to shot are not uncommon. It appears that it

would be advantageous to provide temperature control and power monitoring
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facilities for future work.

The thermocouple output voltage was amplified b& a set of six Kintel D. C.
amplifiers and recorded photographically with a Tektronix type 5L oscilléﬁg%pé
keguipped with a polaroid oscilloscope camera. The input to the oscilloscope
‘wag filtered with a siﬁg;e stage R-C filter to eliminate frequencies higﬁer
than about 5000 cycles. The oscilloscope was triggered at the .same time

the laser was fired by means of a trigger pulse derived from the laser con-

trol system. The oscilloscope and amplifiers are shown in Figure 2.

A Beckman & Whitley Dynafax camera was used to photograph the bubble growfh.
The camera was operated at 25,000 frémes per second with an exposure timé

of 1.25 microsecondé per frame. Illumination was provided by means Sf a
 xeﬁon flaéh tube mounted in a parabolic reflector. The flash tube was
’vplaced behind the chambér éo back light the bubble. A shadowgraph is

thgn obtainéd with sharb'edges which can be éccurately measured tb |

2 determinefgfowth rate. - The camera-chamber setup is also shown in Figure 1.

A yiew of the entire confrol system 1s shown in Figure 3.

Test photos indicated‘thét’the fiash'lamp exposes 5 frames prior to initiation
’of the laser.  The ;aser beam -is then on for about 20 frames when operated

at peék power. Most of’the energy is delivered within the first 8 or 10
frames. Thus it may be-éssumed that the oscilloscope trace starts between

the fifth and sixth frame of the dynafax record. Test shots made to deter-
 mine laséf operatiﬁg time wéré on Easfman H#olrs film. Test runs ﬁere made

on Tri-X film, which is insensitive to the laser light.

EXPERIMENTAT, RESULTS AND DISCUSSION

. Experimental Conditions

A number of experimental runs were made under various conditions to determine

the feasibility qf using the laser system described previously for initiating
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a single bubble. The experiments were performed under conditions as stated’
in the approach of the study all in subcooled water. Various conditions'fqr.

a number of experimental runs are listed in Table I.

TABIE I. Conditions for Experimental Runs

Run No. 7 8 9 10 11 2o 3A LA 5A 1B 1B
 Laser Voltage . 1200 1200 1200 1200 1200 1050 1100 1150 1200 1350'izoo |
Water Temperature o 90 8 8 70 9k ok 9k 9k 9k ok

B By B - 565 225 225 205 T.C.
. Broken

Typical bubble growth pictures of the first 12 frames are shown in Figure 4
through 6. The 12 frames represent the initial growth phase in a time periodv

of L8O microseconds duration.

Figure 4 shows that a single bubble grew around a thermocouple juncti&n after
hit by the laser beam. The temperaxure of the water bath was kept at 9h°C
~and the laser voltage was 1150. The'picture represents the expéfimental"‘
run 4A. The sequence of the bubble growth clearly shows that the bubble

is ‘quite spherical in shape'except for the first two frames where one side

of the,bubble is somewhat out of shape. The bubble keeps growing at a
rather slow pace after the 12th frame. After the 22nd frame the bubble
begins to be oblong in shape and stays at éﬁout the same size after the -

34th frame.

Corresponding to the conditions set forth foé Figure 4, or the experimental
run LA. Figure 7 shows the poloroid picture of the temperature trace of
the thermocbuple hit by the laser beam.and the temperature trace of the
second thermocomple gbout .025-inch distance apart from the first oné.

The peak temperature of the first thermocouple is about 565°F with 5 mv.

-8
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Figure 6. A Single Bubble on
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per cm. scale. This should represent the surface temperature of the

thermocouple. The temperature rise from the water temperature to about«k

80 percent of the peak value takes about one millisecond, the time .

'~ scale for the abscissa being .5 milliseconds per cm. This may be con- ‘
‘sidered as the time delay due to conduction through the junction. ‘For; ;
& very crude calculation the time lap seemé to be in the right order.
After the peak value the témperature does not seem té drop rapidly.

- This may show that the vapor in the bubble is a poor thermal conductor.
In the futuré, the heat transfer ?roblem of the vapor may be analyéed

to correlate with the experimental measured temperature history.

Figure 5 shows the initial growth sequence of a single bubble around a
thermocouple junction after being hit by the laser beam under the condi-

tions of experimental run 10. The temperature of the water was kept

at 8000, and the laser voltage was maintained at 1200 volts. The bubble’

~grows at a rather fast pace during the first few frames,>but it begins

to shrink after the Yth frame and Pecomes ablong in shape after about'thé _
10th frame. After about the 16th frame the bubble begins to be unétable.
This shows that the higher degree of suﬁcooling tends to collaése the
bubble as it should, although the state of the collapsing +the bubble was
not obtained due to the high speed chosen. The temperature trace of the
second thermocouple doés not shows' any changes, this is due to the distanée
between the two thermocouples is larger than ;025-inch so that the bubblé

 did not reach the second thermocouple.

