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ABSITRACYT

PART T. AN EXPERIMENTAL STUDY OF PARTIAL AND COMPLETE FILM BOILING
WITH FORCED CONVECTION

An apparatus was developed to investigate the regicns of
peak heat flux, partial film boiling, and complete film boiling.
High-speed motion pictures and experimental data were taken to
study the effects of ligquid velocity, pressure, and temperature
on ihe boiling heat transfer in subgooled-distilled-degassed
water. The motion pictures showed the types of vapor formation
which oceur in each of the three regions and indicated that the
heat transfer at the transition from nucleate boiling to partial
film boiling was about 90 per cent of the peak heat flux.

PART II. A DETAILED PHOTOGRAFPHIC STUDY OF NUCLEATE POOL BOILING

The dynamics of nucleate hubbles in aerated and degassed
liqguids was studied by means of high-speed motion picture cameras.
A mechanism is proposed for the growth and collapse of nucleate
bubbles which snuccessfully prediets the effeets of liquid proper-
ties and conditions on bubble dynamics.

The liquids chosen for this study were distilled water and
carbon tetrachloride because of thelr widely different physical
properties. The influence of surface tension on the bubble dyn-
amics was investigated separately by adding a surface-tension
depressor to the water. For a range of liquid temperature
experimental data are presented including the size and lifetime of

the bubbles as well as the peak heat flux values.
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PART I

AN FEXPERIMENTAL STUDY OF PARTIAL AND COMPLE[E FI1IM BOILING
WITH FORCED CONVECTION

SUMMARY

The conpventional laboratory equlpment for studying pbolling
heat transfer was modified so that it could be operated in a stable
- manner with subcooled liquids in the regions of nucleate, partial
filﬁ, and complete film boiling. The apparatus employed a secondary
stabillizing fluid which flowed through the inside of an electrically-
heated stainless=-steel tube while the test fluid was flowing through
an annulus formed by the tube and a Pyrex jacket. The stabilizing
fluid absorbed the excess heat which could not be Transferred to
the test fluld. This arrangement allowed the apparatus to operate
safely in all three boiling regions since the total heat transferred
to the stabilizing fluid and the test fluld was a monotcnically
increasing function of wall temperature up to the melting point of
the wall.

The equlpment retalned the simplleliy of electrleal heatling and
was used to study boiling in distilled water wanich was flowing at
various velocities, pressures, and temperatures in an annulus. The
results of this investigation and a description of the apparatus are
presented together with an approximate method for calculating the
~heat transfer in the complete film bolling region.

High-speed motion pictures thal were taken of the degassed water
bolling on the electricallﬁ-heated tube showed the types of vapor for-
mation in the three boiling regions. The mechanism of transition from
nucleate to partial film and finally to complete film boiling as the

wall temperature was increased 1lg discussed,



1. INTRODUCTION

The heat transfer from a hot metal wall to a boiling liquid
has been the subject of cxtensive studies which started with the
work of Mosciki and Broder (Cf. Ref. 1). Little progress was made
until the need for high rates of heat transfer in nuclear reactors
and rocket motors added to the desirability of obtaining a fuller
understanding of the belling heat transfer mechanics. These recent
incentives have resulted in contributions to the fleld of nucleate
boiling by many investigators including: McAdams (Cf. Ref. 2),
Tramontini (Cf. Ref, 3), and Gunther (Cf. Ref. k).

It was not possible for these investigators to make a detailed
study of the bolling mechaniem in all regions because of the inabil-
ity of exlistlng equlipment to malntaln stable operation near the peak
heat flux and partial film boiling regions. The following discus-
~slon of the three bolling regions brings out this inherent difficulty.

Figure 1 shows a typlcal heat transfer curve in which, for
simplicity of the discussion, heat flux is plotted against wall
temperature instead of the customary parameter of temperature
difference between the hot wall and the fluid. The shape of the curve
1s unaffected by this substitution for constant fluild temperature,
pressure, and velocity.

The region A to B in Figure 1 represents the nonboiling line
Tor either forced or free convection., When the wall temperature
increases above the liquid saturation temperature, such as at point B,

the liquid against the hot wall bolls at smsll nuclei. If the bulk
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of the liquid is below saturation temperature, the bubbles grow to
a maximum radius and then collapse. Since the boiling occurs from
small active nuclei at the surface of the hot wall in the region from

B to C, this type of bolling is called surface or nucleate boiling.,

High~gpeed motion pictures of nucleate boiling were taken with the
fields of view shown in Figure 2. Several frames of nucleate boiling
are shown in Figure 3.

As the wall temperature is increased to point C in Figure 1,
the population of nucleate bubbles increasss until they become so
crowded that several of the individual bubbles coalesce to form a
iocal blanket of wvapor. These vapor blankets cover lccalized areas
of the hot wall for periods of about ten to twenty times the Litetime
of a nucleate boiling bubble before condensing in the main stream.

As the wall temperature is increased still further, such as from
C to D of Figure 1, the wall area covered by the local film blankets
increages and causes the over-all heat flux to decrease. The region

between C and D is called Partial film boiling, because of the inter-

mittent coverage of the wall by the vapor film. Figure 4 shows one
cyele of partial film boiling.

At point D of Figufe 1 the local vapor blankets coalesce to
form a continuous vapor film. This is the complete film boiling regicn.
In this region the heat is transferred from the hot wall to the liquid
principally by conduction across the laminar vapor film. A further
increase of wall temperature causes a small increase in vapor film

thickness. The thickness, however, increases at a lower rate than



the temperature difference . Tgat» 50 that the heat flux increases.

At higher wall temperatures the film gets sc thick that it is no
longer laminar. The roughness of the film, coupled with radiation,
makes the heat transfer increase more rapidly with an inerease in
wall temperature. This lncrease results in the concave upward curve
E to P in Figure 1. The rough film is shown 1n view a of Figure 5.
(This rough film would occur elther at high wall temperature or on
a very long heating section.) The vapor film 1s also visible in
view b of Figure 5 which shows the film as it is being detached from
the heatlang tube by the sharp corner of the copper bus bar.

In addition to the three regions of bolling heat transfer, the
boiling process may be dlvided into two general categories: one,
where the bulk temperature of the liquid is below its saturation

temperature (heat transfer to subcooled liguids), and the other,

where the liquild bulk temperature 1s at its saturation temperature

(bulk boiling). The fluids used in the regenerative cooling of a

rocket motor are an example of bolling in a subcooled liquid, whereas
the generation of steam in a boiler is an example of bulk boiling.

It 1s now possible to discuss the difficulty of measuring the heat
flux in the three boiling regions. The conventional laboratory
apparatus employed for the sgtudy of heat transfer has a high resistance
wall (usually a thin metal strip or tube) which is heated electrically.
Reference to the solid curve in Figure & which represents heat transfer
to a subcocled liquid, shows that up to point A any increase in electrical

power supplied to the metal wall may be absorbed by the liquid. Thus



the conveection and nucleate bolling reglons may be siudled wilithout
difficulty. However, if the power 1s increased above point A, the
wall temperature must jump to point B before the additional power
may be transflerred Lu the liquid. At polnt B, the heat transfer
surface temperature required for most liquids is above the melting
point of the metallic wall, and failure occurs.

It has been possible to study the nucleate-bolling and complete-
film-bolling regions for a bulk boiling liquid as is represented by
the dashed line of Figure 6. The peak heat flux shown at point A,
is considerably lower than for the same liquid@ when subcooled. It
is seen to be possible also to transfer the peak quantity of heat
in the complete~film~boiling region without exceeding the melting point
of the wall.

Figure 7 shows Nukivama's curve (Cf. Ref. 5) of the heat trans-
ferred to water from a 0.0055-inch platinum wire in pool bulk boiling.
The peak heat transfer shown at point A, is sufficiently low to allow
the wall temperature to remain below the melting point in the film-~
boiling region and still transfer more heat than at the peak point.

It is thus possible to study the nucleate-boiling and complete-film-
boiling recgions for a stagnant pool if the water is al the saturation
temperature. Nukiyama's apparatus could not be used to investigate
the partial-film-boiling region.

For lhe case where the water 1s not at the saturation temperature,
there are four possible solutions that would still allow the study to

be extended into the complete-film-boiling region, One method would



be to control the wall temperature rather than the power supplied

to the wall. In this case, lnstead of using electrical heating,
control could be accomplished by using condensing vapors or fast-
flowiﬁg'hot liquids that would supply the heat to the wall. This
arrangement is not desirable since it has many seriocus difficulties in
control, installation, and measurement of the amount of heat supplied
to the wall. A second method for eliminating burnout but which still
retains the desirable electrical heating would be to make the wall of a
high melting point material. However, for any electrical conductor,
this method would prevent burnout only over a narrow range of liquid
properties. A third method cof preventing burnout would be to decrease
the electrical power supplied to the wall immediately after it is
raised above point A of Figure 6. If the power were carefully con-
trolled, it would be possible to jump from point A to some other point
in the film boiling region that required a wall temperature lower than
point B. This method requires elaborate electronic equipment that also
would not be satisfactory except for limited ranges of liquid
properties. Of these three methods, only the first one could operate
in the partial-film-boilling region.

A fourth method will be considered which makes it possible to
retain the convenlience of electrical heatling and still maintain stable
operation in all three boilling regions for a wide range of liquid
variables. As has been sgeen, the difficulty with the conventicnal
equipment which uses electrical heating is that a small increase in

povwcr above the peak polnt causcso the waell temperature to rise above



the mclting point. If the heat transfer could be made a monotounically
increasing function of the wall temperature, stable operation would
be obtained at any heat flux that requires a surface temperature
below the melting point of the wall. This condition (Cf. Curve C of
Fig. 8) could be realized if some of the electrical power supplied to
thé wall were dissipated in a manner described by Curve A and the
remainder of the heat were transferred to the test fluild illustrated
by Curve B. If the following relation 1s valid for the partial-film-

bolling regiaon of the test fluid,

Z %
A > o
‘57;f A 7;1 (1)
A B

the addition of the two heat fluxes would result in a curve such as
C; thus the wall temperature would rise only very little for a small
increase of electrical power over the peak point.

The simplest method for dissipating the excess heat as required
by Curve A of Figure 8 and in addition for supplying the remsining heat
to a test fluid is shown in Figure 9. The type of heat transfer shown
in Curve A of Figure 8 is obtained by fiowing a high-saturation-
temperature iiquid up through a tube. The high-saturation-temperature
allows the tube wall temperature to reach a high value before the
1iquid boils. Thus Curve A would be a forced-convection line Tor this
liquid. Becaﬁse of 1ts function, this liquid is denoted as the

stabilizing fluid. The fluid under study (test fluid) flows through

the annulus formed by the tube and outer jacket. The electrical power

supplied to the tube is dissipated ocutward to the test fluld and inward



to the stabllizing fluid. By controlling the pressure of the
stabilizing fluid, it is possible to study the partial-film and
complete-film bolling regions for the test fluild over a wide range
of variables. |

I+ was thus possible with the use of this apparatus to study
the three boiling reglons in detail up to the melting point or yield
point of the metal wall without danger of tube faillure. This equip-
ment was constructed snd studies with dietilled woter have been
completed at several different conditions of bulk temperature, pres-
sure, and velocity. These studies were mede in order to broaden the
Pasic understanding of the boiling phenomena as well as to obialn

design data.
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11. APPARATUS

A. Hydraulic Equipment

A schematic dlagram of the reclrculating system 1s shown in
Figure 10; An Ingersoll Rand, 15C-foot head, lS-gal/min pump ,
powered by a Louis Allis Co. 3-phase, 60—cyc/sec, 5-horsepower
motor, was used to circulate the water. After leaving the accumulator
which damped the pump pressure oscillatione, the water passed through
a 6-foot-long, l-inch-diameter pipe that was electrically heated.

This preheater was electrically insulated from the maln pipe system
with asbestos gaskets. The power was suppllied to this heater by a
100-kva, L4O-v stepdown transformer whose secondary voltage could be
varied from 20 to 4O v in fifty-six steps by means of knife switches
tapped from the primary winding (Cf. Fig. 11).

From the preheater the water flowed into the test section and
then to a heat exchanger where it was cooled to a temperature suitable
for re-entry into the pump. The cooling tap water flowed through an
annulus formed by the 18-foot-long, 3/h—inch-diameter test fluid pipe
and a 1-1/2-inch-diameter jacket.

The flow rate of the distilled water test fluid was determined by
using a double orifice type of flowmeter and a 200-inch Barton differ-
entigl pressure recorder.

A degessing tank was installed to lower the gquantity of gas in
the water since it was known from Reference 2 that large amounts of air
would Influence the boiling. The dashed arrows in Figure 10 show the
path for recirculating the water during degassing. The aspirator

decreased the pressure to 3 inches Hg while the storage tank heater



was maintaining the water at saturation temperature. After 1/2 hour

of recirculating, the gas content of the water was decreased to a value
below 0.3 cc/liter as determined by the chemistry section at the Jet
Propulsion Laboratory using the Winkler technique.

B. Test Section

These studies were made with distilled degassed water flowing
upward in a verticsl annulus formed by a 1/h-inch-dlameter, stainlece-
steel heating tube and a 2—1/2-inch-diameter Pyrex jacket (Cf, Fig. 12).
Several tests were also made using a 0.6l-inch-diameter Pyrex jacket
(cf. Pig. 13).

A 1-foot-length of type 347 stainless-steel tubing with a 0.006-
inch-thick wall separated the test fluld from the stabilizing fluid.

Two cylindrical copper bus bars were slipped over the tubing and silver
soldered 3 inchés apart. This spacing provided the 3-inch heated

length of the test section. The test section heating tube and assembly
details are shown in Figure 14. The stebilizing fluid was sealed at the
entrance and exit to the tube with rubber O-rings. This arrangement was
adeguate to prevent the high pressure stabilizing fluid from leaking
and permitted the tube to slide in the O-rings to provide for thermal
expaneion.

The low value of the ratio of tube heated length toc diameter was
necessary because of the electrical power limitations and also the
deslre to prevent large changes in liquid bulk temperature between the
inlet and outlet of the test secticn. Calibration tests indicated no
appreclable change in the heat transfer coefficient along the heating

tube (Cf. Section IVA.).
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C. Electrical Power Supply

It was found that a 60-cyc/sec ac power supply would csuse a
lEO—cyc/sec growth and collapse of the bubbles. Consequently the
power supply chosen for this study was oblalued from twe dc welding
generators (manufactured by the Hobart Co.) which generated de power
wifh the amplitude of the voltage ripple less than one per cent from
no load to rated capacity. Regulation of the field current with a
rheostat provided smcoth control from no lecad to rated capacity of
2L kw for each generator.

D. Thermocouples

The temperature rise of both the test fluld and the stabilizing
fluid was determined from two six-junction copper constantan difference
thermocouples. These thermocouples were insulated and then inserted
into 1/8-inch stéinless steel tubes. The tubes were placed along the
center line of the entrance and exit pipes with & 3-inch length immersed
in an isothermal region. A mixing chamber was used downstream from the
test section so that the thermocouples read a true mixed mean tempera-
ture (Cf. Fig. 15).

In addition tothe two difference thermocouples, two copper con-
stantan thermocouples were ﬁsed to measure the inlet temperature of the
stabilizing and test fluids. All thermeocouples were calibrated at the
ice point and boiling point of water. While immersed in well-stirred
baths the difference therﬁocouples were checked over a range cof tem-
peratures against standard thermometers.

~ An ice bath was used as a cold-junction reference, and all thermo-

" couples were read on a manually balanced Rubicon potentiometer.
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E., Photographic Technique

Motion pictures of the three types of boiling were taken through
the Pyrex Jjacket at 3000 frames/sec using a 16-mm Fastax camera. The
bubbles were illuminated by a General Electric B-H6 mercury vapor lamp
(ct. Fig 16). A concave mirror placed behind the lamp focused the
light falling on the tube Into a strip l/h inch wide and 2 inches long.
This arrangement provided sufficient light intensity to give proper
exposure on Eastman Kodak Super XX safety film with the camera lens

stop set below f/1l.
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Iii. TEST PROCEDURE

A, Wall-Temperature Measurement

The wall temperature had to be determined without disturbing
either the test fluid or the stabilizing fluid. A calibration was
obtained by flowing the stabilizing fluid through the vertical tube
withéut the surrounding test fluid. Three copper constantan thermo-
couples, electrically insulated from the dec voltage gradient in the
f1:be by using a 0.0005-inch-thick mica sheet, were wrapped around
the outside of the tube and spaced one inch apart; Natural Sil-0-Cel
insulation was placed over the thermocouples, and the entire assembly
was clamped to the tube (Cf. Fig. 17). This arrangement measured wall
temperatures within 4 per cent. To check the conduction errors of
the readings, hot water was passed through the tube with the electri-
cal power off. The wall thefmocouples agreed within 2 per cent with
thermocouples immersed in the water which was as hot as MOOOF. When
a check of the electrical insulating property of the construction was
made by reversing the power leads, no shift was noted in the thermo-
couple readings.

