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An experimental study of the growth and evaporation of the microlayer,

underlying a bubble during nucleate boiling heat transfar to dichlo-

romethane, is presented.

The influence of heat flux (8000 Btu/hr ft

2

-\ 20,000 Btu/hr ftz) and subcooling (0°F - 13.5°F) upon the rates of

gmomtim, have been studied using laser interferometry

and high aspeed photography through the glass heater surface on which

bubbles were nucleated.
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The raosults presented indicate that the microlayer thickness is of the
order of 5um. The analysis of these results confirms that the micro-
layer svaporation phenomenon is a significant heat transfer mechanism
representing approximately 25% of the total nucleate boiling heat

transfer rate for the conditions investigated.

As subcooling is increased from saturation, the contribution of the
microlayer evaporation to the total heat transfer rate varies in
accordance with two interacting processes in the region investigated.

This variation appears as an initial decrease followed by an increase.
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Nu =

N/A

NOMENCLATURE

area

specific heat of liquid

diameter
microlayer thickness

supplied voltage

average number of frames between bubble emission

frequency of bubble emmission
Grashof number

latent heat

supplied current

intensity Qf reflected light from ith surface

total film length.
pn;beg of fringe

number of active sites
Nusselt number

active site density
average number of frames

refractive index of ith component

saturation pressure

power supplied (3.414EI1)

heat transferred by microlayer évaporation
= heat lost

total heat transferred , .
/
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heat flux
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R(t) bubble radius

1]

r = bubble radiu=
: th
r, = reflectivity of 1 surface
T = average time elapsed between bubbles (F t)
= saturation temperature
sat
Tw = temperature of heater surface
Too = liquid bulk temperature
@@—Tsat) = superheat
O;at‘T“Q = subcooling
t = time
t = average time per frame
VE = evaporated microlayer volumes
v = frequency of £ilm markings

GREEK LETTERS

$ = bulk modulus

s () * = 1initial microlayer thickness
é;(r,t) - instantaneous microlayer thickness
n = total film markings

g - angle of incidence

Ju = laset wavelength
/}L - viscosity of liquid

;£/ = kinematic viscosity of liquid

= density of liquid

1"

departure time

L1

bubble flux density
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CHAPTER I

INTRODUCTION
A, PurEose

1

2)

Nucleate boilin% is a complex heat transfer phenomenon

that has been the subject of many publications in the

last 25 years. Any interpretation of this phenomenon

must be capable of explaining the abrupt increase in heat
flux observed when boiling begins and many models have been

postulated to predict the nucleate boiling heat transfer

rate. Nomne, however, has proven sufficient especially at
significant levels of subcooling (1). The heat tramsfer
mechanisms that have formed the basic blocks of some of

these models are the following :

Latent Heat Transport during which a bubble absorbs

energy equivalent to one bubble volume of vapour. 4s this
bubble disconnects itself from the heater surface it
transports along the latent heat it contains as geen in
Figure 1lA. Where nucleation is not present, energy is
transferred from the surface by natural convection as seen
in Figure 1B.

Bubble Agitation during which fluid mixing occurs near

the heated surface by the presence, growth and departure
of bubbles. Three bubbles are seen in Figure lA. Their

fast growth displaces the fluid and causes microconvection

.currents which enhance the heat transfer.
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3) Vapour-Liquid Exchange during which liquid equivalent to one

bubble volume picks up heat from the heater surface and is
transported away while colder liquid replaces an equal volume
adjacent to the wall. Figure 1C shows the cold liquid rushing
towdrd the heater surface in order to replace the departing

volume.

4) Condensing Action during which vapour currents inside the bubble

condenses at the vapour-~liquid interface, thus transferring
heat into the bulk of the liquid (Figure 1D). This mechanism
has not been ﬁxoven as yet; however, it appears to be very

reasonable.

5) Microlayer Evaporatiom by which energy is transferred away from

the heated surface into the bubble by evaporétion of a thin
layer of superheated liquid underneath the bubble (Figure 1lE).
Congiderable evidence is produced in the present research about
the role of this heat transfer mechanism, and is discussed further.
n
Additional and as yet unknown mechanisms contributing to the nucleate
boiling heat transfer may exist, However, the significance of micro-
layer evaporation is becoming increasingly important in recent years.
This mechanism relates the evaporative process at the base of the
‘bubble with the bubble growth and its omission is thought to be the
possible explanation of the deficiency of the existing models. The
purpose of the present investigdation is to present an experimental

study of the microlayer evaporation phenomenon in which the rates



of evaporation and heat transfer for various levels of sub-

cooling and heat flux were determined.

B. Literature Survey

The concept of evaporation of a thin layer of liquid at the

base of the bubble is based on the existence of a thin liquid
layer. Such an assumption was originally made by Snyder and
Edwards (2). Until that time, the usual hypothesis of nucleate
boiling was that the bubble agitates the liquid thus promoting
the increase in heat transfer. Moore and Mesler (3) were the
first to obtain indirect evidence of the existence of the micro-
layer underneath the bubble. In their experiments, they recorded
the rapid fluctuations in the temperature of the surface on which
nucleate boiling was occurring. Their observations could not

be explained in terms of the bubble agitation model. The only
hypothesis rhat appeared to be consistent was the one.by Snyder
and Edwards which proposed vapourization at the base of the
bubble. Hendricks and Sharp (4) provided a confirmation of these
hypothesas by correlating high speed photographic data with
surface temperature - time profiles under the growing bubble.
With similar techniques, Rogers and Messler (5) also managed to
show that the large temperature drop noted by Moore and Messler
occurred when the perimeter of the bubble base passes over the

A

thermocouple junction.
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A more direct evidence of the microlayer existence during .
nucleate boiling was originally provided by Sharp (6), who
used interferometry to retord the evaporation §nd dry out
of a thin f£1lm of. liquid at the base of each bubble. Shortly
after, th; microlayer thickness cg:(r) was deduced by Cooper
and Lloyd (7) who performed simultaneous measurements of
temperature fluctuations at various points over which a bubble
was allowed to grow. ¥From these temperature variations,
Cooper and Lloyd were able to deduce the local enthalpy
extraction at the location of each of the thermometers,
Their main conclusion was that éj(r) is of the order of
10 micrometers for toluene and isopropyl alcohol . They
also obtained indication that the radius of the evaporated
volume of the microlayer is about half the maximum radius of
the bubble. Jawurek (8): -performed a phocoéraphic investigation
based on the destructive interference patterns between reflections
of the vapour-liquid interface beneath the bubble agg the
heated glass surface on which nucleate boiling occurred and
determined that for boiling methanol, the microlayer thick-
ness (r, t) was no more than 16m1c§05eter.
Several additional experiments and mathematical models were
presented, based on the above investigations. One of these

models describing the transient temperature of a heater surface



et }

as dictated by the evaporation of 3;1iquid microlayer was
degivea by Dzakowic and Frost (9). Although this mathematical
model was based on the assumption that the liquid microlayer
temperature is always uniform and equal to the heater surface
temp;rature, it appears to be in agreement with the experimental
data obtained by Moore and Messler. Another analytical
prédiction of che size and shape of the microlayer was presented
bé Olander and Watts (10). This mathematical model was

ba;éd on the solution of the bourdary layer momentum and
continuity equations. Their results indicate that é:(r)

varies linearly with radial position.

-

<

Copper and Lloyd (1}) presented an empirical correlation
which predicts that the thickness of the microlayer (§:(r)
is 0.8y t where "t" is the time required for the bubble
to gré; to radiuswr. This correlation was supported by
experimental data based on observations of the growth and
departure of individual vapour bubbles and on temperature
measurements of the solid surface beneath it. Another
model for bubble dynamics in nucleate boiling was derived

by Robin and Snyder (12). Based on the assumption of mass

transfer through the growing bubble, they derived a second
order unsteady partial differential equation. This
equation was solved with numerical approximation and

provided reasonable results,

JU— e



More recently, Judd and Merte (1) presented experimental results

by which they were able to test several of the existing models for
various levels of subcooling and acceleration. There was indication
that none of the basic models could adequately predict nucleate
boiling heat flux for other than saturated boiling conditions and

at standard é%avity. All of the models predicted a decreasing

value of heat flux as subcooling and acceleration increased. This
obdgervation was given the interpretation that some additional
mechanism may exist that would be inoperative under saturated
boiling conditions, but very sensitive to the level of subcooling.