Corresponding to the conditions set forth for Figure 5, the temperature
trace of fhe first thermocouple juncfion was obtained as shown in the -

polaroid picture of Figure 8. The trend of the temperature rise of the

i
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first thermocouple is about similar to that for Figure 7. The peak
temperature is about 225°F with 5 mv. per cm. scale.(The time scale

» is 1 millisecond per cm for the abscissa.) The temperature trace for
the second thermocouple shows a rise of peak value in the order of
about .L millivolts, which corresponds to a temperature rise of about
15%F with a scale of .5 mv. per cm. Up to this moment, not enough
data are taken to give any quantitative analysis of the thermal boundary
layer thickness around the interface between the vapor and the liquid.

In the future, hopefully, this information may be obtained experimentally.
Acéording to the literature, this boundary layer thickness is of the ’

order of .006 inches.

Figure 6 shows that a single bubble was initiated on a flat thin metal

_ plate corresponding to the conditions of experimental run‘lB in a water '<,
& péol of 9h°C, the laser voltage'was‘l350 volt. The non-sphericity of
the bubble during its initial growth period is not as bad, although from
about the 10th frame there exists contact angle betwéen the bubble and

the metal surface, thus thé bubble deviates from the spherical shape.
i As the bubble grows larger, up to about the 18th frame, the bubble tends,.‘
to be crown shaped rather than the spherical. The top part of the‘bubble’
still maintains é gqod spherical shape. The bubble shape séems to be simi- .

lar to those bubbles produced by the conventional boiling process.

© PFigure 9'§hows a polariod picture of the temperature obtained from“the
chromel-constantan thermocouple junction of about .OOﬁ inches in diameter
with .00l-inch diameter lead wires, placed about .030 inches above the
plate.” The peak temperature shows about a 19°F tgmperature rise with a scale
of 0.2 mv. per cm. énd é_time scale of 1 millisecond in abscissa. The |

,‘temperature'seems to stay at a constant level, presumably the vapor temperature.
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BUBBLE GROWTH RATE

The radius of the bubble was measured through an enlarger on a frame

by freme basis. These are plotted in Figﬁres710\thrbugh 1y,

. Figure 10 represents the initial growth of the bubble around a thermocouple . -
‘Junction for experimental runs 2A, 3A, 4A and 5A. The initial growth
rgte of the bubble is faster for a higher laser voltage or laser energy, s

- the results give a consistent .trend.

Figure 11 shows the initial growth of the bubble from a flat plate for
' experimental runs 1B and 3B at two different energy inputs. It is also X
consistent to see that the bubble grows faster in the initial phase for

a higher energy input.

Figure 12 shows that initial growth within the first 320 microseconds .
of the experimental runs 2A, 34, LA, 5A, 1B and 3B plotted against the -
- square root of time. It is interesting to see that most of the results

follow a straight line relation as predicted in the literatﬁre.

. Figure 13 represents the initial growth of a single bubble around a
thermocouple junction for the experimental runs 7, 8, 9, 10 and 11 at
various- subcooled temperatures. After about 200 microseconds it is
obvious that the bubble grows less for a higher subcéoled témperature-

or lower water temperature.

- Figure 14 shows that the 1n1t1al growth rate plotted agalnst the square:

root of time also follows a linear relation fairly well.

- In general, the experimental results are quite consistent in trends. They

do give reasonable qualitative results as well as partial quantitative

15.
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results. As more sophisticated instrumentation is developed in the
future, a much more quantita&ivé analysis will give better answers to

the basic problem of bubble dynamics and boiling heat transfer.

CONCLUSIONS

In conclusion, the initiation’of a single bubble by the use of a laser
beam is feasible. The spericity of a single bubble is reasonably good.
The growth rate during the initial stage of the bubble growth in the
order of 300 microseconds seems to follow a linear relation with the
square root of time as predicted in the literature, although at this
stage of the study the instrumentation may not be sophisticated to give

a precise quantitative result.

FUTURE STUDY

In the future, the techniques of temperature measurements are to be
improved, more experiments are to be conducted to obtain good reproducible
runs under various conditions, particularly various liquids of different
viscosity and surface tension are to be considered such that the effect

of the surface tension and viscosity may be singled out. In the mean

time the analytical solution of bubble dynamics and heat transfer,
including viscosity, may be obtained. The correlation between experimental

runs and analytical solutions are to be considered.
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