A series of tests was performed to determine the forced convec-
tion line for the stabilizing fluid. The data obtained agreed within
10 per cent with the predicted values using the Bleder-Tate equation.

After the forced convectlon curve was cobtained for the stabiliz-
ing fluid, the three wall thermocouples were removed. It was then
possible to determine the wall temperature without these thermocouples

by entering the forced-convection curve with the known heat flux as
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determined by the temperature rise indicated by the stabilizing-
fluid difference thermocouples. To obtain the temperature of the
wall exposed to the test fluid, it was necessary to correct for the
temperature change through the wall. The position of zero tempera-
tﬁre gradient was obtained by assuming constant électrical resistance

through the wall. Then by Figure 18

(*Z:)s (—az—' )S
x = 2 t = = t (2)
)+ (D Exv

Ageuming constant clectrical and thermal resistance, the temperature

drop from Xq to the test fluld interface is given by McAdams (Cf.

Ref. 2):
_/# A .d A
.- T, -—(asf{z W=y (3)
_ z X ’L_ Az (h)
EAT;VA ’(T)A K|z rzcr+x)
Then
e st 1, B 2 [y |l o
Ty by 2, 7ETI)Z (ZA>‘ "ET éD (ZA)

The temperature variation in the wall ag caleculated by relation (3)
or (4) was always less than 45CF, thus the assumption of constant

electrical and thermal resistance was reasonable.
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B. Stabllizing Fluids

Distilled water at a pressure of 460 psia and flowing at 40 ft/sec
was used as the stabllizing fluid for wall temperatures up to SOOOF.
This upper limit resulted when the water began to boil and thus main-
tained the wall temperature substantially constant regardliess of any
additional electrical power input. Since the wall temperature remsined
a flxed amounl zbove Llhe bolllng polnt of the stabllizing fluld, higher
wall temperatures could have been reached by increasing the pressure
of the stabilizing water. However, the small change in saturation tem-
perature with pressure made this solution impractical. As an alter-
native, another higher-boiling-point liquid or a high-pressure gas
could be used instead of the water as the stabilizing fluid. Dry
nitrogen gas proved to be a satisfactory stabilizing fluid.

Ten 1.5-cu £t tanks, initially filled with 2200-psia dry nitrogen
gas, were connected to the system. A pressure regulator delivered
500-psia nitrogen to the heater tube. After passing through the test
section, the nitrogen was discharged at sonic velocity to the atmosphere.

A potential difficulty with the use of nitrogen gas as the stab-
ilizer fluid was the isenthalpic change in temperature with pressure.
i1t was possible, however to employ the nitrogen gas since ithe stagnation
temperature of the gas entering the test section varied less than
3500 during the test. Reference to Figure 19 indicates that, by
regulating the niltrogen pressure at 500 psia, the discharge temperature
would be expected to remain betwsen + 200 and -~ 3200 as the storage

tank pressure decreased from 2200 psia to 1000 psia.
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The forced convection curve for the nitrogen gas was determined
in the same manner as for the water stabilizing fluid. TFor a constant
power Input to the tube, the measured wall témperature decreased less
than 10 pef cent as the storagé tank pressure decreased from 2000 psia
to 1000 psia. As a consequence, the heat transfer was assumed in-
dependent of storage tank pressure when the pressure in the tank was
above 1000 psia.

The forced convection curve was slightly concave downward because
of the higher exit temperature of the nitrogen from the test section
at higher heat flux. The higher exit temperature resulted in a lower
density (f~%ﬂ. The exit velocity remained sonic but the veloecity of
sound increased with temperature (¢~¥/T). The net effect was a lower
mass flow rate (GV;%). The lower mass flow caused a decrease in the
gas film ccoefficient and resulted in a concave downward forced con-
vection curve.

A power balance was obtained by measuring the temperature rise
through the test section of the test fluid and the water stabilizing
fluid. The heat transfer calculated from these two values agreed with
power measurements within five per cent. Because of the difficulty in
measuring the temperature rise of the nitrogen, no attempt was made to
obtain a power balance when the nitrogen gas was used. The heat trans-
ferred to the nitrogen wos obtained by subtracting from the total power
input the heat absorbed by the test water. The power balance for the
previous tests with water as the test and stabilizing fluvid indicated
that this procedure should give heat flux yalues accurate to five per

cent.
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C. Power Measurements

The power delivered to the test section was measured with an
smmeter and voltmeter, each accurate to one per cent of full scale
reading. TFor convenilence, the voltage measurement weas taken across
the outer ends of the copper bus bars instead of acrcss the heated
lengfh of the tube. This arrangement resulted in less than a one-
per cent error. The total estimated error in power measurement was
less than 3 per cent. The heat flux was calculated from the measured
power value and Lube-area measurements. The heat flux was known
within an uncertainty of L4 per cent. This method was checked against
values obtained by measuring current flow and calculating power in-
put from the product IER. Because of a 3-per cent variation in tube
wall thickness between various tubes, the second method was discarded

in favor of measuring both current and voltage.
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IV. DISCUSSION OF RESULTS

A. The Mechanism of Transition Between the Three Bolling Regions

In an effort to understand the mechanism by which heat is trans-
ferred from a hot metal wall to a subcooled bolling liquid,* high
speed motion pictures were taken of the three boiling reglons.
Emphasis was placed on the partial and complete fllm boiling mech-
anisms; the second part of this report on boiling heat transfer will
deal with the complex nucleate boiling process.

A brief discussion of the bolling mechaniem ig given in the
introduction of this paper, but the details of the mechanism by which
the boiling process changes from nucleate to partial film and finally
to complete T1lm boiling are now discussed.

The first problem to be encountered in understanding the bolling
mechanism is the process by which a bubble is generated. Since this
problem is beyond the scope of the present study, the commonly
accepted conditions are assumed to the effect that the bubbles may
form only at nuclei of sufficient size to overcome the initial sur-
face tension force of the liquid and that these nuclei are made up

of alr or vapor or a combination of hoth. The size of nuclei

* The term subcooled boiling liquid is commonly used for simplicity
despite the obvious ambigulty. The term replaces the longer statement
"the liquid whose bulk temperature ie below saturation temperaturc
but whose boundary layer 1s superheated so that bubbles may form next
to the heat transfer surface”.




which is required to initiate boliling in any liquid under given con-
ditions decreases with lacreaslng liquid temperature. Thus for any
gize distribution of nucleil in a 1liquid, there is a greater number of
active nuclei at higher liguid temperatures and consequently a greater
number of bubbles. The following discussion is based on the premise
that the population of bubbles increases with the temperature of the
ligquid. A more detalled discussion of the generation oI bubbles is
given in Part 1II, Section IV.

For simplicity in discussing the boiling process, it is considered
that a vertical metal wall is immersed in a stagnant pool of degassed
subcooled water at l-atmosphere pressure. Since not all of the dis-
solved gas has been removed from the water, small bubbles grow near
the hot wall from the nuclei that are sufficiently large to overcome
the liquid surface tension. The first noticcable effect of bubbles on
heat transfer appears in average degassed water (0.3 cc of air per
liter of water) when the wall temperature exceeds the liquid saturation
temperature by about 30°F. 'Ihese nucleate boiling bubbles grow and
collapse, thereby creating turbulence in the liquid near the wall,

The hot liquid near the wall is forced away by this turbulence and
replaced by the cooler bulk liquid. The temperature of the local
eddies of water may then alternate from superheated to below saturation.
B8ince the wall temperature is only slightly above the saturation tem-
perature, a small number of widely spaced bubbles may maintain the
liquid near the wall between the bubbles at a temperature close to

saturation. Whenever the liquid temperature increases to the value



nzeded to evaporaﬁe into a nucleus which is present, a new bubble forms.

As the wall temperatufe i1s dncreased, the bubble population also
increases since more nuclei are of the size required to initiate a
bubble. The population of bubbles increases to the number that is
needed to create pufficient turbulence to cool the remaining liguid
next to the wall below its nucleation temperature. When the wall is
about 100°F above the water saturation temperature, the population
has lncreased so that at maximum size the bubbles cover 100 per cent
of localized areas of the hot wall. These localized areas are entirely
covered by about a dozen bubbles which coalesce to form a local vapor
blanket., At any instant these local areas that are entirely covered
with bubbles may occupy only 30 per cent of the total area. At the
peak heat flux point, about SQ per cent of the total wall area is
occupled by vapor 1n the form of blankets and Individual bubbles
(¢f. Fig. 21).

Figure 22 illustrates the vertical wall with a local film blanket
for the condition at the transition fram nucleate to partial film
boiling., The bucyant fofce on this large vapor blesnket exceeds the
adhesion force and tends to slide the blanket upwardvalong the ver=-
tical wall., However, since the stagnant liquid near the wall above
the blanket resists motion more strongly than the liquid far from the
wall, the vapor will float out into the liquid as shown. When the
vapor detaches from the wall, cocol liquild is drawn in as replacement.

These thick local blankets of vapor alternately form from coalescing

nucleate bubbles and float ocut into the main body of the liquid to
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condense. The partial film boiling continues until the wall tempera-
ture reaches about 1000°F above the saturation temperature., At this
high temperature, the bubble population has increased to the point
where the bubbles contact one another when only partially grown. For
this condition the many local film blankets now occupy 100 per cent
of the entire wall and coalesce to form a complete film (Cf. Fig. 21).
Since the entire wall ls covered, the vapor is forced upward by the
buoyant forces rather than floating away from the wall (Cf. Fig, 23).
The film thickness is now adjusted so that the vapor flowing upward
is Jjust replaced by the evapcration into the film.

It is seen that the individual nucleate-bolling type of bubble
plays a prominent role in all three boiling reglons. The only differ-
ence between the various boiling regions 1is the population of nucleate
bubbles a few milliseconds after the wall is wetted.

A discussion of the reverse process of starting with a hot
wall, which io cooled down to the nonboiling tcmperature, may aid
in understanding the mechanism. This process would be the case of
quenching a hot metal body in & subcooled liquid.

At the instant when the hot body (at least LOOOCF above Lhe
liquid saturation temperature) is immersed in the subcooled liquid,
nucleate-bolling bubbles form. After a cycle or two of growth and
collapse, the bubble population is so great (Cf. Fig. 24) that sev-
eral bubbles coalesce into local blankets of wvapor which in turn
coalesce into a complete vapor film. The liquid evaporates into
the film, and the vapor flows upward by buoyant forces. The film

thickness adjusts so that the evaporation into the film just equals
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the mass of vapor floﬁ out of the film. Heat is conducted and rad-
iated from the wall through the vapor film to the liquid. As the

wall is cooled, the vapor-film thickness must decrease to maintain

the balance between evaporation into the film and mass flow out of

the film. The heat_transfer by conduction through the film de-
creases since the temperature difference Ty-Tggt decreases faster

than the film thickness (Cf. Eq. £-1Q)., 1In addition, the heat trans-
fer by radiation decreases. The total heat transfer must consequently
decrease as the temperature of the wall is lowered.

The film boiling in the pool has caused turbulence in the water.
Thege water currents may at times penetrate the vapor film and wet
the wall. If the wall is sufficiently hot, nucleate bubbles form
over 100 per cent of the wetted area, and the complete film is again
ectabliched (Cf. Fig. 24). Howcver, if the film is penetrated by
liguid when the wall is no longer hot enocugh to produce 100 per cent
coverage of nucleate bubbles over the entire wetted area, the result-
ing partial film bolling creates additional turbulence which breaks
up more of the rilm, The film may be broken at any place dquring
the transition from complete to partial film boiling although the
liquid 1ig more 1llkely to wet at the bottom of the wall where the fiim
is thinnest. The ligquid at this polnt then boils and creates tur-
bulence which forces the cool liguid against the remaining fiim.

This action causes more of the wall to be wetted and more nucleate
bubbles to form. These nucleate bubbles have a population that allows
local blankets of vapor to be formed thus creating more turbulence.

In this manner the complete film is removed from the wall and replaced
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with local blankets in the partial-film-boiling region. Heat con-
tinues to flow from the wall into the subcooled iiquid by the mech-
anism of induced turbulence and latent heat transport as the blankets
float away from the wall.

The wall continues to be cooled, and the population of lacal
vapor blankets decreases, thus allowing more time for the intermediate
nucleate bubbles. .This decrease in the population of vapor blankets
results in a higher heat transfer. When the wall is cooled to the
point where the bubble population is toc small to allow coalescence,
héat 1s transferred entirely by the nucleate-boiling mechanism. As
the wall temperature ig decreased further, the nuclecatc-bubble popu-
lation decreases, and the heat transfer consequently decreases.
Finally the wall temperature falls below the liquid saturation tem-
perature, and the body 1s cooled to the liquild temperature by free
convection.

In addition to these conclusions regerding the mechanism of
boiling, the following experimental results have been obtained.

B. TForced Convection

The heat-transfer curves obtained for the forced-convection non-

boiling region (Cf. Figs. 25 through 28) agreed within 10 per cent

‘with valueg calculated from the Sieder-Tate equation.

aQr4
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where the best value of C was 0.025 (Cf. Fig. 29).
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C. Nucleafe Bolling

The nucleate-bolling daﬁa correlated in Figure 30 were within
5 per cent of the values given by McAdams {Cf. Ref. 2).

The heat flux in the nucleaste-boiling region varied from in-
ciﬁient boiling to the peak heat flux with substantially a constant
wall temperature. Because of the small varistion of wall temperature
with heat flux in this region, only two deslgn facts must be known
about the nucleate-boiling process: (1) the maximum heat flux that
may be transferred at a reasonably low wall temperature {usually the
heat flux at the transition from nucleate to partial film boiling)
and (2) the wall temperaturc rcquircd to cause incipient boiling in
the boundary layer of the coolant liquid.

The present study has furnished information on the mechanism
of nucleste bolling, partial film boiling, and complete Tilm boiling.
In ordér to obtain additional information on the factors controlliing
the maximum heat flux, more detailed pool-boiling studies of nucleate
boiling were made for water, water-Aeroscl solution, and carbon tetra-
chloride containing various amounts of gas. The combined program has
resulted in a better understanding of the bolling mechanism which has
allowed the férmulation of a semi-empirical theory that successfully
predicts the peak heat transfer rates (Cf. Part II Sect. V).

The ealculation of peak heat flux by this method still requires an
experlmental determination of bubble growth rates.

The second important fact, that of knowing the wall temperature

at which the liguid will nucleate boll, 1s equally difficult to study.
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To date, no theory is available which can predict successfully the
wall temperature required to initiate boiling. Several unknown
facts, such as the average size and distribution of gas nuclei or
other foreign nucleation particles, prohibit an analytical solution
of" the problem at this time. However, a rough estimate of wall tem-
perature may be made since experimental results have indicated that
all moderately degassed liquids tested boil when the wall temperature
cxceeds the liquid bu‘bble-point temperature by less than 100°F.

D. Partial Film Boiling

Reference to the Figures 25, 26, and 27 shows that the wall tem-
perature in the partial-film-boiling region ls alfected by pressure
and subcooling in about the same manner as in nucleate boiling. The
wall temperature Increases with pressure so that the difference be-
tween wall temperature and saturation temperature remains approximately
constant at any given heat flux. This correlation is shown in Figure 31,
where heat flux is plotted against the difference between wall tempera-
ture and liquid saturation temperature.

The high-speed motion pictures of this type of boiling indicate
that the cycle consists of the following events: (1) nucleate bubbles
form; (2) the population of the bubbles increases until several
coalesce into local blankets of vapor; (3) these blankets grow out
into the cooler liquid away from the hot wall and are then condensed
while still attached to the wall or float away by buoyant force and
condense in the main stream (Cf. Fig. 22).

. TFilm Bolling |

Film boiling may occur in several different types of equipment such
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as: nuclear reactors, condensers, blnary mercury-water boilers,
and gquenching apparatus.

The heat transfer in Tillm bolling was found to be independent
of the water pressure, velanclty, or subeooling over the range inves-
tigated (Cf. Figs. 25 through 28).

The water flow at 5 ft/sec was reversed in one test so as to
flow from top to bottom. The vapor film continued to flow upward.
This result indicated that, for a vertical heat transfer surface and
the range of velociﬁies investigated, the main driving force for the
vapor film was buoyance, not pressure drop due to friction or shear
stress bf the water flow. A correlation for the complete-fllm-boil~
ing heat transfer from a vertical wall is presented in Figure 32a.

Measurements of the photographs indicated that the vapor velocity
waec about 25 ft/sec regardless of the varied condiltilons. This value
agrees with the calculated estimates given in the Appendix.