Microlayer evaporation might well be the missing mechanism.
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CHAPTER I1I

EXPERIMENTAL APPARATUS

A. Introduction

The design specifications of the apparatus were dictated by
the experimental requirements which included the inves-
tigation of the microlayer thickness SJ(r, t) as a function
of radius and time at various levels of liquid temperature
and heat flux. The precision required however, in measuring
the microlayer thickness was very important; firstly, because
the magnitude of change that might take place by varying

the heat flux or the level of subcooling was not known and
secondly, because the thickness data were to be used for

the determination of the total volume of liquid evaporated
from the microlayer during nucleate boiling for all the
above conditions. The latter would be used to determine

the significance of heat transfer by microlayer evaporation.

An interferometric investigation was to be used in order

to obtain the microlayer thickness measurements, similar to
the investigation undertaken by Jawurek. However, it was
deéided that in order to obtain a higher precision, the
1{lluminating source used in the interferometer should have

the highest possible spectral purity. A Helium-Neon laser



was used to illuminate the microlayer through a glass heater
surface on which nucleate boiling was taking place. Figure 2
shows the difference in spectral purity amomng white light,
monochromatic light and laser light. The use of the laser
light source dictated that all the surfaces of the specimens,
prisms, and lens should be coated with antireflective coat-*
ing with an exception of the ones which were needed to
reflect. In this manner, the unrecessary interference
patterns were eliminated leaving a very clear image of the

interference fringes resulting from the presence of the

microlayer thickness.

In addition, the experiment required the ability to be able
to vary the amount of heat supplied and the liquid
temperature independently using an appropriate liquid
selected so that it would boil at temperatures that would
provide safe experimental conditions and yield reasonable
sized bubbles which could be readily analysed photograph-~

ically.

Test Assembly

An existing test assembly described in Reference (14) was
modified in accordance with the special requirements of’

the present investigation.

&
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It provided a test platform on which the specimens could be

mounted in a controlled enviromment in which nucleate
boiling tests could be performed. Figure 3 is a detailed

drawing and Figure 4 1s a photograph of the test assembly.

The basic component of the assembly was a test vessel which was
constructed on a 6" diameter type 304 stainless steel pipe.

This pipe formed the side walls of the vessel which had machined
flanges of the same material resting on gaskets at each end. The
upper flange contained threaded holes for the Bus—bars, the
subcooling coil, the condenser coil, the pressure control

system (vacuum), and the thermocouples. Eight tie down bolts

connected the upper flange (cover plate) to the lower flange
¥

&

(bage plate) and provided vacuum tight seals.

The fluid tested was dichloromethane (methylene/chloride) which

was boiled on a borosilicate glass heater surface coated with

a half wavelength thickness of stannic oxide which conducted

electric current and generated the required heat for boiling. This
glass heater specimen was arranged within the test assembly on

the base plate of the vessel in order to ensure normal axes

of observation of the nucleate bsiling phenomenon as required by

the research investigation. The oxide coated surface of the specimen
was in contact with the dichloromethane, while the other surface

was coated with one quarter wavelenggh thickness of antireflective

coating for He-Ne laser light and it was exposed to the air.
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Figure 5 shows the details of one specimen of the oxide film
heater surface. Each one was cut to size 2 7/16" x 1 5/16"
+ 1/32" from sheets of 1/8" thick oxide coated borosilicate
glass and after the corners were rounded to 1/8'" radius. A
layer of metallic silver was deposited on each end leaving an
effective heat transfer surface of 2" x 1 5/16" & 1/32".

The silver bands facilitated the electrical contact between
the bus-bars and the oxide coating. Since it was not possible
to evaluate local heat flux wvalues, it had to be assumed

that the oxide coating had been deposited uniforml§ and

that the heat was generated uniformly over the heat transfer
surface, Judd (13) discussed this assumption in his

doctoral thesis and found it to be quite reasonable. Since
boiling occurred at randomly located nucleation sites in the
oxide coating, it was also assumed that any lmm x lmm

square of heater surface should contain the same number of

nucleation sites.

At the base of the cylindrical test assembly an optical

sight tube 2 1/2" diameter of stainless steel pipe was provided.

A Viton "O" ring set in an internal groove formed the seal

between the sight tube wall and the observation glass window.

The requirements of the research investigation dictated that

subcooling be varied at constant pressure. This variation

P
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could only be accomplished by changing the temperature of
the test fluld which was accomplished with a single pass
heat excharnger shown in Figure 6, constructed as an integral
part of the internal components of the test assembly. The
tubes were bent into a hollow form providing clearance for

the bus~bars (electrical conductors).

A vapour condenser was mounted 1 1/2" beneath the top flange
in order to condense the vapour formed during testing. The
vapour condenser was constructed of 1/4" diameter stainless
steel tubing wound in a spiral fashion. A reflux con&enser
was constructed outside of the test vessel along the line
that draws vacuum in the test assembly. The two vapour
condensers and the subcooling heat exchanger were connected
in parallel with valves installed for purposes of controlling

the relative flow rates. The vapour condensers are shown in

Figure 7.

Power Supply

The power supply which furnished power to the coated

glass surface (test specimen) was comprised of six 12 volt
DC batteries which could be connected either in series or
parallel by means of various knife switches. Finer voltage
control was achieved through a large rheostat connected in
series between the bank of batteries and the heater surface

in the test vessel. This source provided a very steady
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power ranging from 0 to 72 volts. The power flow to the
heater was continuously monitored by means of a voltmeter

and an ammeter mounted oun the power supply shown in Figure 8.

Pressure Control

In order to maintain a constant saturation temperature at the
heat transfer surface throughout the research investi-

gation, the pressure inside the test vessel had to remain
constant. During each experiment, comprised of a number of
tests at different levels of heat flux and degrees of
subcooling, the pressure in the test vessel was maintained
constant at approximately 1/2 atmosphere, in order to decrease
the number of active nucleation sites and to increase the

size of the vapour bubbles, thereby simplifying the photo-
graphic analysis. Subatmospheric pressure was achieved with an
Edwards rotary vacuum pump and an atmospheric bleed valve
which enabled the pressure in the vessel to be adjusted to

a predetermined value. The pressure control was achieved
manually with a Nupro fine threaded metering valve which was
installed on the cover plate of the test vessel and

the pressure was continuously monitored by a mercury
manometer. Although such a pressure control appears very
difficul?, it proved to be quite satisfactory. Before

each test, power was supplied to the heater surface in

order to initiate boiling. The pressure control valve then

S
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was manually adjusted to the desired level. As the system
reached equilibrium the adjustments became finer and finer
to the point that the pressure reading on the mercury

monometer remained visually unchanged.

Temperature Measuring System

Four chromel - constantan thermocouples were used in the
present investigation. Three of them were used to measure
the bulk liquid temperature and the other one was used to
measure the temperature of the heater surface. Figure 9
shows a photograph of the temperature measuring system. Each
of the three thermocouples measuring the bulk liquid
temperature was a Thermoelectric "Ceramo" thermocouple
mounted in the cover plate, while the one measufing the
heater surface temperature was '"epoxied" on the underside

of the heater plate. Chromel - constantan thermocouples
were selected for their E.M.F. characteristic whicﬁ is

36 microvolts/°F. Their output signals were fed into a
switch box from which each output signal could be directed
either to a high resolution Guildline potentiometer or

to a Minneapolis Houneywell recorder. The E.M.F. produced

by each of the thermocouples was individually converted into
temperature in degrees Fahrenheit by the use of a conversion

table published by the National:Bureau of Standards (15).
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Optical System

An existing optical svstem was modified to accept a SPECTRA

PHYSICS Heliumr-®fon laser (model lZSA,jL = 0.6328 micrometers).