In the investigation of film boiling, the electrical power supplied
to the heating tube was increased until the tube falled. Fallure was
not caused by melting of the entire tube but usually resulted from the
decrease in allowsble stress at high wall temperature. The lower
vield point could not support the internal pressure, and the tube
bulged as shown in Figure 33a. Another less frequent cause of failure
was a local burnout of ahout l/32-inch diameter caused by an imper-
fection in the tube wall. In such a case thé stabilizing fluid flowed

ott of the pinhole and prevented the burnout from spreading (Cf. Fig. 33a) .
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¥. Accuracy of Data

The data which were obtalned from this study were probabhly within
10 per cent of the true heat flux valuesg in the forced-convection,
nucleate-bolling, and complete~-film-boiling region. The accuracy
decreased to abont 1.5 per eent in the partial-film-boiling region
vecauge of the difficulty of maintaining a constent-mass-flow rate

with the vlolent growth and collapse of the large vapor masses.
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V. CONCLUSIONS

The major aim of this part of the investigation was to study
the three . bollling reglons 1n order to understand netier the mech-
anlsm of bolling heat transfer. This program has ylelded sufficient
information to indicate how the boiling process changes from nucleate
into partial Tiim boiling and finally into complete film boiling as
the temperature of the heat-transfer surface is raised. The pesk
heat flux values were seen to occur approximately at the transition
from nucleate boilling to partial Film boiling.

The equipment that was developed for this program proved satls-
factory for studying the "unstable" partial-filim-hoiling region as
well as the complete-fillm-boiling region. With slight modification
to allow for the use of a higher-pressure stabilizing gas, the
apparatus may be used to study the boiling regions of water flowing
at higher velocities than were employed in this program (e.g., the
use of 1000-psia nitrogen gas would stabilize water flowing at any
velocity up to 25 ft/sec). Cther liquids that have lower pesk heat-
flux values than water may be stabilized with nitrogen gas at much

lower pressures.
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PART 11

A DETAILED PHOTOGRAPHIC STUDY OF NUCLEATE POOL BOILING

SUMMARY

The second phase of the investigation consisted of a study of
pool boiling using distilled water and commercially pure carbon
tetrachloride. The experimental program was aimed at obtaining
fundamental information cn the behavior cf nucleate bubbles forming
cn a stalnless-steel heatlng strip and the role they plsy in boiling
heat transfer. High-speed motion pictures were taken of the nucleate
bubbles at a liquild pressure of one atmosphere, liquid temperature
range from lTOOF below saturation to saturation temperature, and heat
fluxes from inecipient boiling to the transition f?om nucleate to
partial £ilm boiling. In addition, the effects of dissclved gas and
surface tension on bubble dynamics were studied.

Ag a result.of this program it has been possible to propose a
mechanism of the growth and collapse of nucleate bubbles. An
empirical expression has been obtained that relates the measured bubble
velocity and size to the heat flux at the transition from nucleate to
partial film boiling. This relatiog is

. O
br-o0s3 (FEE) ()
The veloclty and effective radius appearing in this equation still
have to he detérmined experimentally; all other factors are liquid
properties. 'The values of the peak heat transfer calculated from

this relation agree within 15 per cent with the experimental data.
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I. INTRODUCTION

A. Nucleate-Bolling Applications

The high combustion gas ftemperatures and gas film heat trans-
fer coefficients in rocket motors result in heat transfer rates far
in excess of the wvalues encountered in the conventional industrial
heat transfer equipment. Heat fluxes of the order of 10 Btu/sq in.-
gec are not uncommon in the modern rocket motors. To cool these
motors by regenerative forced convection would require excessively
high velocities with a resulting high pressure drop. In addition the
coolant passages would in many cases be so small that maintaining the
required tolerances would cause undesirable manufacturing difficulties.
It is possible, howesver, to Lransfer these hlgh heat fluxes by nucleate
boiling at much lower velocities. Reference to Figure 26 shows that
for the given conditions ten times as much heat may be transferred by
nucleate bolling than could be transferred by the nonbolling forced
convection at the same free stream velocity. The wall temperature in-
creased only LOCF to result in this tenfold increase in heat flux.
Since this small temperature increase could not change the physical
properties of the rocket-motor wall to eny cxtent, the only important
deglgn data neéded are the wall temperature required to initiate
nucleate bolling and the peak heat flux which may be transferred. Al-
though the variation of heat flux with wall temperature in the nucleate
boiling regicn is of little importance for design purposes, it is of

interest in understanding the process of boiling heat transfer as will
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be scen in the discussion of bubble dynamics.

In addition to the application of nucleate hoiling to the cooling
of rocket motors, the process 1s of importance in the design of auclear re-
actors and the proper quenching of metals. Although the conventional
heat exchangers and condensers uswally are not limited in size and
welght to the same extent as flight equipment, 1t would he advisable
economically to design this equipment to operate in the nucleate-
boillng region also whenever possible.

B. Literature Review

The more significant advances in the field of pool~boiling heat
transfer up to the present will he discussed briefly in this section
of the introduction.

Mosciki and Broder (Cf. Ref. 1) were the first to inyestigate the
variation of heat flux with wall temperature in the free convecticn
and nucleate bolling region by employing an electrically heated wire
in a pool of water. Nikiyama (Cf. Ref. 5) extended the study for
bulk-boiling water to include the complete film bolling region.

Drew and Mueller (Cf. Ref. 8) postulated that in the region of
rapid increases in heat flux for small increases in wall temperature
the liquid boiled on the heating surface at active nuclei. This

proposal resulted in terming the boiling region nucleate boiling.

McAdems, et ai, (Cf. Ref. 9) found that the heat transfer in
nucleate bolling was independent of wire diameter from 0.016 to
0.024% inch. For wire diameters of 0.004 to 0.008, McAdams slaled
that at any given heat flux the temperature difference between the

well and the water increased for larger wire size. (It should be



noted that thege conclusions do not include the peak heat flux values.)

Jakob (Cf. Ref. 7) propoced that the increase in heat transfer
in the nucleate boillng reglon for bulk bolling was dus to the agita-
ticn bf the liquid near the wall caused by the detaching bubbles. This
conclusion was reached after showing that the lateut heat traansport
mechanism alone was insufficient to account for the high heat flux ob-
tained by nucleate bolling.

King (Cf'. Ret. 10) Tound that the wall temperature exceeded the
liquid saturation temperature by an amount which decreased with the
addition of dissolved gases to the liquid, the presence of solid im-
purities in the liquid, or by increasing the pressure of the liquid.

. Sauer'(Cf. Ref. 11), Akin and McAdams (Cf. Ref. 12), and Farber
and Scorah (Cf. Ref. 13) showed that different metal heating surfaces
produced appreciable variations in the nucleate-boiling heat trans-
fer for any gilven temperature difference between the wall and liguid.
According to Kanlakis and Sherman (Cf. Ref. 1k4) the surface roughness
of the heating surface did not influence the value of the peak heat
flux.

Gunther (Cf. Ref 15) employed a high speed camera to study
nucleate boiling and speculated that the high rates of heat transfer
were due to induced liquid turbulence.

In addition to the interest in bubble dynamics as affecting
boiling heat transfer, considerable effort has been expended in the
study of cavitating flow. Unllkethe preceding studies of bolling

heat transfer, the hydraulic cavitating flow has been studied in de-



tail, both analytically and experimentally, by many investigators,
including Knepp end Hollander (Cf. Ref. 16); Harvey, st al (CL. Ref. 17);
Plesset (Cf. Ref. 18); Ellis (Cf. Ref. 19); Dergarabedian (Cf. Ref. 20);

and Gilmore (Cf. Ref. 21).

. Purpose of Present Study
The study of macleatce bolling heat transfer may be divided iuto
three phases:
1. Bubble generation
2. Bubble growth and collapse
3. Influence of bubble dynamics on heat transfer
The subject may oe subdivided further into the categories of
boiling in & pool and boiling with forced convection,
The phases chosen for this experimental investigation were bubble
growth and ccllapse as well as the influence of bubble dynamics on
heat transfer in pool bolling, Twec liquids with large differences in
physical properties were chosen for this investigation: water and car-
bon tetrachloride. In addition, since preliminary investigstions had
indicated that the surface tension and gas content of the liquid played
an important role in the nucleate boiling process, a water-Aerosol

solution and water containing different amounts of air were investigated.



11. DETEBMINATION OF PEAK HEAT FLUX

A. Description of Equipment

1. Purpose

The discussion contained in the introduction to this phase or
the report explained the desirability of knowing the maximum heat
flux that coculd be transferred to any liquid by the procegs of nuc-
leate boiling. This point, which cccurs where the heat transfer
mechanism changes from nucleate to partial film bolling, was deter-
mined by ilncreasing the power supplied to the heat transfer strip
until the surface melted. The factors responsible for this fallure
of the heat transfer surface have heen discussed in detail in Part I.

The present study was made in an attempt to obtain a pasic under-
standing of the mechanism of the nucleate-bolling process that would
aid in cobtaining a correlation that could predict the peak heat-
transfer rates. To simplify the problem, it was decided to confine
this phase of the study to pool boiling. This condition eliminated
the complications which would result with forced convection where the
nucleate bubbles move downstream at about 8/10 of the free stream
velocity (Cf. Ref. k).

2. Distilled Water

The tests with distilled water were carried out using a 1/8-inch
wide, 1/2-inch long and 0.0043-inch thick, type 30k stainless-steel
heating strip immersed in distilled water. The test tank was made of

8 Pyrex glass 2 l/2-inch diameter cylinder, 2 inches long, with flat
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ends (Cf. Fig. 32b). The distilled water was bailed in a 2-liter
flask until one half of the water was evaporated. Thils procedure
lowered the dissolved gas content to less than 0.2 ce of sir per
liter of water as determined by the chemistry section of the Jet
Propulslcn Laboratory using the Winkler technigue. After degassing,
the water was drawn by means of sn aspirator Into the test section
where the bubbles could be photographed through the flat ends of
the tank. A thermometer was placed L/Q inch sbove the heating
strip to measure a reference bulk liquid temperature.

The power supply for electrically heating the stainless-steel
slrip was obtained from a dc welding generator manufactured by the
Hobart Co. Regulation ofthe field current by the use of a rheo-
stat provided smooth control from no load to the rated capacity of
24 kw with the amplitude of the voltage ripple less than one per cent.

The heating strip was cut from a roll of type 304 stainless
steel with precision shears. The strips chosen for these tests
varied less than 0.001 inch in the 0.125-inch width and less than
0.0001 inch in the 0.0043-inch thickness. To determine the eiec-
tricel resistance of the heating strip, five, 1 1/2-volt, dry
cell batteries arranged in parallel were connected in series with
a 3-chm resistor, a 0.5 per cent ammeter, and the stalnless-steel
strip. The voltage drop across a l-inch length of the strip was
determined by the use of a hand-balanced precision potentiometer.
The average resistivity measured in this manner was 0.0263 ohm

per inch of length. Figure 33b shows the curve of heat flux vs



current that was obtailned and then used for the present program. The
variation of the reslstlvity of the strip with temperature was neg-
1igibly small over the range of Interest. The hest flux determined
in this manner was estimated to be within 1 per cent of the true
7alue.,
3. Carbon Tetrachloride
Considerable difficulty was encountered in an effort to re-
move the digsclved gas from the carbon tetrachloride. When thie liquid
was subjected to the same degassing technique as had provéd satisfac=-
tory for the water, large quantities of noncondensable gas bubbles
were produced during a bolling test. As a result, another method was
developed to remove the gas from the liquid. It was found that the
carbon tetrachloride couid be degassed satisfactorily by evaporating
the liquid and then recondensing the vapor while drawing a high
vacuum to remove the noncondensable gases. This tedious process was
-carried out using the system shown in Figure 34. All containers and
lines were fabricated of Pyrex glass. The procedure for degassing was
as follows:
The carbon tetrachloride was poured into container A, and con-
tainer B was surrounded by a liquid nitrogen bath. Heat was
supplied to container A to cause the liquid to evaporate.
The vapor flowed over to container B where it condensed and
solidified. The vecuum pump maintained the system at about
2 inches Hg abs and drew off the gas that would not condense,

After all of the liquid was evaporated from container A, the
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liquid nitrogen bath was removed from B and placed
under A, The liguid was then evaporated from B back
into A after saitahly ad insting the control valves.
The procedure had to be repeated about four times
before the desired amount of gas was removed from

the liguid. Contailnsr B was then Ffilled with the de-
gassed liquid and valves 1 and 2 closed and valves 3
and 4 opened. Container B was heated to increase the
pressure and the liquid was then drawn into the test
section. Figure 34 shows the liquid level when the
gystem is ready for the start of the test. Valve e
was closed, and the liquid in container B was heated
to give the desired pressure while the liquid in the
test section was cooled. In this manner, it was not
necessary to expose the degassed liquid to the atmos-
phere or other contaminating gas in order to obtain
the required 1 atm abs pressure.

The test section was similar to the water test tank with the
exception that the entrance and exit lines were both glass welded
to the top of the cylinder body (Cf. Fig. 35).

To maintain the cérbon tetrachloride at a constant tempera-
ture during the high-subeocling tests, it was necessary to surround
the tank with a coolant. Figure 36 is a schematic drawing of the

test tank surrounded by ethyl alcohol that was used as the cooling



liguid. A clear frost-free view of the bolling was possible with
the use of purging tubes bled with dry nitrogen gas.
L. Wall-Temperature Measurement

It was desirable to measure the wall temperature required
to initiate boiling in the carbon tetrachloride; the excess wall
temperature required for water was kmown (Cf. e.g. Ref. 15). The
high de voltage gradlent in the heating strip added to the usual
difficulty of cbtaining eccuratc mcasurcment of well temperaturc
by the direct attachment of a thermocouple to the wall. The most
satisfactory arrangement that was obtained for determining the
wall temperature is shown in Figure 37. The heating strip was
sealed intc the Plexiglass holder with acetone. The thermocouple
agsembly was screwed into the holder until electrilcal contact was
obtained between the strip and the thermocouple, The screw was
then rotated so that the thermocouple was withdrawn about 0.0005
inch from the heating strip. The Plexiglass holder was used only
during the tests conducted to measure the wall temperatures.
B. Experimental Data

1. Degassed Water

It was found that the peak heat flux data for degassed dis-
tilled water containing less than 0.2 cc alr per liter of water
were reproducible within about 10 per cent. In view of the in-
herent statistical nature of the burn-out point, it is not sur-
prising that the data werenot reproducible within closer limits

(cf.p.19 Part 1). The values of peak heat flux plotted in Figure 38
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varied from 5.8 Btu/sq in.-sec at 80°F to 0.3 Btu/sq in.-sec
at the paturastion temperature.

Employing the values of wall temperature plotted in Fig-
ﬁre 39, the heat transfer coefficlent was determined. It is seen
from Flgure 40 that the heat transfer cosfficient decreassd with
an inersase 1n liquid temperature although at a slower rate than
the peak heat flux.

t should be recalled that the liquid temperature was mea-
sured at a position sbout 1/2 inch directly above the heating
strip.

A second thermometer located below and to the side of the
strip measured temperatures about 25°F lower at a heat flux of
5 Btu/sq in.-sec and 10°F at a heat flux of 1 Btu/sq in.-sec.
The thermometer located 1/2 inch above the strip has been used
as the reference since its reading prcobably was more representa-
tive as an effective liquid temperature.

2. Aerated Water

Aerating the water so that it contained moré than 30cc
air per liter of water resulted in the formation of bubbles which
contained appreciable quantities of noncondensable gases. The
eflfect of the gas was to lower the values of the peak heat flux
about 25 per cent below the degassed wéter data (Cf. Fig. 38).
At liquid temperatures exceeding 110°F, a lafge stagnant gas
bubble having a diameter about 10 times as large as the normal

nucleate bubble would form on the heater strip. This large gas



bubble limlted the transler ol heal from the strip into the water
and resulted in causing the wall to melt at lower walues of heat
flux. The peak heat flux values that were cbtained with large
gas hubbles on the heat transfer surface also are shown in Fig-
ure 38. The large gas bubble could be cbtained occasionally at
liquid temperatures below 110°F.

3. Aerosol-Water Solution

It was desired to investigate the effect of a change in
surface tension on the walue of peak heat flux without any appre-
ciable change in the other physical properties of the water. A
1 per cent solution of Aerosol (dihexyl sodium sulfosuccinate)
and water was used since its surface tension was only 34 dynes/cm
compared to T2 dynes/cm for distilled water. The interesting re-
sult was that the peak heat flux decreased to about half the value
for degassed distilled water at 80°F (Cf. Fig. 38).

The wall temperature for the Aerosol-water solution was about
15°F lower than the values obtained in distilled water. (Cf. Fig. 39).

After degassing the solution in the same manner as the dis-
tilled water, the gas content was about 0.7 cc air per liter of
liguid.

It isg interesting to notice that the degassed water, aerated
water, and Aerosol-water solution curves all approach a common
value of 0.3 Btu/sq in.-sec at the saturation temperature (Cf. Fig. 38).

L. Degassed Carbon Tetrachloride

The peak heat flux data for the degassed carbon tetra-
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chlaride also decreased with an increase in liquid temperaturs as
shown in Figure 4l. The data easily were reproducible within *5
per cenf.

Measurements of the wall temperature indicated that the
excess in wall temperature over the saturation temperature at the
peak heat flux was about 15°F less than for degassed water (Cf.
Fig. 39).

5. Aerated Carbon Tetrachloride

Aeration of the carbon tetrachloride resulted in larger
bubbles which contained appreclable quantities of a noncondensable
gas. The value of peak heat flux was about half as large as the
degassed carbon tetrachloride at 20°F (Cf. Fig. 41). Unlike
the aerated water only one size of gas bubble could be observed
at any given liquid temperature.

It is noted from Pigure 41 that the degassed and aerated
carbon tetrachloride curves approach a common value of 0.13 Btu/sq
in.-sec at the saturation temperature.

A gualitative explanation of the relatlve positilons bf the
five peak heat flux curves will be glven in Section V after dis-

cusping the proposed mechanism of boiling heat transfer.
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111, MEASURFMENT OF BUBBLE GROWTH AND COLLAPSE RATES

A. Desgcription of-Eqpipment
1. Water Tests

Tests with water were carried out using the Pyrex glass con-
tainer and heating strip described in the preceding sectlon on peak
heat flux measurements. A General Radio, 35-mm, shutterless camers
was used with a Kerr-cell, electro-optical shutter (Cf. Ref. 22).
The Kerr-cell was operated from a 14,000-volt power supply for a
maximum period of 0.05 sec. The exposure time on each frame was
about 2 microseconds. A relay system allowed the camera to acceler-
ate to the required 15,000 frames/sec in about 1.2 sec before
actuating the Kerr-cell and firing the flesh bulb. With thisc ar-
rangement about 5 feet of the 100 feet of fllmwere exposed.

The moderate resolution of the high-speed camera prevented
inspection of distances smaller than 0.00l inch.

2, Carbon Tetrachloride Tests

The much lower growth and collapse rates of the carbon tetra-
chloride bubbles were determined by photographing the bubble at 3000
frames/sec on 16-mm Eastman Kodak Super XX motion-picture film using
a Fastai camera. .

The same degassing technique and equipment were used during

this phase of the study as were described in the preceding section

on peak heat flux.
B. Photographic Results

1. Degassed Water



It may be concluded from Figure 42 that the nucleate bubble
formed somewhere in the liquid within 0.001 inch of the heating strip.
The bubble grew to a maximum size and, for liquid temperatures he-
low lTOOF, collapsed while remaining within 0.001 inch of the wall.
When the water temperature was between approximaiely lTOOF and satura-
tion, the hubbles detached from both the upper and léwer surfaces
of the heating strip and floated intoc the bﬁlk of the ligquid before
collapsing (Cf. Fig. 43). For simplicity of reference, these bubbles
which condense (within the visible 0.001 in.) will be denoted as

vapor bubhles.

It was observed at all liquid temperatures (Cf. Fig. L)
that the base of gome of the vapor bubbles separated from the heat
transfer surface Jjust prior to the collapse phase of the bubble life-
time cyele. Since this type of bubble could be seen on the lower as
well as the top surface of the heatlng strip, the motion of the bubble
away from the strip could not be attributed to the buoyance force.

The effect of heat flux on the bubble size and population
can be seen from Figure 45, which shows several frames from eéch of the
four motion pictures taken of the boiling at 31, 34, 63, and Tk per
cent of the peak heat flux. Five bubbles were measured from each of
these fimé and the data plotted in Figures 46 through 49. The
average values of maximum radlus and lifetlime are plotted 1ln Flgure 5C.
The average of the bubble growth and collapse rates, hereafter

termed bubble velocity, was obtained by dlviding the maximum bubble

radius by half the lifetime. It is seen that the three factors are
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relatively insensltive (o the magnitude of the heat flux.

In the next series of tests the heat flux was get at 50 per
cent of.the peak heat flux for six different bulk temperatures (62,
78, 112, 132, lT7OF), and motion pictures were taken of the bubbles.
Several frames From three of these fllms are reproduced in Figure 51,
The data taken from five hubbles at each liquid temperature are plotited
in Figures 52 through 57. The average values of bubble maximum
radius, lifetime, and bubble velocity are plotted in Figure 58.
The maximum bubble radius inecreased from .0135 inch at 620F to 022
inch at 1770F. "The lifetime increassed faster than the radius and
resulted in a decrease in bubble velocity from 4.1 ft/sec at 62°F
to 3.3 ft/sec at 177°F.

The large deviation from the average values of maximum radius
and 1ifetime for the bubbles should be noted in Figures 46 through
L9 and Figures 52 through 57. As a result of these large variations,
the average values plotted in Figures 5C and 58 should not be ex-
pected to be clbser than about 25 per cent from the true values.

A qualitative discussion of the effect of liquid ﬁemferature
and heat flux on the bubble dynamics will be given in Bection IV.

2. Aerated Distilled Water

The motion pictures of the nucleate boliling of aerated water
indicated that the bubbles did not condense while remaining against
the wall as was usually the case lfor the vapor bubbles at liguld tem-
peratures below l7OOF.

Two types of gas-vapor bubbles were observed in the aerated
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water. One type grew to about the same gize as the pure wvapor bubhle
and then collapsed leaving a small residual gas bubble; the other
type of gas-vapor bubble grew to about ten times the maximum size

of the vapor bubble and remained substantially stagnant on the heat
transfer surface. The latter, stagnsnl gas-vaper bubble, occurred
most frequently in water which was :uper-saturated with gas and at
temperaturss above 110%F, The ccllapsing small gas-vapor hubble
occured most frequently in cooler water that was under-saturated
with gas.

The stagnant gas-vapor bubble grew to @bout the same size as
the vapor bubble at approximately the same rate. After this radius
was reached, the bubble continued to grow at a much lower rate to
sizes up to ten times the vapor pubble maximum radius (Cf. Fig. 59) .
At low heat flux several of these large bubbles could be seen on the
gtrip. As the heat flux and consequently the bubble population was
increased, the interference of neighboring bubbles occasionally
would cause these gas-vapor bubbles to detach from the strip after
reaching gbout the same size as the vapor bubble. However, uéually
the stagnant gas-vapor bubbles would cause burnout of the heater
strip before sufficient turbulence could be created in the liquid
boundary to detach the bubble.

The large gas-vapor bubble would decrease less than ten per
cent in radius when the electrical power was no longer supplied to
the heating strip. This large residual volume of gas indicated that

the bubble must have been filled mainly\with a noncondensable gas



rather than water wvapor. The rate at which the gaos in thesc stag-

nant bubbles rediffused back into the liguld after the slectric

[
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power was shut off was measured to be less than 10 ~ iimes the rats

[¢Y

at, which the bubble formed.

The influence of the liquild temperszture and heat flux on
the dynamics of the short life gas-vapor bubble was similar to the
effects on the Vapbr bubble. However, the largs stagnant bubble
was relatively unaffected by liquid temperature.

The maximum bubble radius and bubble velocity could not
be measured for heat fluxeé exceeding approximately 25 per cent of
the peak heat flux. At high values of heat flux the stagnant bub-
bles remaining on the heating strip and the noncondensing gas bub-
‘bles that detached from the strip obscured the field of view. The
meager data that werecobtained indicated that the bubbles grew in
the aerated water at about the same rate as in the degassed water.

Two additional phenomena were noticed in the motion pic-
tures of the aerated water. The first was that occasionally the
small gas-vapor bubbles were forced an appreciable distance away
from the heating surface. When these bubbles were ejected from the
lower‘surface of the strip, they traveled sbout 1 1/2 inches before
_chenging direction to float upward with the buoyant force (Cf. Fig. 6€0).
The second faect that could be seen in the motion pictures was a
stream of warm liquld flowing downward against buoyant force from
the pole of the large gas bubbles on the underside of the strip.

This warm stream changed directlion about 1 inch below the strip and,
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as would be expected, floated upward. Graphite powder was placed
on the surface of these streaming bubbles to trace the liquid cur-
rents. A close photographic inspection indicated that the liquid
film forming the bubble boundary was rotating as indicated in Fig-
ure 6l.

These detaching and streaming bubbles will be discussed fup-
ther in Section IV,

3. Aerognl-Water Solution

The nucleate bubbles that were formed in the degassed solu-
tion of 1 per cent Aerosol and water were generated within 0.001
inch of the gtrip and grew to ahout thc same size as the vapor bub-
ble. This type of bubble differed from the vapor bubble in three
mein factors: (1) the bubble usually detached from the strip be-
fore collapsing completely (Cf. Fig. 62); (2) the rate of growth
was considersbly lower then for the vapor bubble (Cf. Fig. 63);

(3) for low population, about 50 per cent of the bubbles grew to
the maxlmum radlus and then remained stagnant on the strip.

The bubble maximm radius and lifetime increased with an
increase in liquid temperature in a similar manner to the degassed
water. The bubble velocity decreased slightly with an increase in
liquid temperature as seen in Figure 64. The effect of increasing
the heat Tlux on the bubble dynamics was to dislodge the stagnant
bubbles from the wall and thus increase the average bubble velocity
(cf, Fig. 65).

. Degassed Carbon Tetrachloride
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The nucleate bubbles formed in the degassed carbon tetra-
chlorlide were very slmilar to the Aeroscl-water bubble, The bub-
bles formed on, or very near, the strip, grew considerably slower
than the water-vapor bubble, and detached from the wall before con-
densing, No residual gasg bubbles could be seen., Occasicnally a
bubble was forced away from the hottom of the strip. At low heat
flux about 50 per cent of the bubbles grew to a maximum size and
then remained stagnant on the heating strip as was observed also
for the water-Aerosol solution.

Ancther effect could be seen in the shadowgraph series of
motion pictures. Figure 66 shows that, as the carbon tetrachloride
bubble grew, a thermal layer was stretched over the bubble surface
and slowly approached the wall,

The influence of liguid temperature on bubble dynamics can
be seen in Figure 67. The data taken from thieg serieg are plotted
in Figures 68 through 7l. The bubble maximum radius, lifetime, and
velocity are plotted in Figure 72. It is noted that the bubble
radius and lifetime increases while the bubble velocity decreases
for higher liquid temperatures. This effect is similar to the water-
vapor bubble.

Figure T3 summarizes the effect of heat flux on bubble dyna-
mics.. The large change 1in bubble velocity between 25 and 50 per
cent of peak heat flux was not observed for the nucleate bubbles in
water but was similar to the bubbles forming in the Aerosol-water

solution. The bhotographs in Figures 67 and 75 show the effects of
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liquid temperature and heat flux on the size and population of the
bubbles.
5. Aerated Carbcon Tetrachloride

The nucleate bubbles that formed in aerated carhon ftetra-~
chloride were similar to the stagnant gas-vapor water bubbles. The
hubbles d1d not collapse unless detached from the strip by neigh-
boring bubbles. In this case a small residual gas bubble could be
seen for several seconds after the bubble detached from the heat-
tranafer surface.

The same difficulty was encountered in measuring the max-
imum bubble radius and bubble velocity as for the aerated water.
The small quantity of data which could be obtained indicated the
bubble grew slightly slower in the serated carbon tetrachloride

than in the degassed carbon tetrachloride.
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IVv. PROPOSED MECHANISM OF NUCLEATE-BUBBLE GROWTH AND COLLAPSE

A, Iﬁtrcauction

- The photographic study of water and carbon tetrachloride has re-
sulted in supplying sufficlent information to suggest a mechanism
of the dynamics of nucleate bubbles that is presented ia this sec-
tion. Some of the mechanics of the bubble formation, growth, and
collapse are coneclusively shown in the motion pietures; other fac-
tors are deducible from the photographs; and some of the remaining
details have not been clarified by thissbudy. It will be seen
that 1t ls pussible to separate the bubble life cycle into several
individual processes.

There are four basically different types of nucleate-bolling
bubbles which will be discussed. These types occur respectively
in

(1) Degassed-subcooled water

(2) Degassed bulk-boiling ligquid

(3) Aerated liquia

(4) Degassed-subcooled carbon tetrachloride
B, Bubble Formation |

The first problem encountered ln understanding the basic mech-
anism of bubble dynamics i1s the initiation of a bubble. The study
of surface phenomena to determine the role of nuelei in the forma-
tion of bubbles 1s beyond the scope of the present investigation.

However, some of the observations on nucleation which were obtained
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incidental to this investigation together with some of the well-
known facts regarding the conditions necessary to rupture a liquid
will be discussed briefly in this Bection.

It is believed that a nucleus which contains gas or vapor, or a
compination of both must be present in the liquid in order to initiate
the hubble, snd that the nucleus i1s held in a stable equilibriuam
position vy a solid particle. To support this conclusion two con-
ditions may be investigated: (1) the formaticn of cavities in a
ligquid by the random motion of the molecules without thc aid of
solid particles and (2) stable gas-vapor nuclei.

The size of a spherical cavity that is needed to form a bhubble

may be estimated Ly Uhe well-known relatlon

2
Pc—’i:?g (1)

where (pj - py) is the pressure difference within the cavity that
is needed to overcome the surface tension for a nucleus radius of
r. For the case of cavities forming within a 1iquid, by the random
molecular motion, the nuclei would contain only vapor. Equafion (7)

then becomes

. 2o
-p =~ 8
A ®
Equation (8) 1s plotted in Figure T6. This curve represents the
radius of the nucleus that is required in order to have the sur-

face tension force of the liquild film surrounding a nucleus in

equilibrium with the excess pressure. For a given excess pressure,
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if the aucleus radius is lower thaas the equilibrium radius, the
capiliary pressure will exceed the excess pressure, and the aucleus
will collapse completely. If the nucleus radius is larger than the
equilibrivm radiusg, the excess pressure will exceed the capillary
pressure and the nucleus will grow into an infinite radius bubble.
Thus for a given liquid temperature and pressure ( i.e., a given
pv - pO) only one silze cf wapor nucleus may be in squilibrium,

and this equilibrium would be unctable.

With the aid of the thermodynamic relation of Clapeyron-

Clausius, neglecting the specific volume of the liquid

dP A
;;’?“va

Equation (8) then becomes for a perfect gas, approximately

T T REtT &{ *’gp':;)
where 'I'V is the saturation temperature of the vapor within the
nucleus at pressure P, and Tsat is the saturation temperature at
pressure p . It is known from experiments that a heat-transfer
surface temperature of 3OOF above the saturation temperature of
the liguid will cause bubble formation in water. Bubstitution
of this excess temperature into Equation (9) results in a re-
quired nucleus radius of approximately lO-h inch in order to have
the pressure and surface tension forces in equilibrium. This
value 1s about 1oh times larger than the maximum cavity size that

would be expected to occur by molecular fluctuations with any

reasonable frequency (Cf. Ref. 23). As a consequence, any cavity
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that does form in the liquid would be smaller than the equili-

brium radius, and thus would be collapsed by the surface tension force.
The number of nuclel having a diameter exceeding loﬂn in. which

arise from random molecular fluctuations can be estinmeted acceording

to Yolmer (Cf. Ref. 27) to be much less than one per cubic inch

per hour.

From the abové discussion, it is reasonsble to eliminate free
vapor nuclei which arise from molecular fluctuations as likely
micleation cavities. We now may consider the possibility of a gas
nucleus acting as a bubble generation cavity.