This laser was specified by the manufacturer to produce a
highly monochromatic beam at 50 mW; however, {ts actual power
was measured dtectly using three different photocells and

was found to be 62.5 mW.

A schematic dlagram ot the modif fed system {8 presented in

Figures 10 and 11. The light emitted by the laser was reflected

by a first surface mirror through two collimating lenses which
together enlarged the beam diameter tenfold. The focal

lengths of these lenses were selected to be as large as the

available space allowed, in order to reduce the amount of light

dispersion and ensure a parallel ray beam at the beginning of
the interferometer. Both surfaces of each of these lenses
were coated with 1/4 wavelength antireflective coating.

The parallel, coherent, and highly monochromatic beam of
light was then directed upward in the interferometer by means
of a fifst surface mirror located beneath the heater surface

of the test vessel.

Figure 10 shows the two schematic views of the interferometer
and the schematics of the light path in it. After the light
was deflected upward from the front surface mirror, it

passed first through a rhomboidal prism and then through the

-
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heater glass plate, thus illuminating the boiling phenomena
occurring at the upper surface of the galss heater. The
rhomboidal prism had its bottom surface coated with 1ﬁvr7f
wavelength thickness of antireflective coating. Since the

light meets this surface at 45 degrees, l/\/ri-wavelength
thickness would result in 1/4 wavelength of actual path length,
thereby maximizing the antireflective effect. The front surface
of the rhomboidal prism was coated with silver in such a manner
that it would form a mirror that reflected inside the prism.
This mirror was used to block the path of any reflection from
the bottom surface of the prism thereby ensuring that the inter-
ferometer's output would contain interference patterns formed
only by the boiling phenomena and the heater plate. Figure 10
also shows the method used in order to achieve fine adjustment
of the first mirror at the base of the interferometer, and

of the rhomboidal prism. By turning the fine threaded screws
against the extended levers about the turning axes, one

could made adjustments as fine ag 1/100 of a degree.

Beecguse of the high sensitivity of laser lighﬁ to interference,
the lower surface of the glass heater was also coated with

1/4 wavelength thickness antireflective coating. Table 1
presents the optical analysis of all the reflecting surfaces
and Figure 12 shows the results of the analysis diagramatically.
I0 indicatéé the incident beam intensity after it had passed”
through the rhomboidal prism. This beam was used to illuminate

the boiling phenomena. Each of the i surfaces reflected
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TABLE |

) "REFRACTIVE INDICES

n, 1.283 Antireflective coat

o, 1.000 Alrx

, 1.479 Glass

ng 1.993 Stannic Oxide

, 1.356 Dichloromethane liquid '
ng 1.000 Dichloromethane vapour

CALCULATION OF RELATIVE INTENSITIES '

Ic . :_\_,.-_ﬁ 1.293 - 1 0. 0153 LS %
I.  \e+n? 1.233 + {

Iy 4,919 - 4'283 - 0,002% 0.2 Yo |
.- 1‘ nm.* 7479+ {.283% ;
!
ny-ni 1993 - 14797 = 0.00%2! 0.2 A ;
I. I,- 1—5 ny + N3 1.993 + {.479% ;
|
i
Iy 135¢- 49932\ _ 4.2410 4.4 o, *rH
I.-I;-I,-L "4 + n, 4,356 + 49932 .
14
i
2\ i
ng-n. (000 = 1356 ) - 0.0872 8.7 %o ***l

I.'Iq Ig Iq I3 Ng n4 1,000 + 4. 3562

nx - N4 1856 = 1000 ) - 0.0228 22 % |
I.~I‘ I 11y 1’2 ru + nd 1356 Hooo

f

*%* Note that the material selection is such that it maximizes the reflectivity
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back light of intensity Ii’ which is the function of the
combined effect of the refractive indices (ni-l and n, )

of the media existing on each side of the surface.

By selecting the materials with the appropriate refractive

-index, it was possible to increase the intensity of 12 and

I3 and reduce the intensity of the others. I, and I

2 3
were the important components of the whole research in-
vestigation, as interference between them gave the image
that was photographed in order to determine and microlayer

s

thickness.

The interferometer's output was photographed on Kodak 4X
negative film, at the rate of 2500 frames per second, through
a 16mm Hycam K100l R high speed camera mounted outside

the interfercmeter. The interference patterns produced
whenever a bubble occurred were deflected into the objective
lens of the camera by the upper surface of the rhomboidal

prism.

Similarly to Jawurek (8), the mathematical formulae ées—
cribing the microlayer thickness for the formation of

fringes are given below. In the present investigation the



fringes were produced by an interference action between
I, and 13. The physical meaning of the variable "d" is

- shown in Figures 11 and 12.

For bright fringes

d=(m+ 1) , m=20,1,2 .......

Ana

In this case the bright fringes indicated step wise that

the microlayer thickness was;

1H, 3H,SH etc.
4n‘ 4n4 4n4

For dark fringes

d = (2m) , m=0,1, 2, .......
4n4
Since during- the present investigation the interference
patterns were-recorded by negative films, the actual
bright fringes appeared dark. Therefore, although the
measured fringes were the dark ones, e relationship

of the bright fringes applied.

N



For both cases, the reflected intensity was govermed by the

relation ;

2
1 ( r,t o+, < 2r1r2 Cos ¢ ) Io

-
For antireflective coating, the intensity reflected in terms of

refractive indices is given by ;

2
2(n2-n1)

2
(nlfnz)

Where Ir is desired te be as small as possible. Hence in

order for

t

Further improvements of the optical system might have been
achieved using a spectrum analyser. The velocity of either
the upper or the lower vapo;r-liquid interface of a bubble,
could be measured. The existing interferometer has the

potential to provide this data through optical heterodyning

(Doppler effect) between I1 and 13 or I2 and I3 respectively.
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CHAPTER IIIX

TEST CONDITIONS

A. Test Fluid '

The chosen test fluid was dichloromethane (methylene chloride).
This fluid was selected because experimentation with water had
indicated (13) that the stannic oxide coating was incompatible
with boiling water. Boiling water tends to attack the oxide
coated surface in an electrolytic manner and consequently
eliminates its usefulness within a few minutes. Several workers
have reported these results and in order to solve this problem
they have used methanol, carbon tetrachloride, Freon 113, or
dichloromethane. The preference to use dichloromethane for the
present investigation was based on its considerably less haz;rdous
properties i.e. non-poisonous and non-explosive. In addition,
it boils at a low temperature and ha§ a much desired reffactiuq
index. Figure 13 shows the vapour temperature saturation curve.

-

B. Temperature Measuring Locations

When experiments were performed the three thermocouple junctions
were positioned at 0.05 inches, 0.45 inches and 0.50 inches from
the heater surface. THhe selection of these locations for the
thermocouple junctions prov;ded information for the temperature
variation within the bulkiliquid and the boundary layer adjacent
to the heat transfer surface. The bulk liquid temperature was
defined as the average output of ‘the two thermocouples that had
their junctions positioned at 0.45 inches and at 0.50 inches.

Consequently, for the purpose of this research investigation

- 32
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the method used to define subcooling was to compute the difference
between the saturation temperature at the heat transfer surface and
the average temperature level at the two arbitrarily chosen

positions in the bulk liquid.

c. Data Organization

Six levels of heat flux and four levels of subcooling were
investigated for their combined influence upon nucleate boiling.
For the purpose of being able to identity the data, these
tests were grouped to form a matrix having a constant heat
flux in every row and approximately comstant subcooling in

every column as shown in Table 2.