Some brief mention of the way in which a gas may be held in a
liquid will be of interest. A'stagnant liquid exposed to a gas
wlll absorb the gas in the Torm of siagle wolecules dispersed
through the liquid. Henry's Law states that for a gas mixture
such as air, the number of single molecules of any of the component
gases in solution ﬁith the water will vary as the solubllity and
partial pressure of the component gas. When the liquid 1s agitated,
for example, by pouring from one container into another, submicro-
scopic bubbles of the surrounding gas may be trapped in the liquid
to fofm a colloidal solution. If the liquid is not completely
saturated ( i. e. filled with the maximum number of single gas
molecules), these gas auclel will eventually dissolve into the
liquid to approach a saturation condition. This rate of saturating
has been estimated by Epstein and Plesset (Cf. Ref. 24) to be of
the order of several seconds in water which is undersaturated with

the gas. However, the gas nuclei may be stabilized on nonwettable
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sciid particles, and exist indefinitely in the liguid. Ia addl-
tion to the gas, these nuclel would contain vapor at the satura-
tion pressure corresponélag to the liguid temperature. The gas-
vapour cavitles would be surrouanded by the surface of the solid
and a convex surface of the liquid. For this condition, the to-
tal pressure within the cavity weculd be less than the liquid pres-
sure, ‘the partial presgsure of the gas would be reduced below the
pressure corresponding to a saturation condition of the liquid,
and as a result the gas would no longer continue to diffuse into
the liquid. »

To see how these gas-vapor nuclei that are stebilized on solid
particles may act as generation points for the hubbles, consider
the effect of increasing the temperature of the liguid in contact
with the nueclel. The temperature of the 1iquid may increage until
the partial pressure of the vapor within the nuclei increases to
the value required to mske the total pressure sufficiently great
to forece come of the gac-vapor mixturc out of the so0lid. Assuming
the gas-vapor nuclel are spherical when forced out of the solid,

we may rewrite Equation (7) as

. 29
Pte -k = S5
‘U"SO
where: the sum of the partlal pressure of the vapor and the gas

(p, + pg) is the total pressure within the cavity. For a perfect

gas the relation may be written

pe———
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It is seen that the gas decreases the e¢ffect of surface tension
and thus decreases the critical excess pressure.
Bquation (10) may be rewritten {with the same approximations

as before) 1ln Lerms of the excess teuwperature as

T“-'T'f“-ig%é#igixé;r(?-+é%§§ﬁi

o s (11}
or for small temperature differences
2
T-T.,= 230}{(F?]:a+
where: o.. =0 - Sw’; R;T-u—
eft Srr*

The critical radius (i.e. maximum radius‘for which & nucleus
containing a given guantity of gas will be in stable equilibrium)
becomes

Wo
r-3 _LELT_V_ (12)

€ SiTto”
snd the excess pressure that would be required to cause the nucleus

to form a growing bubble would be

(R—R):a‘icvg%%— | (L3)
< 3 d v
The term bubblc will be uced to define a cavity having a radius
greater than the critical radius; the term nucleus will be used
to define a cavity having a radius smaller than the critical radius.
Equation (10) is plotted 1n Figure T77. It is seen that unlike
the pure-vapor nuclel, a nucleus smaller than the equillbrium size
(and below the critical radius) will grow to the equilibrium radius
while a gas-vapor nucleus exceeding the equilibrium size (but below

the critical radius) will decrease to the equilibrium radius. It



T
Tt
&

also‘may be nofed from Figure 77, that decreasing the msss of gas within
the nucleus increases the value of tne excess pressure at the eritical
radius.

After seversl bubbles have been formed from a nucleus which is sta-
pilized on & so0lid particle, most of the gas would be purged out of the
cavity. In this case the generating nucleus would contalan vapor only.
When this condition is reached the vapor nuclel which have radii sxzcesd-
ing the critical value when Torced out of the solid will Torm bubbles;
the nuclel which have radii smaller than the critical wlll collapse after
leaving the solid. Another possible means by which pure-vapor nuclei
may form is by the random fluctuations of the liquid molecules as dis-
cussed asbove. The vapor nuclel formed in this marner and not stabilized
on solid particles were shown to be too small to form a bubble at any rea-
sonable liquid temperature. However, if the vapor nuclei are stebilized
on solid particles, it theoretically would be possible for these nuclei
also to act as bubble generation points. The formation of bubbles from
these vapér nucleil is unlikely since it requires the improbable condition
of having the stabilizing particle at the point of cavity formation.

It is concluvded that for a given value of liquid superheat tﬁe gas-
vapor nuclei which exceed r_. after being forced out of the solid will form
bubbles. As the heat-transfer surface temperature increases, the vapor
pressure lncreases and consequently there will be more active or bubble
forming nuelei (cf. Fig. 77). The nuclei which contain the smallest
amount of gas will have the greatest excess pressure and temperature.

In addition tc the nuclei that are held in the bulk of the



liguid by submicroscopic foreign particles, there would be some
gas trapped within the heat transfer surface. The capscity of
the foreign particles on the heat transfer surface to act as
nucleation points is determined mainly by the cavity sizes and
nonwetting character,

The bubbles may form more‘readily against the heat-transfer
gurface thar in the bulk of the liguld if the surface free energy
of the liquid in contact with vapor is greater than the energy
of the liquid in contact with the wall. An additional factor
favoring rupture of the liquid at the wall rather than in the
bulk of the liquid is the higher temperature at the wall. It is
evident that the surface condition of the heating strip should
affect the conditions necessary for nucleation.

Assuming the exlstence of gas-vapor nuclel stabilized on
solid particles, it 1s possible to explaln the high superheat
that is obtainable in a liguid that has been subjected to a high
pressure., We may investigate the result of increasing the liquid
pressure to several hundred atmospheres and then carefully de-
creasing the pressure to the original one atmosphere. From
Henry's Law it is known that the sclubility of the gas in the
liquid would increase for higher pressures. Thus, some of the
gas within the cavity would diffuse into the liguid. When the
liquid pressure is decreasedrto the original one atmosphere, the
ligquid may still hold the gas in a supersaturated condition. In
this case, the amount of gas in the nucleus would be less than
the original value. Thus when the gas-vapor mixture is forced

out of the solid to form a nucleus, the partial pressure of the
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gag would be lower. As a result the vapor pressure (superheat)

that is required to form a bubble would he greater thaan the wvalus
before the liquid wee subjected to the high precsure. This high
superheat has besn noted by several investigators (Cf. e.g. Ref. 17).

Assumptions that will he necessary for discussing the generation
cof bubbles have been presented briefly in this discussion; they may
be summarized as follows:

1. Gas-vapor nuclei stabilized on solid particles are present
even though the liquid is not saturated with the gas.

2. The cxceso pressurc ncceessary to form-a bubbkle from a
nucleus which has been forced out of the stabilizing particle varies
with the surface tension, the partial pressure of the gas within the
nucleus and the nucleus size (Cf. Eq. (7) ).

3. The liquid may rupture near the heat transfer surface more
easily than in the bulk of the liquid.

C. The Dynamics of Bubbles in Degassed Subcooled Water
1. Dubble Growbth and Collapse Mechanism
The dynamics of nucleate bubbles forming in degassed dis-
tilled water will be the first type discussed because these bubbles
have the simplest life cycle.
Several frames from a motion picture of the growth and
collapse of a typical water vapor bubble are shown in Figure k2.

The following enumerations refer to the sketches in Figure 78.
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The horizontal heat translfer surface is immersed in degassed dis-
tilled water.

(a) The wall temperature and the adjacent liquid film
are above the liquid saturation temperature.

(b) A gas-vapor nucleus has been foreced sut of a
solid particle, If the excess temperature of the liquid sur-
rounding the nuclei 1s greater than the value given in Equatiocn
(13), the equilibrium pressure force would exceed the gurface
tension force and the nucleus will hecome a bubble.

The motion pictures of the bubble formation indicated that
the nueclcus was within ¢.001 in. of the wall, For atmospheric
pool boiling, assuming the hubble forms on the wall which has a
temperature of QBOOF (Cf. Fig. 39), the excess pressure would be
15 psi. Thus from Figure 77, it 1s seen that any nucleus having
a radlus greater than 3 x lO-Sin. will grow to form a bubble.
This estimate is in agreement with Parkin's prediction (Cf. Ref.
25) that nucleil having a radius of the order of lO-5 in. would
initiate cavitating bubbles. Every bubble that forms at a wall
temperature of ESOOF would grovw from nuclel containing more than
2.3 x 10—18 Ibs of gas. TFor a constant bubble-liquid-film temp-
eraturé, the rate of growth of the bubbles will depend on the
difference between the excess pressure existing at the critical
radius and the equilibrium excess pressure (Cf. Fig. 77). How-
ever, since the liquid film surrounding the bubble will be cooled
by the latent heat removed in forming the vapor and the heat

transferred to the bulk of the liguid, the growth rate will be



lower than the isothermal rate (Cf. Fig. 77).

(¢) The resistance of the wall to the spherical
growth oi the bubble results in approximately a nemispherical
shape (Cf. Fig. 42). It is probable that the bhottom of the
hubble is separaied from the wall by a thin layer of liguid
since the viscous and adnesion forces in the liquid orevent
the bubble from wiping the wall clear of water and the evapora-
tion rate may not be sufficlently large to evaporate any appre-
ciable thickness of liquid at the bubble base. However, it
geems likely that the bubble could be "dry" at one point on
the base. The bubble is forced against the thin layer of water
next to the wall during the growth portion of the lifetime by
thé inertia force of the pool of water. 1t was not possible to
verify the existence of this thin film because of the limited
resolution power of the camera lens system. However, the pro-
posed mechanism of growth or collapse of the bubble will be the
same regardless of the existence or nonexlstence of this film.

The layer of superheated water that was ahove the nmiclea-
tion volume 1s pushed away from the wall by the bubble (Cf.
shadowgraph Fig. 66). This water film is stretched over the
top of the bubble with the result that the temperaturc grad-
ient within the film is increased. Heat is removed from the
displaced film by conduction and convection to the cooler sur-

rounding liquid (dotted arrows) and by evaporation of ligquid
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into the bubble (solid arrows). The probable shape of the
temperature profiie in the liquid at the top of the bubble is
shown in Flgure 79. it is seen that the heat would be removed Ffrom
the film and transferred to the bulk of the liquid as well as into
the bubble.

The liquid surrounding the hubble has been set in motion
by the motion of the bubble during growth ( large solid aArTows) .

(4) At the instance shown in this sketch the liquid

film at the top of the bubble has been cooled to the vapor satura-
tiorn temperature, and evaporation ceaées from this region. The
bubhle continues to grow although slower than previocusly because
of the lower rate of evaporation per unit bubble volume. The
liquid film surrounding the bubble still loses heat by evaporation
from the lower portion of the bubble and conduction from the entire
bubble surface to the cooler bulk liquid.

The excess pressure within a spherical bubble during growth
may be estimated by the Bernoulli relation which for an invisﬁid-
incompressible-infinite liquid with zero surface tension becomesg

B-Pe _ .ééfz+ rv (1k)

I

The capilllary pressure may be neglected for a bubble having a

2T -

radius of 0.005 inch (p; - P, = 0.2 psi). Using a
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typical growth rate of 10 ft/sec (Cf. e.g. Fig. Lgy) for the
bubble radius from .00l inch to ,0l0 inch and neglecting the
acceleration term, Equathn.(lh) may be used to obtain an

average value for the excess pressure, as follows:
3(, 2 g2.4
144(52 2)

The corresponding excess of the temperature of the vapor within

".Z.C)PSL

the bubble is 6°F

These values 1lndlicate the order of magnitude of the excess
pressure and temperature that would be expected to exlst within
the bubble. An exact solution would require corrections for
the influence of the wall and mass addltion. For the present
discussion it ig sufficient to note that the 15 psi excess
pressure wilthin the initial cavity to balance the surface ten-
sion force has been dissipated to 2.0 psi average pressure by
the time the bubble has reached .005-inch dismeter. This ex-~
cess pressure of 2 psi is the average unbalanced force which
caused the bubble to grow. The excess temperature of the vapor
also has decreased markedly from 40 to 6°F, As suggested on page
58 insufficient heat was conducted to the bubble liquid surface
to.maintain an isothermal condition.

It is possible to investigate the plausibility of the pro-
posed mechanism further by consldering the maximum evaporation
rate that may be expected under these conditions and comparing

this value with the observed bubble growth rate. Using an analy-



sis simllar to that given in Reference 18, the heat that was
removed from the liquid to form a spherical bubble of 0,005~
inch radius would be

G=x TTr/\ﬁ,_
-—_.L (2005)7 =) - -1
=4 £2962 000 (2.0385) = 7.0 107 Btu
The thickness of the liquid film from which this heat may be
removed was
54/V5¥'-U§7§;ﬂ57555;727_—A~/ix/o/n

Removing 7.0 x 10-9 Btu from a liquid film 1.1 x 10'4 inches

thick would lower the film temperature approximately

2 __ .
aT “4urped
Assuming no ather loss of heat and a straight line temperature
gradient, the bubble liquld surface temperature would be{é50 -
2 (6)].-. 238°F,
The evaporation into the bubble may be calculated from the

Knutsen equation corrected with the accommodation coefficient €.

: ?-_—1:;? \,T“ o d (4 2

In this calculation, a value of .O4 was used for the asccommoda-

S

tion coefficient as suggested in Reference 26.



in view of the assumptions employed in this estimate,
the ciose agreement between the measured value of 10 ft/sec
and the estimated value of 9.3 ft/sec is fortuitous. For
higher wall temperstures, which may be obtained by increasing
the heat flux, the agreement 1s not as good. MNeverthelese, the
agreement of the rougn calculatlon with experimental data even
at higher wsll temperatures is sufficlently close to support
the proposed mechanlsm. For an accurate analysls corrections
would have to be made for the non-gpherical bubble shape, the
heat transfer to the subcooled bulk liquid, mass addition,
latent heat transport, and for an initial bubble film tempera-
~ ture lower than the wall temperature. With these wodifications
the agreement between the estimated bubble growth rate and the
measured growth rate ls expected to be close for all wall tem-
peratures.

(e) In Sketch e the water surrounding the top region
of the bubble is now well below the saturation temperature and
some of the vapor wilithin the bubble condenses at the pole. The
base of the bubble is still surrounded by superheated liquid.
As a result, there 1s a flow of vapor from the hot base of the
bubble to the cool pole. The transport of heat by the flowing
vapor has been caleulated by Plesset (Cf. Ref. 27) for a one

dimensional flow to be of a lower order of magnitude than the



total heat flux in nucleate boiling. In addition this condition
of wapor streaming through the bubble occurs for only a fraction
of the total time that heat is removed from the heating strip.
Consequently, the flow of vapor through the bubble may be elim-
inated as a prims source of heat transfer.

The bubble shown 1ia Bketch e is drawn for the condition
where the evaporation rate 1s equal to the rondensation rate,
Under this condition there would be no net flow of vapor into
the bubble. The liquid surrounding the bubble still has an
appreciable outward velocity. It is this momentum that was
stored in the liquid during the growth of the bubble that tends
to carry the bubble away from the heat transfer surface and into
the bulk of the liquid after the bubble has reached 2 maximum
radius. The photograph in Filgure Lh clearly shows the bubble
deformation that results from resisting the drag of the surround-
ing liquid. Since this bubble was on the bottom surface of the
heating strip, buoyancy cannot account for the deformation.

(£) 1In this figure the inertia force of the water has
been dissipated and the excess pressure within the bubble changed
from positive to negative. The bubble has been deformed and the
volume increased by the outward flow of the surrounding liquid.
The deformation also results in moving the bubble base out ihto
the cooler liquid. The evaporation from the base of the bubble
decreases and the condensation from the pole increases . In this

figure the net condensation results in a negative excess pressure
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within the bubble allows the water to collapse the bubble back
to the same size as in Sketch e.

(g) However, now the rates of evaporation aud conden-
sation are not equal as they were for this radilus during the growth
perlod. More heat has been removed from the superheated film
and transferred to the bulk of the liquid. As a conseguencs,
condensation will cccur over a larger area and the bubble will
continue to collapse (0f. Fig. 42).

(n) The regions of evaporation and condensation are
scparated by the saturation temperature isgothermal indicated in
Sketch h. The liquid surrounding the top of the bubble continues
to lose heat to the cooler surrounding liguild, and the satura-
tion temperature isotherm approaches the wall. The cooler sur-
rounding liquid now has an appreciable lnward radial velocity.

(1) If the bubble collapses faster than the isotherm can
approach the wall, once again, as in the growth portion of the
iife cycle, the rate ol evaporation could equal the rate of con-
densation. Even under this extreme condition the bubble usually
will not stop the collapse since the dlsplaced superheated
liguid film continues to transfer heat into the subcooled bulk
liguld. This transfer of heat lowers the saturation isotherm
and agaln causes the condensation to exceed the evaporatlion. The
inrushing water also acts as an additional collapsing force by

compressing the vapor within the bubble, thus increasing the va-
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por saturation temperature and resulting in increased condensa-
tion., This iancrease in saturation temperature would not be ex-
pected to occur untll the collapse veloeity of the bubbhle sxceeds
the condensation rate near the end of the collapse portion of the
bubble lifetime.

There 1s one passibllity for the bubble to stop ths
collapse amé remain stagnant. This condition may be reached for
a suitable combination of liquid subéooling, conducfivity, latent
heat and condensation rate. In this case, the heat supplied by
condensation would balance the heat lost 1o the bulk liquid.

This stagnant bubble was never observed in degassed-subcooled
water.

(3) The inrushing cool water has lowered the satura-
tion temperature area below the free convection position, and
the bubble hao collapped back to the critical pize.

(k) The hot wall is splashed with the cool liquid
and the local wall temperature decreases.

(1) The 1llquid near the wall has been once again super-
heated, and the bubble cycle may repeat.

2. Bubble Lifetime cycle on Excess Pressure Curve
It is interesting to trace the bubble growth and collapse
cycle as described above on a graph of excess pressure vs. bub-
ble radius. Figure T( shows the equllibrium positions for a ty-

pical nucleus. Foint A on the graph 1s the assumed starting equil-



ibrium position. As the heat transfer surface temperature is
increased, the temperature of the liquid film surrounding the
nucieus also increages. The resulting higher wvapor prsssure
.causes the nucleus radius to increase so that the growth of
the nucleus follows the line A-B. When the critical liquid
film temperature is exceeded, the nucleus grows to form a bub-
ble. Since heat 1s removed from the liquid film surrounding the
bubble, the vapor pressure falls below the isothermal line. The
bubble grows following a line such as B-C. At Point C, suffi-
cient heat has been removed from the liquid film to lower the
bubble path line to the equilibrium position. The bubble would
remain stagnant at this point were it not for the transfer of
heat from the liquid film into the cooler bulk liquid. An addi-
ticnal factor which decreases the vapor pressure in the bubble
ic the decreased evaporation ag a result of the movement of the
bubble base away from the hot wall. As a result of decreasing
the average liquid film temperature, the vapor pressure within
Lhe bubble faulls below Lhe surroundlng liquid pressure. The bub-
ble_then collapsed back to radius A along a path such as C-D.

As soon as the liquid fllm has received sufficient
heat from the wall, the cycle may repeat.

3. Influence of Liquid Conditions on Bubble Dynamics
In order to substantiate further the proposed mech-

anlsm of bubble dynamics in degassed water, an attempt will be
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made to predict the effeéts of liquid temperature, wall tempera-
ture, heat flux and liquid pressure on the bubble size and velo-
city. These predictions will then be compared with the experilamental
data.
(a) Effect of Liguid Tempersture

In the proposed mechanlsm of bubble growth 1t was
indicated that the degree of superﬁeat in the liquid film con-
trolled the growth raie, Equation (15). Since the initial super-
heat ig determined by the quantity of gas within the nuclel and
the megnitude of the 1liquid surface tension, Equation (11), it
would be expected that the initial growth rate would remain sub-
stantially independent of liquid temperature. The average growth
rate however, would be lowered slightly for a lower liquid tempera-
ture because of a more rapid decrease of the temperature of the
liquid film surrounding the bubble. The collapse rate should be
more strongiy influenced by the liquid temperature. The bubble
collapse rate would increase with decreasing liquid temperature
because of the lower bubble film temperature and consequently
greater condensation rate. These effects are seen in the experi-
mental results shown in Figures 52 through 58. In these Figures
the life cycles of five different bubbles are shown for liguid
temperatures from 620F to 177OF. The pressure was 1 atm for all
of these cases and the heat flux was at 50 per cent of the peak

value. Under these conditions the average bubble growth-rate was
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within 8 per cent of 3.8 ft/sec for the six different tem-
peratures whereas the collapse rates were 5.6, 4.0, 3.9, 3.5
and 3.1 ft/sec at 62, 73, 125, 135, 177°F, respectively.

For a constant pressure, the bubble shoulé reach a
gsmallier maximum radiuse as the liguid bulk temperature is de-
creased. This prediction follows directly from the Ffact that
the growth rate would be constant or slightly decreased and the
knowledgz that a lower bulk temperature will decrease Lhe growlh
time by removing the superheat from the liguid film surrounding
the bubble more rapidly. Consequently, the bubble radius at
which condensation and evaporation are equal should decrease
for a lower liquid bulk temperature. Reference to Figure 58
shows that the typical maximum radii decreased from .022 in.
to .0135 in. as the bulk temperature was decreased from 177°F
to 62°F. The trend of the experimental data agrees with the
prediction.

Since (1) the growth rate is substantially indepen-
dent of liquild temperature, (2) the collapse rate increases
for lower liquid temperature, and (3) the maximum bubble rad-
ius decreased for decreased liquid temperature, it is cbvious
that the total lifetime should also decrease. Referring again
to the results shown in Figure 58, the average lifetimes of the

bubbles decreased from 1100 microsec at 177°F to 500 microsec
at 62°F.
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As seen from the foregoing comparison, the growth
rate, maximum radius and lifetime as determined from the motion
pilctures actually are influenced by the bulk temperaturs of the
liquid as predicted from the proposed mechanism.

(b) Effect of Wall Temperature

The temperature of the hest transfer surfacs
may be increased by supplylng more power to the heating strip.
Ag a regult the adjoining liquid film temperature will increase
and result in activating a greater number of nuclel. The bhub-
bles will create turbulence in the liquid close to the wall and
thus cool the liquid fllm surrounding the neighboring 'm;bbles.
This increased cooling rate over the value obtained at a lower
bubble population decreases the time needed to lower the liquid
film temperature to the value needed to balance the evaporation
and condensation rates. Because of the increased cooling, the
collapse rate of the bubble should increase. Thus, an increase
in the heat flux (i.e. wéll temperature) should result in lower
meximum bubble radius and shorter lifetime.

Figures 46 through 49 show bubble cycles at 1 atm.
pressure and at heat fluxes of 31, 34, 63 and T4 per cent of
the peak heat flux. The corresponding maximum radii are 0.0195
in., 0.0195 in., €.0185 in., and 0,0175 in.; the lifetimes
are 900 microsec, 900 microsec, 850 microsec, and 800 microsec.

respectively. The decrease in size and lifetime that was pre-
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dicted is evidenced by these experimental data.

It should be realized that the possible increase
in wall temperature by inecreasing the heat flux is limited
by the rapid increase in bubble population with wall tempera-
ture which soon results in burnout of the heating strip. The
sffects dlscussed above wWere correspondingly small. The effect
of increasing wall temperature while maintaining the bubble pop-
ulation constant {e.g. by increasing the liguid pressure) will
be discussed in the next section.

{¢) Effect of Pressure

I+ has been proposed 1n the preceding pages

that a bubble was generated when the vapor pressurs was suffi-
clently great tc overcome the surface tension force. The tem-
‘perature of the liquid film surrounding the bubble corresponded
to the saturation temperature st the required vapor pressure.
The growth rate was controlled by the rate of evaporation into
the bubble, and the evaporation rate was controlied by’the.liquid
film temperature. As a consequence of the bubble generation
being controiled by the vapor pressure, a large change of sat-
uration temperature with pressure would result in a high bubble
growth rate. With this fact in mind, we may discuss the in-
fluence of pressure on the bubble dynamics.

The effect of increased 1lquid pressure would be to

tend to drive the gas in the nuclel into solution with the lig-
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uid. However, the solubllilty may not increase since the lig-
uid film temperature would increase with higher pressures and
thus tend to decrease the solubility. Assuming as a first
avproximation that the mass of gas contained within any nuc-
leue doee not decrease at higher pressures, the critiesl ex-
cess pressure at a liquid pressure of 2000 psi as calculated
by Equation (13)would be 5 psi. The corresponding excess tem-
perature is less than 1°F. The excess pressure at the high
liguid pressure was about 1/3 the value at 1 atm because the
higher wall temperature resulted in a lower surface %tension.
ne excess wall temperature was 1/60 of the value at 1 atm
because of the small change of saturation temperature with
pressure at a liquid pressure of 2000 psi.

From Figure 81 tszken from Reference 3, it can he
seen that the measured excess temperature for degassed water
decreases from 60°F at 1 atm to 5°F at 2000 psi. The lack of
solubility data for water at high pressures and temperatures
vrevents a rigorous calculation from being made tb predict
the excess.temperature variation with pressure. The assump-
tion of no increase in solubility at the higher liquid pres-
sures results in an éstimated excess temperature curve having
the same trend but considerably below the experimental data
(cf. Fig. 81). If the solubility of air in vater does in-.
creage at higher pressures, the two curves would be in better

agreement.



Having estimated that the excess temperature would
decrease with an inecrease in liquid pressure, we may predict
the influence of pressure on the behavior of the nucleate bub-
bles.

The lower excess temperature at higher pressures
would decreasge the evaporatiom rate and consequently decreass
the bubble growth rate. This prediction is compatible with
the small amount of data available on the growth rate of bub-
bles at high liquid-pressures.

The alternate case of boiling in a liquid having a
very low pressure now may be considered. The large change of
saturation temperature with pressure would result in high
evapcration rates. The bubble would be expected to grow more
rapidly in the liquid having a low pressure. As an example,
pubbles forming in water subjected to an absolute pressure of
0.1 psi would be expected to have a liguid film excess tempera-
ture of 1507F as calculated from Equation (11). The high evapur-
ation rate for this excess temperature would maintain a high
excess pressure while the bubble grew to a much larger size
than bubbles forming in a liquid having a higher pressure and
equal subcooling. The extremely high superheat should cause
the bubbles tco form in an explosive mammer. The well-known
high bubble-growth rates obtained in vacuum distillation appara-

tus substantiates this prediction.



The collapse rate of the bubble depends on the lig-
uid subcooling and the condensation rate. For constant sub-
cooling, the bubble collapse rate should be lower at the higher
pressures.

The change in latent heat of evaporation has to be
considered at the very high pressures. If the latent heat de-
creases, the heat which has to be taken from the liquid sur-
rounding the bubble to fill the cavity with vapor is decreased
also. The lower latent heat will tend to keep the temperature
of the‘film surrounding the growing bubble at a wvalue closer
to the initial film temperature and thus tend to increase the
evaporation rate. The initial difference between the £ilm
temperature and the saturation temperature, however, is so
strongly affected by pressure, as mentioned above, that the
effect of the latent heat should be almost negligible in com-
parison.

D. The Mechanics of Bubble Growth and Collapse in a Degassed-
Bulk BRoiling Liquid

The formation and growth of a bubble in a degassed-bulk
beoiling liguid should be the same as in the degassed~subcooled
liquid. The only difference is that the maximum bubble size
is larger for the bulk bolling as would be expected from the
discussion in Section IV-C-3. Since no net condensation can

occur, the bubble will grow until the buoyant force or cur-



rounding liquid current carries it off of the heat transfer
surface. At high bubble population the nelghboring bubbles
may creaté sufficient turbulence in the liquid to wipe the
bubble off of the wall. BSeveral frames of bulk boiling water
shown in Figure 82 support these conclusions. It should be
noted that bubbles forming in a liquid having 2 small sub-
cooling would also exhibit this life cycle. In this case,
the condensaticn rate is small so that the bubble may travel
an sppreciable distance away from the wall before condensing
(ct. Pig. 83).

The bubbles forming in a bulk bolling liquid would be.
expected to have a smaller growth rate at higher liquid pres-
sures for the same reasons as presented in the preceding
section.

E. The Mechanism of the Dynamics of Bubbles in an Aerated
Liquid

The 1life cycle of a bubble growing in a liquid which con-
tains a high concentration of gas is considerably different
from the vapor bubble described 1o Seclion IVC. Thls gus-
vapor type of bubble occurred In tests of water having more
than 18 cc air/liter water (water at 2129F and 1 atm. is satu-
rated when 13 cc air is dissolved in one liter of water).

Ags hefore, the growth and collapse process will be dis-

cussed in steps. The Sketches of Figure 84 correspond to the
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enumerations of the following paragraphs.

&) The liquid next to the wall is superheated.

L) A nucleus of sufficlent size is present so that the
bubble mey form. Because of the high concentration of gas in
the liquid, the nuclel woula contein a greater gas pressure. As
a result the wall temperature required to initiste boiling would
be expected to be less than for the degassed ligquid (Cf. Fig. 7).

c) BSince the solubllity of most gases decreases with tem-
perature, the liguid film surrounding the nucleus may be super-
saturatcd with the dissolwved gas even though the bulk of the
liquid 1s undersaturated with gas. The bubble to be described
in the first part of this section is growing in a ligquid which
has been saturated with gas. As a comsequence, the superheated
boundary layer would be supersaturated with gas. (A bubble grow-
ing in a liquid which is undersaturated with gas is discussed on
Page T9 ). The liquid also contains an appreciable guantity of
gas in the form of sub-microscopic gas-vapor nuclei. It would
be expected that the number of these nuclel would be greater
than in the degassed liquid and that there consequently would
5e'a greater number of large nuclel that would form bubbles at
a relatively low excess pressure. Thus the average bubble_growth
rate should be somewhat less than for the vapor bubble for the
reasons given in Secfion Iy-B. As the bubble grows, the gas con-
tained in the liquid film surrounding the bubble would diffuse

into the bubble.
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d) Let us now consider the instant at which the evapora-
tion and condensatian rates are equal. Tais instant is illus-
trated 1n Sketch d of Figure 84. Unlike the pure vapor bubble,
© there still will be 2 net mass addition into the gas-vapor
bubble because of the diffusicn of gas. If the rate at which
the gas enters the bubble 1s sufficiently great, the bubble
will maintain 1ts shape.

e¢) The partial pressure of the vapor in the bubble de-
creases since the film has lost heat to the cooler bulk lig-
uid. The condensation rate now exceeds the evaporation rate.
Since the bubble base was not dragged away from the heat trans-
fer surface by the surrounding low-velocity liquid, the net con-
densation will be small. If we assume a diffusion rate that is
higher than the net condensation rate, the bubble will con-
tinue to grow slowly. This would be the case for a high con-
centration of gas in the liquid.

f) In the next step the saturation temperature isotherm
has reached an equilibrium position where the heat lost by the
combined processes of conduction to the cooler liquid and eva-
poration is balanced by the heat supplied by the processes of
conduction from the wall and condensation. The bubble continues
to grow although at an extremely low rate since gas continues
to diffuse into the bubble. The bubble contains an appreciable
amount of gas as has been verified experimentally. When the

electrical power was shut off, the bubble decreased iess than
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10 per cent in radius and thus it was indicated that the majority
of the bubble was filled with a non-condensable gas. At firsi,
it is difficult to explain the large diffusion rate because

the normal rate of diffusion of alr in water is less than 1072
times the rate at which this bubble formed. One has to realize,
however, that the liquid film is super-saturated with gas, and
that an additicnal increase 1n rate over the diffusicn rate

in still water 1s possible since the liquid film surrounding

the bubble was supplied continuously with non-degassed liquid
.due to the induced currents. These currents were examined ex-
perimentally. Close photographic examination of the bubble in-
dicated that the 1ligquid film was rotating at a maximum velocity
of approximately 3 in./sec. Figure 61 is a series of pictures
taken of graphite traces on the bubble surface. It is concluded
that the gas-vapor bubbles forming in a liquid containing a
high concentration of dissolved gases will grow to a maximum
gize and remain substantially stagnant on the heat transfer
surface. Although the initial growth rate of these bubbles is
close to the growth rate for the vapor bubbles, the gas-vapor
bubble will not collapse when the net evaporation into the bub-
ble ceases. The bubble continues to grow because of diffusion of
gas into the cavity. A series of photographs showing a bubble
growing in water saturated with air is given in Filgure &5,

Bubbles forming in water which is undersaturated with gas
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would be expected to exhibit a behavior similar to both the
degassed liguid and gas-saturated liguid. The pressure of the
gas within the nuclei for this case should be lower than in
the liquid that is saturated with gas. As a result the wall
temperature required to initiate bolling would be slightly
higher than for the saturated liquid. One would expect the
diffusion of gas into the bubble to be lower for the under-
saturated liquid. In such a case the condensation rate may
exceed the gas diffusion rate and the bubble wonld tend to
collapse. A small residual gas bubble would remain after the
vapor has been condensed. If the gas bubble is not stabilized
on & nonwettable solid, the gas would diffuse into the liquid
for the reasoné presented in Bection IV-B.

Bubbles have been observed in water containing less than
12 cc air/liter of water. In this intermediate serated lig-
uid, the bubbles grew to approximately the same size as the |
vapor bubble and collapsed, leaving a small regidual gas bubble
as predicted {Cf. Fig. 60).
F. The Mechanism of Bubble Growth and Collapse in Degassed-Sub-
cooled Carbon Tetrachloride

Figure 86a shows & typical photographic sequence of a bubble
forming in degassed-subcooled carbon tetrachloride. 1In addition
a series of Sketches 1s given in Figure 86b to illustrate the

steps in the following discussion.
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a) 1In Sketch a of Figure 86 the lLemperalure of the heat
trangfer surface is above the liquid saturation temperature.

b)_ Assuming the same size of nuclei as was required to
form a bubble in water, it is seen from Figure 87 that the ex-
cess pressure would be about 5 psi. The corresponding excess
temperature is sbout EOOF. Thls value agrees with the experi-
mental data presented in Figure 39. It is interesting to note
that sn assumed nucleus radius of 3 x :LO-'5 in, results in a
correct estimate of wall temperature for both the carbon tetra-
chloride and the water.