TABLE 2

DATA ORGANIZATION

Decreasing Increasing (T, . = Teo ) —
q/A

(1,1) (1,2) (1,3) (1,4)

(2)'1) (2’2) (213) (2'4)

3,1 3,2 3,3 (3,4)

; 14 (4.1) (4,2) (4,3) (4,4)

s, (5,2) (5,3) (5,4)

(6,1) (6,2) (6,3) -(6,4)

The 8ix levels of heat flux were Q/A = 19,400, 13,500, 8,900, 5,100
2,300, and 1,300 Btu/hr ft? For every heat flux under inves-

tigation the subcooling temperature was varied from 0°F (for
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saturated boiling) to the maximum possible obtainable value. The
variations were taken in four increments by increasing the flow

of water correspondingly in the subcooling heat exchanger. This
procedure was continued until sufficient data was supplied for every
point in the matrix. During these tests, temperature as well as
photographic data were obtained and two complete matrices were

recorded.

In addition to the above, one set of data was obtained through a
different procedure where the flow through the subcooling heat
exchanger was fixed, and the heat flux was changed. In this manner,
the matrix of the experiment was scanned by columns rather than

by rows as in the previous case. Carrying out the experiments with
either one of the two procedures, the system was always given

sufficient time to reach equilibrium.

The matrix grouping has organized the data in such a way that
the variation of any recorded parameter with heat flux or sub-
cooling could be obtained by plotting the data by columns or by

rows respectively.

Motion pictures were obtained only for the three first rows of the

matrix since no bolling was observed for the other three.
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CHAPTER IV

TEST PROCEDURE

Preliminary tests were conducted prior to the commencement of the
research investigation during which the normal functioning of

each component in the system‘;;s established.

Although the test vessel was disassembled and reassembled twice,
only one charge of dichloromethane was used. Consequently, all

the temperature data as well as the photographic data were obtained
from boiling the same charge of dichloromethane (approximately

30 ém3). Also, no replenishing was necessary during tHle inves-~

tigating period due to the effectiveness of the condensing system.

-

The first pretest procedure was the adjustment of the two screws
in the interferometer to position the light beam approximately in
the middle of the heater surface. This procedure was followed

by adjusting the camera's positioning and focussing on the

illuminated section.

The atmospheric pressure was measured, and the appropriate
manometer readiné that would ensure the desired pressure in

the test vessel was calculated. After both condensers had

had their fespective flows established, the vacuum pump and the
direct current power supply were started. The pressure in the
test vessel was slowly reduced to the desired value with the
manual operation of the pressure control valve. The change of

flow through the subcooling heat exchanger, whenever employed,
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always caused pressure transients in the test vessel which were
continuougly reduced with additional adjustment of the pressure

control valve until a steady-state was achieved.

During t@e period of time in which steady-state boil*ng conditions
were being established, the temperature recorder and ;he potentio-
meter were calibrated against a standard cell with known E.M.F.

One of the thermocouples that measured the bulk liquid temperature

was ‘monitored by the recorder and the camera was loaded with film

and set at a filming rate of 2,500 frames per second.

Steady-state test conditions were considered to have been reached
when the manometer appeared visually unchanged and at the same
time, the bulk liquid temperature thermo@puple remained constant
withinp + 5Z for a period of 5 minutes or longer. When these
conditions were fulfilled, the thermocouple that was "epoxied" to
the heater surface was connected to the recorder, and the steady-
state values of each of the other three thermocouple outputs

were measured sequentially. Once the temperature values had

been obtained, the readings of the voltmeter and ammeter on the
power supply were recorded. For those tests involving photography
of the phenomena occurring on the heat teansfer surface, high

speed motion pictures were obtained immediately following the



potentiometer measurements. The framing rate chosen enabled
a complete cycle of vapour bubble emission including active
and inactive periods to be photographed. Each of the film
strips obtained were later analyzed to determine the fre-
quency of vapour bubble emission, the density of active
nucleation side, and the volume of the microlayer evaporated
Tor the particular combination of heat flux and subcooiing

investigated.
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CHAPTER V

DATA REDUCTION

A. Thermometric Results

The following paragraphs describe the methods used in calculating
the heat flux, the saturation temperature, the surface temperature,

the liquid temperature, the subcooling and the superheat.

1. The heat transferred to the liquid at the heat transfer
surface was calculated from the total power supplied to the
oxide coating minus the sum of the heat losses.

n

q/A = 3.414 EI/A - ;.al ( U oss /A)

One of the heat losses in the above equation is the heat loss
to the air space. This was computed by means of the correlation.

M = 0,27 (Pr Gr)l/A

which applied (13) for natural convection from a heater surface
facing downward. For the purpose of computing an approximate

value for this heat loss, the difference in temperature between
the underside of the heater surface and the temperature of the

air beneath it was taken to be the difference between the

ey
v

temperature measured by the "epoxied" thermocouple and the

s e A A AN

AR P A e



ambient temperature. Based on these data the total heat .

loss to the air space was computed to be 0.02 Btu/hr ftz.

b R <
Another mode of heat loss was the heat conducted to the
base plate through the rubber gasket that separated the
heater surface from the base plat?. This loss was approx-
imated by an analysis based on one dimensional conduction.
The temperature of the base plate was assumed to be the
same as that of the bulk liquid in contact with it, thus
giving an average temperature difference of 30°F. Using
a rubber thermal conductivity of 0.07 Btu/hr £t°F. the
total heat loss to the base plate waé\somputed to be

0.06 Btu/hr ftz.

2. The saturation temperature of the liquid at the

heat transfer surface could not be measured. Therefore, the
saturation teéperature was deduced from the measured

pressure existing in the test vessel and from the saturation
curve shown in Figure 13, No hydrostatic pressure corrections
were made, however, since the pressure fluctuations in the
test vessel were much greater than the additional pressure
appli;d on the heater surface due to the weight of the

2.5" height of liquid.
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3. The temperature at the heat transfer surface was

assumed to be the same as that of the underside of the heat
glass plate because heat conduction through the plate
represented less than 2% of the heat dissipated at the boiling
surface. In this case, no corrections were made for

the temperature drop by conduction through the test specimen
since the effect of the thermal conductivity (k plate = 0.6
Btu/ hr £t°F) through a plate thickness of 0.125 in. would
result in a very small temperature drop. Detailled calculations
for this temperature drop have been performed by other

workers (13) and the temperature correction was estimated

to be approximately 0.48°F.

4. The temperature of the liquid was computed by averaging
the output of the two thermocouples that were positioned

arbitrarily inside the liquid in the test vessel.

Te = 1/2 ( Ty + Ty

5. The subcooling temperature was computed to be the
difference between the saturation temperature as defined

above and the liquid temperature .

ATsubeooling “(Tgae ~ Too)



6. The superheat was defined to be the temperature
difference between the surface temperature and the saturation

temperature.

T superheat = (Tw = Tgatr)

B. Photographic Results

The paragraphs in this section describe the methods used
in calculating the true film speed, the active site density,
the bybble frequency, the maximum bubble size, the micro-

layer thickness and the volume of evaporated liquid.

1. The framing rate was set at 2,500 frames per second
on the HYCAM camera. However, in order to obtain the true
speed of the film, the total number of frames was divided
by the total number of seconds of filming. Allowances

were made on each film strip for the first seven feet where
acceleration effects were present and had to be excluded
from the averaging process. Appendix A contains a summary

of the framing rates for each film.

2. Thé active site density and average population density
were determined by projecting each set of film strips
containing the photographic data of the nucleate boiling

phenomenon., The entire film strip was examined in the
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enlarged projection, and each site was marked on the
projection at the point where bubbles were initiated. No
artificial sites existed, and since it had been assumed that
the active sites were uniformly distributed over the total
area of the heater surface, it is further assumed that the
section of surface examined was representative. This
assumption seemed to be quite reasonable for these tests in
which active site density was large, although there is somé
question of the representativeness of the data for those
tests in which the active site density was small.

vl
3. The period of time between cycles of vapour bubble
emmission was also determined by the detailed examination of
the projected film strips. The growth of each single vapour
bubble at each site was followed frame by frame until the
bubble departed and another bubble was initiated at the same
nucleation site. This interval of time has been designated
as the period of time between cycles of bubble emission,
whose reciprocal provides the frequency of vapour bubble
emission. The frequency with which bubbles were produced,
was averaged for each site, and finally the total number of
active sites was summed up and the average frequency over

all sites was obtained.