As a result of the lower excess pressure, the initial
growth rate of the carbon tetrachloride bubble would be about
half of the water bubble growth rate. The measured growth
velocities for carbon tetrachloride bubbles at atmospheric
pressure are shown in Figures 68 through 71. The average bub-
ble velocities for wvarious liguid temperatures are shown in Figure
T2. It is seen by comparing Figures 58 and 72 that the carbon
tetrachloride-vapor bubble velocity is about 1/4 as great as for
the water-vapor bubble at the same condition.

As a result of the slower bubble growth in carbon tetrachloride,
the surrounding liquid would be forced away from the wall at a
lower velocity.

c) The bubble continues to grow thereby stretching the

snperheated f1lm of liguid.  Heat is traasferred from the Tilm



8y.

to the subcooleci bulk of the liquid.

4) The film surrounding the pole of the hubble has
been cooled to the saturation temperature and evaporation
ceases froﬁ this area.

e) The saturation temperature isotherm which separates
the evaporation and condensation areas has approached the wall
s0 that the condensation srea has increased.

f) All of the liquid that is now evaporaﬁed from the
lower area of the bubble is condensed on the upper area of the
bubble. Since there is no net flow of vapor into the bubble,
there 1s no further growth (except for the smell change in the
volume of the bubble that is necessary to decrease the excess
pressure to a zero value). The »low growth rate of the bub-
ble couplea with the lower thermal conductivity has resulted
in a maximum bubble gize approximately one half that for the
water vapor bubble (compare Fig. 58 and 72).

g) In Section IV-B, it was seen that the initial rate
of growth of any bubble in a given liquid depended on the pres-
aure of the gas within the nucleus. The low thermsal conduc-
tivity of the carbon tetrachloride is insufficient to transfer
enough heat from the liquid film surrounding the bubble to
cause a net condensation, unless the base of the bubble is
moved away from the heat transfer surface. As a result of

these two factors, it may be concluded that the bubbles orig-



82.

inating from some nuclei may collapse while the bubbles orig-
inating from other nuclel will grow to a maximum size and re-
maln stagnant.

Figﬁre 86 shows a bubble that has originated from a nucleus
having a sultable geometry and containlng a smell quantity of
gaé s0 as to result in a high evaporation rate and thus a re-
latively high growth rate. The surrounding carbon tetrachlor-
ide haé been forced away from the wall by the growing bubble
with sufficient velocity to drag the bubble away from the wall
when the net evaporation ceasesg.

It will be recalled that the water-vapor bubble that was
discussed in Section IV-C had a similar tendency to detach
from the heating strip. However, the higher thermal copduc-
tivity in the water resulted 1n greater rate of heat transfer
so that the.water vapor was condensed and thus the bubble
collapsed before 1t could be carried away from the wall. At
very low subcooling, the heat transfer from the water film into
the bulk of the liquid was lower and the bubble was carried aa
appreciable distance away from the heat-transfer surface before
collapsing.

Figure 88 shows a bubble that has originated in carbon
tetrachloride from a nucleus with conditions which result in
a low evaporation rate and thus relatively low gfowth velocity.

The surrounding liquid has insufficient velocity to drag the
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bubble away from the hot wall. 1In this case the heat trans-
ferred from the llquid film to the cooler bulk liquid 1s bal-
anced by the heat supplied by condensation and conduction from
the hot wall. As a result the bubble remains stagnant on

the heating strip.

The addition of Aerosol to water decreased the surface
tension bf the solution to approximately the same value as for
the carbon tetrachloride. As would be expected from the above
discusslon, bubbles forming in Aerosol-water solutlon resembled
the carbon tetrachloride bubble by growing sliowly and aften re-
maining stagnant on the stripb(Cf. Fig. 62). It may be con-
cluded that the thermal-éonductivity of the water is also in-
sufficientlj great to result in conducting more heat away
from the bubble pole than is transferred to the pole. As a
result the bubble will not collapse unless the base 1s removed
from the hot liquid adjacent to the heat transfer surface.

The rcmainder of thip discuesion will describe the collapse
phase of the life cycle for the bubbles which are dragged away
from the wall.

h) The bubble which detaches from the heat transfer sur-
face floats into the subcooled bulk of the liquid and 1s re-
placed at the wall by cool liquid.

i) The vapor within the bubble condenses on the subcooled

film. The latent heat from the condensation 1s transferred to
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the surrounding subcocled liquid. The rate of condensation is lower
than for the water-vapor bubble because of the smaller subcooling in
the bubble film as a result of the low thermal conductivity. The
latent heat per unit volume of vapor also is s factor contrcolling the
bubble film temperature. However, this quantity is about equal for
water and carbon tetrachloride under the existing conditiocas.

j) The velocity of the liquid near the wall has decreased and
the boundary layer has been heated.

k) The boundary layer has been superheated so that the bubble
cycle may repeat.

The carbon tetrachlcoride vapor bubbles can be seen several
maximim bubble diamsters awsy from the heat transfer gurface, while
the water vapor bubbles usually collapsed entirely while remaining
- within 0.,0C1l in. of the wall. The major cause for this different
behavior 1s the lower thermal conductivity of the carbon tetrachloride
and the resultant longer collapse time.

The bubbles forming in degassed-subcooled carbon tetrachloride
would be affected by changes in the bulk temperature, wall tempera-
ture, and ligquid pressure in a similar mannef to the bubhles forming
in degassed-subcooled water for the same reasons as given in Section

IV"C .
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V. FPROPOSED MECHANISM OF NUCLEATE-BOILING HEAT TRANSFER

A, introduction

The bubble growth and collapse cyele discussed in the
preceding Sectlions may be used to predict the variation of
boiling heat transfer for various 1liquid conditions.

It was discussed in Section IV-C-1 that the rate of
transport of latent heat through the bubble was insignificant
compared to the measured total heat transfer. Jskob (Cf. Ref. 7)
calculated the heat requiredvto fill nucleate bubbles with
vapor and concluded that this mechanism 2lso could not account
for the high rates of boiling heat transfer. As a result,
Jekob proposed that the high rates of heat transfer that were
observed in pool bulk boiling were the result of the agitation
of the liquid near the hot wall by the action of the nucleate
bubbles. Gunther (Cf. Ref. 15) performed similar calculations
and suggested that this same mechanism of induced liquid tur-
bulence may account for the high heat transfer rates in sub-

- cooled liquids.
B. Bubble Induced Liquid Turbulence

It was noted in the discussion of bubble dynamics that the
liquid surrounding the bubble was forced away from the heat-
transfer surface during the growth period of the bubble. TFor
vapor bubbles formlng in subcooled water, the liquid was drawn

back toward .-the wall during the collapse pericd of the bubble
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cycle. Thé resulting liquid fliow pattern is shown in PFig-
ure 89 (a). The same liquid flow pattern would not be
fofmed by the gas—vapof bubbles or carbon tetrachloride bub-
bles. Since the latter two types of bubbles detached from
‘the heat transfer surface before collapsing, the induced 1lig-
uid flow would be as shown in Figure 89 (b). It is believed,
however, that the liquid velocity induced by either the non-
detaching bubbles or the detaching bubbles may be related to
the bubble growth and collapse velocities. In attempting a

correlation, it seems reasonable tc select the average bubble

velocity (i.e. B8X. bubble dlameter) as the typical velocity
| bubble lifetime

for both the degassed-water bubble and the carbon tetrachlor-
ide vapor bubble. The local induced liquid velocity may be
related to this typileal velocity.

In addition to depending on the bubble veloecity, the ave-
rage liquid veloeity over the entire heat-transfer surface also
would depend on the distribution of the bubbles causing the
liquid velocity. In order to include the effect of tﬁe dis-
tribution of bubbles on thé induced ligquid velccity, a bubble

population parsmeter, &, will be intrcduced, so that

v, v @(3) g (r)

where: Y, = effective velocity of the liquid to cool the

wall
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gzzbubhle population parameter
y = bubhle veloaity
To relate the effective liquid velocity to the heat flux,
we ﬁay try the usual dimensionless  parasmeters that have
correlated puccegofully forced-convection hcat transfer. The
Nusselt number is related to the Reynolds and Prandtl number

as follows:
. -~ Aa
Nu =CRe B

Substituting the effective yeloclty und bubble radius into

this relation results in the following expression for nucleate

beiling heat tranmsfer:

4Ok (f..%:cr_.,»«.,f(ﬂ,e_)ﬁ(r 7) (16)

TR G PRGN
where: ( g f’) has replaced the free-stream velccity and the
maximumhfubble radius has replaced the hydraulic diameter.

It was shown in the introductiocn that the principal in-

formation needed for the design of heat-transfer apparatus
operating in the nucleate-boiling region are the peak-heat-
flux values for a range of liquid conditions. As a resulft,
it would be important to rewrite Equation (16) to apply at
the peak-heat-flux point. The Equation may be rewritten
after recalling some of the experimentally determined facte
gbout nucleate boiling.

It was eeen in Section V-C of Part I, that the heat
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flux in the nucleate-bolling region could be increased appreciably with
little change in the wall temperature or bubble velocity. Thus, if
Equation (16) represents the heat transfer properly, the heat transferred
by nucleate boiling may be increased from incilpient boiling to the peak
heat flux with the major change being the propulatioh of the nucleate
bubbles. The population parameter ¥ which relates bubble velocity to
iuduced‘liquid velocity should be & functlon of (1) the ratio of average
distance between bubbles to the average bubble radius and (2) the Rey-
nolds number based on bubble velocity. As the bubble population increasges,
a point would be reached at which the average induced liquid velocity would
be a maximum. This point of maximum liquid veloecity should corregpond to
the point of peak heat flux. As a first approximation, it seems permissible
to replace the population parameter by the product of the Reynolds number to
some power and a factor which is relatively insensitive to the liquid prop-
ertiece and conditions at the peak heat flux point. The validity of this
assumption may be verified by rewriting Equation (16) and comparing the pre-
dicted values of peak hegt flux with the experimental data. At the point of
maximum liquid vclocity, it ceems permissible to replace the population
parameter, ¥ , with a factor that should be approximately constént regard-
less of liquid properties or conditions. Therefore, we may write the peak
heat flux as 4 . . o _ ﬂ
6‘);&@ (f'*}%':"’*ﬂ & 1) | (27)

where: C; has replaced the product C, (‘s’)°< of Equation (16).

The Lhree coustants appearing in Equation (17) may be evaluated by
chocsing the values which best fit the experimental data for distilled
water, water-Aerosol solution ‘and carbon tetrachloride. The values were:

C, = 0.053, X =0.8, 8= 1.0,
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The calculéted peak-heat-flux values for distilled water
aud waler-Acroscl b‘Ol’UtiFOD are showa in Figure 90, It is seen
that the experimental peak-heat-flux points are within 15 per
cent of the estimated curve. The calculated peak-heat-flux
values for degassed carbon tetrachioride are plotted in Fig-
ure 91. The experimental data again are seen to he within
15 per cent of the estimated curve.

Iﬁ will be of interest to consider the factors respon-
sible for the trend and the relative positions of the peak-
heat-flux curves plotted in Figures 38 and 41 for the degassed
water, Aerosol-water solution, aerated water, degassed carbon
tetrachloride and acrated carbon tetrachloridc. The trend
and relative positions of the curves are discussed in the
following Section.

C. Effect of Liquild Condltlons on Peak Heat Flux
1. Shape of Peak-Heat-Flux Curves

As the bulk-liquid temperature was decreased, the bubble
collapse velocity increased slightly (Cf. Sect. IV-C-3), and
the physical properties of the liquids also changed slightly.
For all ligquids studied, the changes of bubble velocity and
physical properties with liguid temperature were small com-
pared to the change in the factor (RV‘TL‘.) As a result, the
peak heat flux decreased with an increase of liquid femperature.

2. Relative Positions of Peak-Heat-Flux Curves

To investligate the effect of surface tension on the
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boiling process, one per cen£ of Aerosol was added to the
water. The photographic study showed that the bubble velo-
éity decreased to about 1/2 the value for the bubbles grow-
ing in distilled water. The lower bubble velocity resulted
from the decrease in surface tension for the reasons dis-
cussed in Section IV-F. From Equation(i?) it can be pre-
dicted that the lower bubble veloclity should produce a lower
peak heat flux., L[t 1s seen in Figure 38 that the burnout
values for the Aerosol-water solution are considerably lower
than for the distlilled water.

The carbon tetrachloride bubble wvelocity was gbout l/%
the distilled water bubble velocity. The lower bubble velo-
city coupled with lower thermal conductivity resulted in
lower peak-heat-flux Vaiues for the carbon tetrachloride (Cf.
Fig. 41).

It was proposed in Section IV-E that the amount of gas
dissolved in a liquid up to the saturation condition corres-
ponding to the wall temperature, would be expected to decrease
the bubble velocity a small amount. However, increasing the
concentration of gas above the wall temperature saturation
condifion would be expected to cause a significant decrease
in the bubble velocity and result in stagnant bubbles. It
was also noted, as predicted, that the difference between the
wall temperature and the saturation temperature was slightly

decreased (Cf. Fig. 39). From Equation (17), it is predicted
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that the lower wall temperature and smaller bubble velocity
~would result in a lower peak heat flux. It is seen in Fig-
ures 38 and 41 that both aerated water and aerated carbon
~ tetrachleride had lower peak-heat-flux values than the corres-
punding depgassed liquilds.

3. Liéuid Pressure and Free-Stream Velocity

The present investigation of the mechanism of
nucleate boiling heat transfer was confined to a study of
atmospheric pool boiling. Although no data were taken to
study to effects of liquid pressure and free-stream velocity,
it will be of interest to consider, briefly, the possible
influence of these two factors on the boillng process.

It was seen in Bection IV-C-3 that the bubble velo-
city would be expected to decrease for an increase of liquid
pressure. As a result, the heat-transfer coefficient would
tend to be lower at high pressures. This decrease, however,
may be overcome by the higher wall temperature and resulting
lower liquid film viscosity. Since no dataareavailsble for
the bubble velocity at high pressures, 1t is not possible to
check the validity of the proposed correlation in Equation
for a range of pressures.

The effeet of forced convection on boiling hecat
transfer also has not been studled in detail. It is known

that the nucleate bubbles slide downstream at about 8/10 of
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the free-stream velccity. The sliding motion may be visual-
ized as coupling with the bubble velocity to produce additional
turbulence in the liquid boundary layer. Regardless of the
manner in which the free stream velocity and the bubble velo-
city combine, it would be expected that: (1) an increase in

the free stream Velocity would increase the peak heat flux values
(2) for free stream velocities much lower than the bubble velo-
city, the peak heat flux should be insensitive to changes in
free-sgtream velocity and (3) for free-stream velocities much
greater than the bubble velocity, the peak heat flux should

be more sensitive to changes in the free-siream velocity.

These general predictions have been verified experi-
mentally: (1) Figure 92 from Reference 15 shows that the pesk
heat flux increases with velocity (2) McAdams found for low
free-stream velocity that the peak heat Tflux correlated with
the free-stream velocity to the 1/3 power for velocities from
1 to 12 ft/sec and (3) Gunther found for high free-stream velo-
cities that the peak heat flux correlated with free-streanm
veloclty to the 1/2 power for velocities from 5 to 40O ft/sec.
D. Conclusion

The agreement between the calculated peak heat flux and
the measured burnout points supports the assumption that the
principal mechanism of heat transfer by nucleate boiling is

not latent-heat transport but rather convective heat transfer
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by the induced iiquid veloclty. As discussed previously,
the bubble velocity data may Be in error as much as 20 to
30 per cent. However, the predicted-heat-flux curves would
5t1l1l be in reasonable agreement with the experimental data.
I_n view of the small heat transfer that may be accounted
for by latent heat transport and the agreement between the
predicted and experimentally determined values of peak heat
flux when using Equation (17), it seems likely that the induced
turbulence in the liguid boundary layer is the basic mechanism by which

heat is transferred in the nucleate boiling region.
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APPENDIX

ANALYSIS OF FILM BOILING ON A VERTICAL HEATING SURFACE

A rigorous analysis of the film-boiling heat-transfer mech-

anism is beyond the scope of this experimental investigation.

However, a simple analysis may be carried out and the results com-

pared with the experimental data by employing the following assump-

tions:

1.

The vapcr flow is steady with physical properties
independent of temperature.

Vapor body forces are negligible compared with viscous
pressure, and inertia forces.

The change in vapor velocity along the tube is small com-

pared with the radial-velocity gradient (i.e.é%i << -g%f
It is also assumed that U 3)% <<V§,§“ .