Although the entire film strip was examined, the procedure
outlined abg’lsed the question of representativeness as

mentioned earlier because some of the sites produced only



one or two bubbles while other sites produced as many as

one hundred bubbles. Despite the uncertainties, however, it
is believed that the determination of the average frequency
provided relative indications of the influence of the
parameters concerned. The histograms of the various fre-
quencies are summarized in Appendix B. their mean value

was taken as the average frequency over all the sgites.

4. As employed here, the maximum bubble size is the diameter
of the image projected in the plane of the heat transfer
surface. The maximum diameter then, was determined by direct
measurement on the screen, in which the film strips were
projected. The magnification ratio of the projected screen
size to the real size was 30:1 and similar magnification was
transferred to the graduated measuring device usgsed. {hapter VI
summarizes the maximum bubble size in a matrix format, and
gives a graphical representat;on,of its changes with varying

heat flux and subcooling.

5. The microlayer thickness was measured by means of the
interference rings as shown in Figure 14. During film exam-~
ination, the number of dark fringes (m) was counted starting
from the center of the bubble. Also, the radius (xr) of
these fringes from the same center was measured and recorded.
Then for every mth dark fringe a step of height equivalent
to (2m + 1) (A /4n4) above the heater surface was plotted

at a yadius (r) from the bubble's center. In this manner the
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profiles of the bubble and the profiles of the microlayer
thickness were obtained at all the growing stages of each
bubble examined. A representative number of bubbles (3-8)
were studied for each film strip and they all were examined
frame by frame. Considering the time of growth given by the
number of frames elapsed, the microlayer thickness as a

function of radius and time cf?r, t) was obtained.

Because the bubble projections on the plate were not always
circular, the radius along which measurements were made was
1]

selected to have the average length of the maximum and the

minimum radii of the bubble.

Finally, édo (r) was plotted fo% each growing bubble as
indicated in the diagrams of Figures 34 to 45.

6. Figure 15 shows the microlayer cross-sectional area
bounded above by the line CYj (r), below by the line represent-
ing the surface héater and on the side by the line plotted ‘ :
from the profile of the microlayer before departure. If this
area were allowed to revolve about an axis that is perpend-

icular to the heater surface and which passes through the

}
{
;
¥
:
i
X

center of the bubble, it would produce a volume of revolution,
approximately equivalent to the volume of liquid evaporated

during the bubble's growing stages, which represents
R(t)

v, = zTr/ [d:(r)-g)(r,tﬂrdr
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Appendix C summarizes the results of these computations in
matrix form and gives a graphical representation of changes

-

with varying heat flux and degree of subcooling.

Finally, the total energy transported by microlayer evapor-

ation was computed by :
R (¢)

2/a - o pyhyg [ -§enfrdr

ﬂ-(to'ousczr - A

where SJ(r,T') represents the instantaneous microlayer

profile at the instant of departure t = T.
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CHAPTER VI

RESULTS

The results obtained are presented in this section without comment.

Most discussion and interpretations will be given in the following

gections. The experimental results are categorized under the headings:
A. Heat transfer results

B. Microlayer evaporation results

The data 1s presented in a series of graphs showing the influence of
heat flux and subcooling upon each one of the measured quantities. The

numerical values plotted are tabulated in the Appendices.

A. Heat Transfer Results

The results of a series of tests performed to determine the
characteristic. boiling curve for dichloromethane boiling on the
oxide coated glass surface is presented in Figure 16. These
results which were obtained for various levels of heat flux
under saturated and subcooled boiling conditions are presented
as a plot of heat flux versus subcooling and superheat. Figure 16
also shows the transition from Natural Convection to Nucleate
Boiling for both plots (saturated boiling and maximum subcooled
beiling conditions.

Figure 17 summarizes the heat transfer results in the form of
plots of superheat versus subcooling with levels of heat flux

as parameters. This parametric form shows the influence of heat

flux and sg&fooling upon the superheat.
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The tables contained in Appendix A summarize the data for the

12 combinations of heat flux and levels of subcooling investigated.
Each table contains the experimental data for each point in

the heat flux and subcooling matrix. The remaining Appendices
contain all the pertinent experimental data.
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Microlayer Evaporation Results

Figures 18 to 29 are presenting prints made from motion picture
films. The interference rings as captured in the films can be
clearly seen in these prints. Each figure presents the growth
stages of a bubble, by means of four prints adjacent to the plot
of the instantaneous microlayer profile as deduced from the
interferograms. Also each figure contains prints from different

combinations of heat flux and subcooling level.

Figures 30 to 52 present the results of the study which determined
the total heat transferred by microlayer evaporation, and the
influence exerted upon it by varying heat flux and level of

subcooling.

The results of the active site density N/A are presented in figure
30 in the form of plots of average population density versus sub-
cooling for various values of constant heat flux. The values

presented in this plot represent the bubble population on the

surface at a giverf jnstant of time. The bubble frequency
averaged o all dctive sites is given in figure 31. The plot

shows the effect of subcooling and heat flux upon the frequenmcy with

which bubbles were produced. Figure 32 presents results in the
form of plots of bubble flux density versus subcooling, again with
the levels of heat flux as parameters. The values presented in
this plot, indicate the number of bubbles that departed from the
heater surface per unit time at specified \1eveis of heat flux and

s
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The results of the analysis of the maximum bubble size, are summarized
in Figure 33. The maximum size is obtained by measuring the

maximum dlameter attained by the vapour bubbles while attached

to the heit transfer surface. Care has been taken to distinguish
between vapour bubbles which departed from the heat transfer

surface, and those which collapsed in order to exclude the later.

The maximum bubble size results are presented as a function of

subcooling for various values of constant heat flux.

Figures 34 to 45 illustrate the variation of the instantaneous
microlayer thickness g(rﬂ) with elapsed time and depicts the initial
microlayer thickness S:(Q obtained by plotting the locus of points

at which the gradient'ag(ﬂ{)/c?\’ app;:oac.txes infinity. Each one

of these figures contains microlayer profiles for one specific
combination of heat flux and subcooling.

Boiling did occur only for the three higher heat £lux values for all
levels of subcooling. Therefore, the microlayer evaporation data
included here contains only 12 combinations of heat flux and

subcooling, out of 24 combinations that were examined.

Each of figures 46, 47 and 48 illustrate the influence of subcooling

upon the initial microlayer thickness S;ﬁﬂ for a constant heat flux.
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Figures 49 to 52 present the results of the analysis which was
performed to determine the percentage of heat transferred by
microlayer evaporation. Figure 49 summarizes the volumes of

)
liquid which were evaporated from the microlayer into the bubble.
Each curve contains data plotted in the form of volume versus
subcooling with the levels of heat flux as parameter. The amount
of heat transfered through microlayer evaporation is presented in
-figure 50 as a function of subcooling. The levels of heat flux
are agaln presented in such a way as to show the influence of
both heat flux and subcooling upon the heat transferred by
microlayer evaporation. Figure 51 presents plots of the'percentage
of heat transferred by microlayer evaporation as a function
of subcooling. The effect of heat flux is also shown in figure 51
in parametric form. Finally figure 52 illustrates the effects of
heat flux upon the-heat transferred by microlayer evaporation while

the influence of subcooling is shown in parametric form.
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CHAPTER VII
DISCUSSION

A Heat Transfer Results .
The test procedure involving the establishment of reference
test ;onditions before each run was explained previously.
The purpose of this procedure was to obtain test results for
the p§rticular level of subcooling investigated. Figure 16
presented the two curves corresponding.to minimum subcoaling
(i.e. Saturated boiling), and to maximum subcooling (i.e. Ts-Tew =
13.5°F). For intermediate levels of sdﬁcooling the data points |
fall between the two plots. ‘
The heat transfer results are esséntially parallel to one

)

another. The value of the slope in the Natural Convection region
for both curves shown on Figure 16, depends entirely upon the physical

parameters of the heated liquid and it may be verified as follows:

Nu = 0.16 (Pr fo)l/3
where by substituting the definitions for Nusselt and for Grashof

numbers 7
6[ 253 ¢ ]1/3
hD _ 0.16 |Pr 9P D (Ty - Teo )
k I

1/3 ( /3

4

hence 9/A = 0.16 (Pr 2%{2 )
o

whereas by substituting fluid property values for dichlorometﬁa e
evaluated at the saturation temperature, then

:
Q/a = 22.6 (Tw-Tes)*/3

Btu/hr-ft°
Although the number of points are very few to be of significance,
in Figure 17 the data contained illustrate that subcooling has

a marked effect upon the superheat at constant heat flux. Also

there may be noteq that the value of superheat increases with increasing

| &

heat flu -

N
f B
[ R

aar ver T
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The point at which the curve intersects the subcooling axes may

be found as follous:-

Superheat + Subcooling = Natural Convection

3/4 _

hence (Tw-Ts) + (Ts-Toeo) = (8600) =~ 86

22.6

Microlavyer Evapor§£é9n Results
The profiles of the bubbles presented in Figures 18 to 29 are plotted
from data obtained in the adjacent interferograms. It must be noted
-that the profile of the bubble cap is entirely conjectural since
the depth of field of the optical system was such that only detail
within the microlayer region would be visible. Occasional evidence

¥
of the cap was presented in the form of a secondary dark spot
(interference) whenever a bubble was growing assymetrically. This
- illusgrated in the second print of Figure 29. The initial growth
rate was extremely rapid as evidenced by.the blurred imaée in the
first print of Figure 14. Careful examination of frames enlarged
. 100 times revealed the bubbles growth hiétory in the foym of interference
fringes. Asymet;y has commenced when the fringes are no longer concentric
within the outline of the bubble. The broadening of the fringes seen
in some figures is an indication of a decrease in the slope of the
liquid—vapour interface. 1In all the prints presented, it is apparent

that the dry spot beneath the bubble grows continually.

The r ts presented in Figure 30 demonstrate the influence of heat
flux and subcooling upon the active site density. Although a small
number of points were available, the curves élotted appear to have a
tendency to decrease with increased subcooling. Also heat flux appears

to have more influence on the active site density than subcooling.

i
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/ .
The influence of heat flux and subcooling upon the frequency(of
vapour bubble emission has been illustrated in Figure 31. Th:
curves presented show that the frequency of vapour bubble emission
varies directly with heat flux and indirectly with subcooling. /
Decrease in frequency with increasing subcool£;g is explained
by the fact that it takes longer periods of time for a bubble to
reach departure size. The fact that the s;rface temperature and the

temperature of the f@yid adjacent, both increase with increasing

heat flux, provide an‘explanation for the heat flux effects
i

. -

because bubbles growjmo}e rapidly due to the enhancement of heat
transfer in the bouj;ary layer at the heat transfer su;face. The
plots shown in Figures 31 &ﬁ32 illustrate that there were no significant
differences in the curves of bubble frequency (Bubbles/sec) and bubble

flux density (Bubble/ftz—sec),with heat flux when both were plotted

vs subcooling

In the results presented in Figure 33 no attempt was made to indicate

the influence which heét flux and subcool}ng may have had upon the

. maximum bubble size results. This is because effects due to varying

heat flux were such that could not be distinguished from the

uncertainty in the measurements obtained. Variation of subcooling levels
indicated that a high percentage of bubbles reached a radius of 1.5mm
for saturated boiling and for the maximum subcooling level investigated.
On the other hand bubbles growing in the intermediate subcooling

levels scaicely éxceeded a radius of 1.1lmm. .These results however,

may not necessarily be considered representative bécause of the

relatively small samples available for examination.

-

~
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The variations of the instantaneous microlayer thickness g,(f,t)

were summarized in Figures 34 to 45. The numbers shown with éach
instantaneous microlayer profile indicate the elapsed time to the

patticular frame examined. 31née each frame number corresponds to a

time lapse of approximately 0.45 milliseconds, the development of the

bubble's periphery, microlayer and dry spot may be obtained as a

function of time. The bubbles depicted in these figures grew much
17

faster at the initial stages as compared to the final. They all

nucleated, reached departure size and detached in an averaged time

lapse of 5.6 wmilliseconds.

The initial microlayer thickness é:(r) presented in figures 34 to 45 have
been reproduced in figures 46, 47 and 48 for compari;pn.. It is
immediately apparent that for constant heat flux the microlayer thickness

decreases with increased subcooling.

The discussion to this po¥nt has been concerned with the presentgtﬁfn

of physical effects which have been observed or deduged from the results
of the present investigation. The remainder of ehe discusasion is
directed towards the utilization of these results in order to obtain
the percent contribut;on of the microlayer evaporation phenomenon to

the total nucleate boiling heat transfer, for the various levels of

subcooling and heat flux.
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The volume of liquid evaporated from the microlayer in the time

interval 0 to t is given by.

Ve = 2"jkm(&:(f) - g(r, t‘.)J ¢ dr

It was calculated as a volume of revolution of the area between

the initial microlayer thickness S:(r), the heater surface, and the
last recorded instantaneous microlayer profile é;kr,T? a§/the

instant of departure where t=7T. Figure 49 presents €;e effect upoﬁ
the volume évaporated by varying levels of subcooling and heat flux.
Because the use of the volume of revolution method requires perfect
symmetry, the most gymmetric bubbles at the departure size were carefully
selected, thus minimizing the erroxr due to assymetric growth. Yolume
fluctuations due to varying heat flux were such that could not be
diséinguished from the uncertainty of the measurements obtained.

The contribution of the microlayer evaporation heat transfer to the
pucleate boiling heat trangfer process could be assessed once the
validity of the initial microlayer profile.had been established since

the heat transferred may be computed by

R(¢)
(9/;;) = RTp hyg K Fj S - 3¢y
Jrmicrolayer ) o‘ .

I

Figure 50 illustrates the effect exgrted upon the microiay r evaporation
heat transfer by the varying heat flux and levels of subcooling. The

- A
variation of these curves appear to be similar to the plots iIn figura 51
which show the percent contribution of “the microlayer evaporation\

phenomenon to the total nucleate boiling heat transfer. Heat
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transferted by microlayer evaporation varies diregrly with heat
flux. Its dependence however on the levels of subcooling indicate N
<

that there exist at least two interacting mechanisms causing the

plots to decrease initially and then increase.

Finally the heat transferred by microlayer evaporation to the total
heat transferred was illustrated in Figure 52. All of the curves
plotted increase with increased heat supply. This is because

-;n increase in heat flux causes an increase in bubble flux density
which results in a direct increase in heat transferred by microlayer

evaporation, As the heat supplied decreases the rate of heat
transferred by microlayer evaporation approaches zero for all the

plots which converge at the incipient point' As subcooling is
increased from the saturated conditionm, microlayer evaporation
heat transfer decreases. A minimum is reached and then micro-

layer evaporation begins to increase with increasing subcooling.

4
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CHAPTER VIII

CONCLUS 10N

The results of the present investigation comprise a consistent set of

measurements of microlayer thickness, active site density,

frequency of vapour bubble emission and maximum bubble size pertaining

to dichloromethane boiling on an oxide coated glass heating surface

for various combinations of heat flux and subcooling.

The above results confirm that the microlayer evaporation phenomenon

is a significant heat. transfer mechanism. The relative significance

of this mechanism to the nucleate boiling heat transfer process at

the various levels of heat flux and subcoqling examined, is summarized

as follows:

a)

b)

Microlayer evaporation hea£ transfer increases
directly with increased heat flux.