The evaporation rate is constant along the tube (i.e.,

Y;"zcr"f# "'"‘sz‘j) )-

The vapor density is independent of the radisl (y) positionm,

e, 22AG £00 ] -

'I'ne pressure 4rop aiong the tube due to llgquid flow 1ls mucl

less than the buoyant forces (i.e., 2p ﬁf~f’ ).
) =1 C

The water velocity at the water vapor interface is small

compared with the average velocity of the vapor in the film

(i.e., the vapor-film velocity is substantially zero at the

tube surface and the water interface).
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8. Heat is transferred across the vapor film from the wall

to the water by conducticon and radiation only.

9, Ail the heat leaving the tube 1is used to vaporize the

liquid.

(This assumption neglects the heat that may be

transferred to the bulk of the liquid as well as the heat

that may be abscrbed by the vapor te increase its tempera-

ture above the saturation point.)

10. The vapor film is smoocth.

11. The vapor-liquid interface is at the saturation temperature.

The general momentum equation in the x direction may be

written as

(A-1)

Using assumption 1 through 5 and neglecting the effect of evap-

oration on the momentum chaﬁge, this equation may be simplified for

the vapor film as follows:

By assumption 6

2

Integraticn of Eguation (A-3) gives

W

=Gyt

Du — __L a = -0
EpUiay —-f o (a-2)
CJz‘ [0 = O -
alyi + ¢ (A-3)
) (A-k)
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The boundary conditions given by assumption 7 are
u=o© at 7:1: and a-'-‘-'o
Then

u:ﬂ'—}{—i—-.—g} | (A-5)

The velocity may be eliminated and an expression obtained for the

film thickness t by the continuity requirement

jrhnDdx=ﬁfrerv J‘} (A-6)

where x = o0 at the start of the heating section.
For 1t and f7V.independent of x and y, respectively,

t
o q
v (-4
The velocity may now be eliminated by substituting Equation (A-5)
in Equation (A-7) and integrating
X [t | (a-8)
{12
KForthe case where the radlsnt heat transfer ls negllglble, assumptions
9, 10 and 11 may be used to eliminate the evaporation rate from
Equation (A-8)
% - ﬂTsot - A
a k T -7
- - e
o=k aT, fbA (8-9)

Then Equation (A-9) and (A-8) lead to
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¢
+ =12 kb):':at/!a‘_‘_;— (A-10)

or defining a heat trangfer coeffileient for the heat conducted across

the vapor film at point x

Then

’ J *
h o= | ALK (A-11)
Cx Iz d 5¢tx,‘
Equation (A-11) represents the heat-transfer coefficient at the

position x. To obtain the average heat trancfer coefficient for a

heating length 1L

P
-3 _’\f_zé_/‘__] (A-12)
a_IZAmeer‘
where p Tg,4 1s the average value between x=0 and x=1L.
It is not surprising to note that Equation (A-12) with the

exception of the factor 12 is the same as the heat-transfer coeffi-

cient for film condensation. The constant factor 12 differs because
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of the difference in boundary condition at y = t (Cf. Ref. & and )
The heat transfer by radiation may be expressed by the con-

ventional relation

4 Y ¢
DAL o [(Tw+qco)~(7;d+%o)} (h-13)
e ]
RaTy gtz aT ¢
W .

Thié relation is valld if all the heat is absorbed in the water near
the vapor-liguld lolerlace.

Since the radiart heat transfer affects the thickness of the
vapor film, the conduction and radiation are inextricably related.
An appreciable deviation from a rigorous solution is necessary to
account for the radiation in a simple manner.

Equation {A-9) becomes

. koTsa-t ch ZR
m="Fx %

and Equation (A-10) is modified to

g keTmipr 3c7he
A 1

The heat-transfer coefficlent at point x is

. ._‘;. 3 Tlf
h =% 4&) (Tz'é"r%r)

or the average heat-transfer coefficient over a distance L ig

.

- :t(j;..)"(_ié‘&ﬁ)"
¢ 3\ tie IizaT, Ly
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For the range of varlables encountered in this study, the factors
%
G
Gt ZR

in total heat transfer that would result from neglecting this varia-

¢
) varied less than 20 per cent from unity. The error

tion would be less than 10 per cent. The average total heat-

transfer coefficient for the length L may be written as

h=h +hg

i y "
. A ﬂ.ﬁk J ‘i* ' o (TWA + %o) - (Tw +1’bo) ]
SpzeTeal b & & A Tyt

A

A comparison of the experimental data and the heat-transfer
coefficient calculated by Equation (A-14) issiown in Figure 32
where the calculated heat flux is slightly lower than the experimen-~
tal data.

A detailed study of the wvapor film was beyond the scope of the
present investigation. However, it is interesting to compare the
film thicknesg calculated from Equation (A-10) with the film thick-
ness estimated from the photographs. By projecting the 16-mm
picture so that the image was enlarged 100 times, it was possible to
estimate the film thickness using the 0.250-inch-diameter heating
tube as the base scale.

The vapor-film thickness was calculated from Equation (A-10)

and the data for test number 39

T ¥
‘& :[‘2 kA s“*fx! ]
]—IF

-3 ~q
- [z 31ex10 (1380) 3(1.81%10 )] = 0.0136 in.

jooo (2,24 %x10°5)(3. 62%107%) |
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The vapor film in the photograph fbr test 39 was approximately

0.020 inch thick. The 32 per cent difference between the calculated

" and measured values is less than the probable error in estimating

the vapor-film thickness shown in the photographs.

An interesting point in the region of film boiling heat trans-
fér is the condition at which the smooth vapor film transpcsed into
a rough film. It is reasonable to suppose that this transition
would occur when the vapor in the fiim chaenged from lsmiiar to
turbulent flow. Using the data from test 23 and an srithmetic mean
temperature, the Reynolds number based on equlvalent pipe diameter
was 220. The vapor film for this test was rough. The critical
Reymolds number for turbulent flow in a pipe with forced convection
is approximately 3000. In view of this high critical value, the
Reynolds number of 22C obtained for this test should have been too
small to produce turbulent flow.

The Reynolds number based on distance from the leading edge
for flow over a flat plate was approximately 14,000 compared with
the conventional critical value of 80,000, Ilere again the valuc of
Reynolds number is well below the conventional critical value.

Correcting both of these Reynolds-number criteria for non-
isothermal flow with mass addition probably would not account for the
iarge discrepancies. It is possible that the rough vapor film
resulted from other external factors such as variations in water flow

or pressure surges from the pump.
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One more rough quantitative comparison may be made hetween the
experimental data and the calculated values. The mean vapor velocity
for sgteady, uniform, viscous flow with accelerating forces neglected

may be written as

N

u - -

(A-15)
” 12

SH
i

Substituting the relation for t from Equation (A-lO) gives

- k 41-4 X[t
R P

8.14 x 107 7(1200)3(.0361)
12 (970)(1.21 x 1072)(3.78 x 1079)

= 356 in/sec = 29.6 ft/sec

The estimated mean velocity obtained from measuring the photographic
data was roughly 25 ft/sec.

It is concluded that, over the range of varisbles invesgtigated,
the derived equation will give satisfactory engineering estimates of
the heat transfer in the complete-film-boiling region for a vertical
heat~transfer surfasce, However, a more rigorous analysis should be
made and experimentally verified to give better understanding of the
process. Further study of the complete-film-boiling region shculd
include measurements of the vapor-film thickness, velocity, and
gtability characteristics. With slight modifications, the equipment
described in this report would be suitable for this detailed study

of the complete-film-bolling region.
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TABLE 1

NOMENCLATURE

area (sq in.)

veloelty of sound {in./sec)

specific heat (Btu/lb)

congtants (dimensionless)

specific heat at constant pressure (Btn/1h-OF)

thermal diffusivity (sq in./sec)

outgide diameter of tube (in.)

equivalent diameter (in.)

voltage drop across the heating tube (volts)
acceleration of gravity (in./secE)

mage flow rate per unit area (lb/sq in.~sec)

total heat transfer coefficient (Btu/sq in.-sec-°F)
conduction heat transfer coefficient when radiation is
negligible (Btu/sg in.-sec)

conduction heat transfer coefficient when radiation is
appreciable (Btu/sq in.-sec-CF)

radiation heat transfer coefficient (Btu/sq in.-sec-OF)

current (amps)

Btu sec)

conversion factor
nversion factor ( T

thermal conductivity (Btu/sq in.-sec-9¥/in.)

length of heat transfer surface (in.)
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evaporation rate per unit orea (1b/sq in.-sce)

Nusselt number

pressure (1b/sq in.)

pressure of gas {psi)

pressure inside bubble (psi)

pressure of liquid (psi)

pressure of vapor (psi)

Prandtl number (Cp u/k (dimensionless))
heat flux (Btu/sec)

heat transfer by conduction (Btu/sec)

neat transfer by radiation (Btu/sec)

heat flux per unit area transferred to the test fluid

(Btu/sq in.-sec)

heat flux per unit area transferred to the stabilizing

fluid (Btu/sq in.-sec)

total heat flux per unit area, (—%)A
(Btu/sq in.-sec)

hecat content (Btu)

radius

bubble velocity (ft/sec)

inside radius of tube {(in.)
electrical resistance (ohm)

gas constant(ft/°R)

(

-4

a

)

5
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Re - Reynolds number, fub (dimensionless)

£ - tube or vapor thickngss (iz.)

T - temperature (°R)

Tf - arithmetic mean temperalure of the vapor £ilm (OF)

Ty, - liquid temperature (°F)

Ty | - maximum temperature inside of tube wall (OF)

Tsat - 1liquid saturation temperature (°F)

T, - vapor saturation temperature (°F)

Ty - tube wall temperature next to test fluid (°F)

Twg - tube wall temperature next to stabilizing fluid (°F)

aTy -  tcmperaturce rise of test fluid in annulus (OF)

aT - Ty, -TL or Tyg - TL(%F)

aTg - ‘temperature rise of stabilizing fluig (°F)

ATgat - Tp-Tgay (°F)

A Tsub = Tgat'TL (OF) | .

U - vapor velocity in direction of tube axis (in./sec)

v - vapor velocity in direction of tube radius (in./sec)

vy, - effective liquid velocity (ft/sec)

g - mass of gas (lbs)

X - direction parallel to tube axis (in.)

X - vapor film body force per unit mass (lb/%p )
in./sec

Vi - direction parallel to tube radius (in.)

Y1 - distance from inside tube wall to point of maximum

temperature (in.)
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distance from outside tube wall to point of maximum
temperature (in.)

dimensionless distance

accommodation coefficient

emissivity of tube wall (dimensionlese)
emissivity of liquid (dimensionless)
latent heat (Btu/lb)

liquid density (1lb/cu in.)

vapor density (I1b/cu in.)

Stefan Baltzmann constant (Btu/sq in.-sec-OR)
surface tension

shear stress at wall (1b/in.2)

time (sec)

du  ov

x T EP

vigecogity (lb—sec/in.z)
EX-d
x> Jﬂl

bubble population parameter
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TARTH TII

TAPERTUINTAL DATA AND CALGULATED VAIUES USTNG JITROGT GAS STABILIZYR
Press. = 16 psia
Suhecoollng = 50° ¥

Vel. = 1.1 ft/sec

q g

(33 sl (5) (2) B
Test I 7 &1 A 24 %3 A
Yo. Amps Volts Btu/sq in.-sec °F Btu/sg in,~sec Biu/sg in.-sec OF

10 150 3.1 0.19 0.9 0. 04 0.15 196
11 186 ;.s 0.29 1.3 0.06 0.2% 210
12 2eg 17 0.4k 1.9 0.09 0.35 231
1 2U5 5.2 0.52 2.5 0.12 0.40 246
1 286 6.1 0.72 5.1 0.25 0.47 252
15 360 7.6 1.11 11.7 0.57 0.54 265
16 436 g.2 1.63 20,2 0.99 0.64 85
17 bgo  10.8 2.15 21.5 1.05 1.10 376
18 500 11.2 2.27 19.5 0.95 1.32 Log
19 540 12.9 2.82 13.5% 0.66 2.16 545
20 galt 13,1 0.88 8.2 0.4o 2.8 615
21 562 4,0 3.19 5.2 0.26 2.93 090
22 T} 17.6 .55 2.2 0.11 3.4l 970
23 775 22.7 7.13 2.5 0.12 7.01 1520
oly 786 23.0 7.34 2.9 0.14 7.20 1560
25 g12 .5 8.05 3.0 0.15 7.90 1710

Prass. = 16 psia

Subcooling = K0° ¥

Vel. = 5 f£4/gec
o6 162 3.4 0.22 1.9 0.09 0.13 190
27 . 272 5.7 0.63 5.6 c.27 0.3%6 235
28 332 7.0 0.9% 9.8 0.kg 0.46 265
29 456 9.6 1.77 26.7 1.30 0.47 276
30 530 11.6 2.50 38.9 1.90 0.€0 325
31 sho 11.9 2.59 Lo.o 1.95 0. 64 345
32 shs 13.0 2. 87 °1.5 1.05 1.89 5%7
33 550 13.2 2,94 19.4 0.9% 1.99 5
30 555  13.9 3.12 12.3 0.60 2.52 630
35 585 1.6 346 4.5 0.32 3.1k 765
36 €00 15.6 3.79 3.1 0.15 3.6k §10
37 685 19.8 5.50 2.0 0.10 5.40 1350
38 700 21.0 5.95 2.2 0.11 5.84 1450
39 Ha 2.2 6.65 2.2 0.11 .54 1600
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JABLE II1I
{cont. )
ICPERIMENTAL DATA AND CALCULATID VALUZS USIANG WITROGIN GAS STABILIZER
Press. = 16 psia
Subecooling = 100° ¥

Vel. = 1.1 ft/sec

(3 7 () (5 Ty

Test I z a’np o7 2’y 2 A
_do. Awmps  Volts Btu/sq in.-sec °F Btufsg in.-sec Btu/gg in.-sec  OF
bo 17k 3.5 0.24 0.9 0.04 0.20 150
41 234 b7 0.1k 1.5 0.08 0.36 188
Yo 291 6.0 0.72 2.6 0.12 0.60 216
k3 3 7.3 1.02 5.8 0.28 0.74 250
Ll 1166 10.3 1.94 20.5 1.00 0.94 270
45 571 13.1 3.03 32.9 1.60 1.43 350
e 615  1k.7 3.67 20.7 1.01 2.66 600
iy 620 1.4 3.86 11.3 0.55 3.31 660
g Ees  15.6 3.95 7.8 0.38 3.57 690
kg 41 16.7 4,34 5.2 0.26 L, 08 860
50 &5l 17.6 4.65 3.1 0.1 4, 50 870
L &2  25.5 8.79 2.9 0,1 .65 1570

Press. = 60 psia
Subcooling = 50° ¥
Vel. = 1.1 £/sec

e 191 k.0 0.31 1.2 0.06 0.25 285
53 219 4.8 0.43 1.7 0.08 0.;5 302
Bl 265 5.8 0.62 3.8 0.15 047 3ok
55 298 6.6 0.79 5.1 0.25 0. 54 335
56 356 7.8 1.13 11.3 0.55 0.58 31
57  Loo 8.8 1.43 17.0 0.83 0.60 343
& W90 11.3 2.25 5.4 1.24 1.01 413
39 51 le.b 2.60 7.4 0.85 1.75 523
o B85 4. 3.46 7.8 0.38 3.08 740
61 600 15.6 3.78 .2 0.30 348 786
62 6G4  18.5 k.96 2.6 0.13 k.83 990
63 870  26.1 9.20 2.5 0.12 9.08 1690
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Figure 18, Temperature Distribution Through Heating Tube Wall
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Figura Th. Photographs of Pubble Detaching from Underside of Sirip
in ¥Water with Iow Subecooling ’
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Figura T9.
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Temparature Profils in Bubble Fllw During Orowth Ferled
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Figure E0, Temperature Profile in Budbble File at Maxlmum Ralius



5

PP

1
i

|

i

<l

»

[ ESEEE S

| S AN Y

7%0S & X4 LV3H Mv3ad 40 LH3IOH3d
H3Lvm 43Ssvo3d - aindin -

H
1

_

+eem— ALITIENTIOS N
~ 3SV3HONI ON

CBtESRLS PINR YT sS4 eavgndecdmey 17

S

X

N

¥04 CIALVINILSZE
¢

S

R Py g

o
o
s

Ol

{del 3YNLVHILWIL T¥YM SS30X3



184,




185.

Jaqey, pedsIsy UT eTaqng mn«,m@.ﬂeﬂm JO UYoI8¥S "¥] 8anITJ

t 5 q

*,
5,

> P
—~z: — | - ——

,ln{,\\\\\,



Figure 85. Photograph of Stagnant Gas-Vapor Bubble in Water
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Figure 8C. Photograph of Stagnant-Degassed Carbon Tetrachloride
Bubble.
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