Microlayer évaporation heat transfer decreases
originally with increased levels of subcooling,

reaches a minimum and then increases again.
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APPENDIZX A

EXPERIMENTAL DATA



DATA FOR POINT ( 1, 1 )

FILM DATA
L Total film length. 3870 frames
n Total film markings ' 183 dots
v Marking frequency 100 dots/sec
n Average number of frames 21.147 frames/dot
T Average time per frame 0.473*10“3 secs/frame
POWER DATA
E Voltage supplied 68 volts
I Current supplied 1.52 amps
Q Power sypplied 352.87 Btu/hr
A Plate area 1.82%107%  ge?
q/A Power supplied per unit area 19,388.5 Btu/hr ftz
THERMODYNAMIC DATA
Tw Wall temperature 109.4 °F
Te Bulk liquid temperarure 68.0 °F
sat Saturation temperature 69.9 F P
sat Saturation pressure 14.0 in Hg
AT_ . Subcooling temperature 1.9 °F
AT Superheat temperature 39.5 *F
sup
BUBBLE DATA
F Average number of frames between bubbles gq.4 frames
N Number of active sites per frame 26 sitaes/frame
T Average elapsed time between bubbles 0.0285 secs
f Average bubble—£vequency 35 Bubbles/sec-site
P Bubble flux dengity 851,009 Bubbles/fcz-sec
>
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DATA FOR POINT ( 1 . 2 )
FILM DATA
L Total film length. 1231 frames
n, Total film markings 53 . dots
v Marking frequency . 100 dots/sec
n Average number of frames 23.226 frames/dot
T Average time per frame 0.43*10‘3 secs/frame
POWER DATA
E Voltage supplied 69 volts
I Current supplied 1.53 amps
Q Power sypplied 360.4 Btu/hr
A Plate area '1.82*10--2 fcz
q/A Power supplied per unit area 19,803 Btu/br £e2
THERMODYNAMIC DATA
T, Wall temperature . 108.2 °F s
T, Bulk liquid temperacture 61.1 °F
T . Saturation temperature 69.9 °F
Psat Saturation pressure 14.0 in Hg
OT_ . Subcooling temperature 8.8 °F
ATsup Superheat temperature 38.3 °F
BUBBLE DATA
F Average number of frames between bubbles 44 4 frames
N  Numbpér of active sites per frame 26 sites/£frame
T Average elapsed time between bubbles 0.030 , se‘cs
£ Aéel‘age bubble frequency . : 33 Bubbles/sec-site
P Bubble flux dengity 802,380 Bubbles/ftz—sec
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DATA FOR POINT (1 , 3 )

FILM DATA
L Total film length. 1026 frames
n, Total film markings N dots
v Marking frequency 100 dots/sec
n Average mumber of frames 23.318 frames/dot
T Average time per frame 0.&28*10- secs/frame
POWER DATA
E Voltage supplied 67 volts
I Current sBupplied 1.51 amps
Q Power sypplied 345.39 Btu/hr ¢
A Plate ares 1.82¢10°2  ge?
q/A Power supplied per unit area 18,977 4’ Btu/hr ft2
THERMODYNAMIC DATA
T, Wall temperature : 107.6 °F
T, Bulk liquid temperature 59.9 °F
Tsat Saturation temperature 69.9
sat Saturation pressure 14.0 in Hg
A'rsub Subcooling temperature 10.0 °F
ATsup Superheat temperature 37.7 °F
BUBBLE DATA .
F Average number of frames between bubbles gg.s frames
N Number of active sites per frame 25 sites/frame
T Average elapsed time between bubbles 0.0344 secs
f ’Average bubble frequency ’ 29 Bubbles/sec-site
% Bubble flux dengity 678,002 Bubbles/ftz-sec,
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DATA FOR POINT ( 1, 4 ) ,

FILM DATA
L Total film lemgth. 1052 frames
n, Total film wmarkings . 46 dots
v Marking frequency . 100" dotsg/sec
n Average number of frames 22.869 frames/dot
T Average time per frame 0.437*10‘3 secs/frame
POWER DATA
E Voltage supplied 68 : _volts :
I Current supplied ‘ \1.51 " amps
Q Power sypplied 350.5 Btu/hr
A Plate area 1.82%10" £’
q/A Power supplied per unit area 19,260 Btu/hr ftz
THERMODYNAMIC DATA *
T, Wall temperature 106.8 °F
Te Bulk liquid temperature 56.65 °F .
Tsat Saturation temperature 69.90 ‘F
sat Saturation pressure ’ 14 in Hg
8T Subcooling temperature 10.3 °F
A;sup Superheat temperature 36.9 . ‘r
BUBBLE DATA ,
F Averdge number of frames between bubbles* 7q_ 5 frames
N Number of active sites per frame 26 sttes/frame
T Average elapsed time between bubbles 0.0333 secs
f Average bubble frequency o 10 Bubbles/sec-site
P Bubble flux dengity 729,436 Bubbles/ft-sec

-102-
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FILM DATA

L
g
« v
n
T

DATA FOR POINT (2 ., 1 )

Total film length.

Potal £ilm markings
Marking frequency
Average number of frames
Average time per frame

POWER DATA

> O H ™

q/A

Voltépe supplied

Current supplied *
Power sypplied '

Plate area

Power supplied per unit area

THERMODYNAMIC DATA

T,
w

Te

Tsac

sat

ATsub

AT
sup

BUBBLE

Wall temperature
Bulk liquid temperacture

Saturation temperature s
Saturation pressure

]

Subcooling temperatufe

-Superheat temperature

DATA

F
N

T
£

P

Average number of frames between bubbles
Number of active sites per frame

Average elapsed time between bubbles
Avergge bubble frequency
Bubble flux dengity

-103-

'1.82%10°

3814
180
100
21.188

0.472*10

56

1.29
246.6

2

13,550.9

107.9
67.8
69.9
14
2.1
38.0

75.6

23
0.035
28
602,253

3

R

frames
dots
dots/sec
frames/dot

secs/frame

L3

volts
amps
Btu/hr

frames
sites/frame

secs
Bubbles/sec-site
Bubbles/ftz-sec



DATA FOR POINT ( 2 , 2 )

Ao

FILM DATA
" L Total f£ilm length. 929 frames
7 Total £ilm markings . 44 . dots
v Marking frequency 100 - dots/sec
n Average number of frames 21.136 -3 frames/dot
T Average time per frame 0.473*10 secs/frame
POWER DATA
E Voltage supplied 56 volts
I Current supplied 1.28 amps
Q Power sypplied 244.7 Btu/hr
A Plate area 1.82%1072 g’
4/A Power supplied per unit area " 13,446 Btu/hr ft2
.
THERMODYNAMIC DATA
T, Wall temperature . 106.8 °F
Teo Bulk liquid temperacure 61.7 °F
T,y Saturation temperature 69.9 , °F
sat Saturation pressure 14.0 . in Hg
AT_,, Subcooling temperature ‘ 8.2 °F
ATsup Superheat temperature .-~ 36.9 °F
BUBBLE DATA .
F Average number of frames between bubbles 81.314 frames
N Number of active sites per frame 14 sites/frame
T Average elapsed time between bubbles 0.0384 secs
f Averagge bubble frequency ' ' 26 Bubbles/sec-site

¥ Bubble flux dengity 340,403 Bubbles/ftz-sec
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DATA FOR POINT ( 2, 3 ')

FILM DATA

L
g

v

n
T

Total f£11lm length.

Total f£11lm markings
Marking frequency
Average number of frames

Average time per frame

POWER DATA

E
1
Q
A

q/A

Voltage supplied

Current supplied

Power sypplied

Plate area

Power supplied per unit area

THERMODYNAMIC DATA

T
w

Te

Tsat

sat

ATsub

Arsup

BUBBLE

Wall temperature

Bulk liquid temperacture
Saturation temperature
Saturation pressure
Subcooling temperature
Superhea:‘cemg%rature '

DATA

F
N

T
f

Lo

Average number of frames between bubbles
Nunber of active sites per frame

Average elapsed time between bubbles
Average bubble frequency o
Bubble flux dengity

,

1089
48
100
22.687

0.440%*10 "

56
1.28
244.,7

1.82#%10°
13,446

107.4
59.2
69.9
14
10.7
37.5

119.6
14
0.052
19
248,756

2

3

frames
dots
dots/sec
frames/dot

secs/frame

frames
sites/frame

secs
Bubbles/sec-site

Bubbles/ftz-sec‘
|

Af '



DATA FOR POINT ( 2 ,

-

FILM DATA

‘AP 4 S

Total film length.

Total film markings
Marking frequency
Average number of frames

Average time per frame

POWER DATA

E

Voltage supplied

Current supplied

Power sypplied

Plate area)

Power sup;lied per unit area

THERMODYNAMIC DATA

TW

Te
Teat
sat

ATsnb

AT

BUBBLE

Wall temperature

Bulk liquid temperarure
Saturation temperature
Saturation pressure
Subcooling temperature
Superheat temperature

I

DATA

m ] X

P

Average number of frames between bubbles
Number of active sites per frame

Average elapsed time between bubbles

Average bubble frequenci,
Bubble flux dengity

1035

46

100
22.500
0.444%10

45
1.01
155.1

-1.82#1072

11,923

106.5
57.6
69.9
14
12.3
36.6

97.92
9
0.0434

© 23

193,581°

3

ffameé
dots
dots/sec
frames/dot

secs/frame

volts

amps
Btu/hr
£e2

Btu/hr ft2

frames
sites/frame

secs
Bubbles/sec-sgite
Bubblgs/ftz-sec’



DATA FOR POINT ( 3, 1 )

FILM DATA

Total £ilm length.
Total film markings
Marking frequency

Average number of frames

ap 43

_Average time per frame

POWER DATA
E Voltage supplied
I Current supplied

Q Power sypplied
A Plate area
Power supplied per unit area

THERMODYNAMIC DATA)

Tw Wall temperéture

Te Bulk liquid temperacture
T Saturation temperature
sat
P e Saturation pressure

ATsub Subcooling temperature -

AT Superheat temperature
. Sup

BUBBLE DATA \

F Average number of .framaes between bubbles
N Number of active sites per frame

T Average elapsed time between bubblas

¢ .

Average bubble frequency
P Bubble flux density

3757

175
100
21.468

0.65%10™>

46
1.04

163.3

1.82%10
8,974

2

106.5
67.1

69.9
14
2.8
36.6

93.5

7
0.0434
23
150,563

frames
dots
dots/sec
frames/dot

secs/frame

volts
amps
Btu/hr
ft2

Btu/hr ft2

frames N
sites/frame

secs
Bubbles/sec-site
Bubbles/ftz-sec



DATA FOR POINT ( 3 ., 2 )

FILM DATA

Total film length.
Total £ilm markings
Marking frequency

. Average number of frames

AB 43 ¢

Average time per frame

POWER DATA
E Voltage supplied
I Current supplied
Q Power sypplied
A Plate area
Power supplied per unit area

]

THEEMODYNAMIC DATA

T, Wall temperature

Te Bulk liquid temperature
Tsat Saturation temperature

Saturation pressure
sat

3
ATsub Subcooling temperature

Arsup Superheat temperature

~

BUBBLE DATA
!

Average number of frames between bubbles
Number of active sitas per frame

Average elapsed time between bubbles
Average bubble frequency
P Bubble flux densicy

m 1 X

1243
57

100
21.807

-3
0.458%10 .

46

1.02
160.18

1.82%10°2

8,801

107.6
60.9
69.9
14.0
9207

94.93
6
0.0434
23
129,054

Btu/hr ft

frames
dots
dots/sec
frames/dot

secs/frame

volts
anps
Btu/hr
ft

°F

in Hg
°F
°F

frames
sites/frame

secs
Bubbles/sec-site
Bubbles/ftz-sec



DATA FOR POINT (3 , 3 )

FILM DATA
L Total £1ilm length. 1125 frames
n Total £ilm markings 2 dotsa
v Marking frequency 100 dots/sec
n Average mumber of frames 22.058 frames/dot
T Average time per frame 0.453%107° secs/frame
FOWER DATA .
E Voltage supplied 46 volts
I Current supplied 1.02 amps
Q Power sypplied 160.1 Btu/hr
A Plate area 1.82%107° £e?
q/A Power supplied per unit area 8,801 Btu/hr ftz
THERMODYNAMIC DATA
T, Wall temperature 105.0 °F
Te Bulk liquid temperarture “ 57.9 °F
T e Saturatlon temperature 69.9 ‘F
sat Saturatio ;pressure N 14.0 in Hg
AT b Subcooling-temperature 12.0 °F
AT o Superheat;(t;gature ‘ 35.1 °F
BUBBLE DATA \, ”
F Average number of frames between bubbles 95.9 frames
N Number of active sites per frame 7 sites/frame
T Average elapsed time between bubbles 0.0434 - secs
f Average bubble frequency . 23 Bubbles/sec-site

P Bubble flux dens'icy . 150,563 Bubbles/ftz-sec



DATA FOR POINT ( 3 , 4 )

FILM DATA

Total £1lm length.
Total £1lm markings
Marking frequency

Average number of frames

QP <94 9

Average time per frame

POWER DATA
E Voltage supplied
I Curyent supplied
Q Power sypplied -

A Plate area
q/A Power suyélied per unit area

THERMODYNAMIC DATA

Tw Wall temperature

Te Bulk liquid temperature
T Saturation temperature
sat

P Saturation presgure
sat .

AIsub Subcooling temperature

A'rmp Superheat temperature

BUBBLE DATA

Average mumber of f;amea between bubbles
Nimber of active sites per frame

Average elapsed time between bubbles

mh 3 22

Average bubble frequency
P Bubble flux dengity

1093
50

100
21.860

0.45%10">

36
0.8

98.32

1.82%10°2

5,402

100.9
56.5
69.9 *
14.0
13.4
31.0

e

\——\ .

95.1
4
0.0343
23
86,036

-

frames
dots
dots/sec
frames/dot

secs/frame

op
°F
°F
in Hg
°F
°F

frames
sites/frame

secs
Bubbles/sec-site
Bubbles/ftz-sec
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APPENDTIZX B.

BUBBLE FREQUENCY HISTOGRAMS
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1
(23) (2,9)
M
! Mean= 19 - mn=23
100} | 100] l
- | |
&0} 60
| | |
204 . ! 20f J___]__L__‘
Y o IS e, A e S r—
10 20 30 40 So 60 10 20 30 40 So _,__60
(31 ’) (_6}2)
1 Mean=23 "
00l l |00k Mean=30
5 | - |
&oF | 601 D
L —_— l
?O" ' 20 N I
SO | 1 ey S
1o 20 3p 40 5o 60 10 20 3o <0 50 €O
£ GH) AT
(3,4
(33) )
Nean=4q7,
- I
100 | 100, Mu‘xn =23
607 : ' 60 |
20 " | 20 }
I J _
20 30 90 S0 (o) , J0 o + 20 30 40 50 so
£z f (7)




APPENDTIX C.

~

VOLUMES OF REVOLUTION

¥



TABLE 3

VOLUMES OF REVOLUTION
Subcooling Levels
1 2 3 4

‘ 1 1.245 0.412 0.393 0.955
; .
i
B (4]

>

3 2 0.908 0.437 0.584 1.602
] W
.
i )
{ -t
{ =
2 o 3 1.180 0.578 1.868 1.525
! a
1 =]

The values contained in the above matrix are the volumes of

microlayer liquid evaporated into the bubble in ft *10

given by the relationship:
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